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Achieving solutions to energy saving and environment
protection problems that we face today requires longterm potential actions for sustainable development. Recent
advances in this aspect have contributed to successful solutions to real problems, thus improving the sustainability of
energy and environment and the quality of life. The focus
of this special issue is on the mathematical models and
solution methods to problems in sustainable energy, with
modeling, analysis and control problems, communication
systems, process control, environmental systems, intelligent
manufacturing systems, transportation systems, structural
systems, and so forth. A peculiar attention is paid to the
related new development in rigorous mathematical physics
definitions as well as intelligent methods for effectively
solving the problems.
After a rigorous review process on 63 submissions, the
special issue selects 23 papers which represent a good panel in
the related new development, with the topics being connected
with the mathematical problem models, elaborated solution
methods, and their applications in real-world energy and
environment systems.
In the category of energy production, D. Monarca et al.
study the experimentation of innovative plants for electric
power production using agroforest biomass and point out
a connection among the chemical and physical properties
of the outgoing syngas by biomass characterization and gas
chromatography analysis. A. Petroselli et al. conduct tests
on a PV-DC pump in Viterbo (42∘ 24 North, 12∘ 06 East)
from January 2003 to November 2004, involve measurements
of solar radiation, and develop a simple method that allows
both the assessment of performances of the whole system

and the optimal inclination angle of the panel. E. Bocci
et al. simulate the power generation of a generating unit
using the Rankine cycle and using refrigerant R245fa as
a working fluid and illustrate the modeling of the system
using TRNSYS platform, highlighting standard and “ad hoc”
developed components as well as the global system efficiency.
A. Marucci et al. analyze the radiometric properties of
innovative semitransparent flexible photovoltaic materials in
order to evaluate their performances in comparison with
materials commonly used in the coverage of the greenhouses.
M. Li et al. investigate the Hölder multiscales of sea level
and reveal that the variations of sea level vary significantly at
large time scale, and the dispersion of the Hölder exponents
is usually spatial dependent. In another paper, M. Li et al.
apply the correlation model to the autocovariance function
(ACF) and the PSD of the sea surface wind speed observed
in the Lake Worth, FL, USA, over the 1984–2006 period.
X. Zhang and Y. Zhang propose a method for calculating
lightning transient responses on wind turbine towers. C. Yao
et al. present a comparison of three wavelet neural networks
for short-term forecasting of wind speed. C. H. Li proposes
a novel modified Elman neural network for controlling
permanent magnet synchronous generator systems. Z. Wang
et al. analyze the dynamic responses of wind turbines under
extreme working conditions, considering wind-rain loads.
M. Xia et al. present a control strategy for microgrid containing renewable energy generations and electric vehicles.
In the category of energy utilization and saving, I. Garrido
et al. investigate the performance of an ocean energy conversion system with DFIG sensorless control. H. Shi et al. adopt
the divisible load theory for workload assignment in wireless
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sensor networks, which can prolong the energy depletion
time of each sensor and make the whole wireless sensor network to operate for an extended duration. In order to increase
the energy efficiency of radio access networks, S. Wen et al.
propose a dynamic game model based on the controltheoretical approach to study the energy-efficiency issues in
cooperative wireless cellular networks and use a predictor to
supervise the data of imperfect channel state information.
N. Wu et al. present a decentralized data processing approach
for structural health monitoring with smart wireless sensors
by modal identification. J. Yan et al. build a nonlinear
state space model for analyzing the highly nonlinear system
and simplify the H-W model into a linear-in-parameters
structure. C. Yao et al. develops a novel diamond wire saw for
formulation and implementation of energy-efficient ultraviolet curing. S. Cocchi et al. develop a model to simulate an
air conditioning system with geothermal heat pump, which
leads to optimization design of geothermal heat exchangers.
S. Talatahari applies a bioinspired method, Ant Colony
Optimization, to determine the optimum section of tunnels.
Finally, Y.-J. Zheng et al. summarize the recent advances in
bioinspired optimization methods, such as artificial neural
networks and evolutionary algorithms, which are applied to
the field of sustainable energy development.
In the category of environment protection and sustainability, M. Xia et al. propose a distributed beacon drifting
detection algorithm to locate those accidentally moved beacons, which is a fundamental problem in wireless sensor
networks, especially in unstable environments. To solve the
cooperative game of global temperature lacking automaticity
and emotional jamming, Z. Wang and J. Zhang develop an
agent-based modelling method, which also uses a genetic
algorithm to improve the investment strategy of each agent.
E. Falatoonitoosi et al. examine the influential and important
main green supply chain management practices, in particular
green logistics and environmental protection.
Nevertheless, this special issue is not intended to constitute a complete compendium on the topic, but it does offer
the reader an opportunity to appreciate the possibilities and
the progress in the research area. It can be seen that although
some models and solutions become available, most problems
remain open and research is highly active in this field. We
are aware of the present and upcoming technologies that will
shape the future sustainable energy and environment, and we
believe that all of us can contribute to the improvement of
sustainability of our life styles.
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The 2009/28/EC Directive requires Member States of the European Union to adopt a National Action Plan for Renewable Energy.
In this context, the Basque Energy Board, EVE, is committed to research activities such as the Mutriku Oscillating Water Column
plant, OWC. This is an experimental facility whose concept consists of a turbine located in a pneumatic energy collection chamber
and a doubly fed induction generator that converts energy extracted by the turbine into a form that can be returned to the network.
The turbo-generator control requires a precise knowledge of system parameters and of the rotor angular velocity in particular. Thus,
to remove the rotor speed sensor implies a simplification of the hardware that is always convenient in rough working conditions. In
this particular case, a Luenberger based observer is considered and the effectiveness of the proposed control is shown by numerical
simulations. Comparing these results with those obtained using a traditional speed sensor, it is shown that the proposed solution
provides better performance since it increases power extraction in the sense that it allows a more reliable and robust performance
of the plant, which is even more relevant in a hostile environment as the ocean.

1. Introduction
There is a current need not only for greater energy accessibility but also to prevent that the energy consumption environmental impact grows to the point that causes irreversible
damage to the planet. In this sense, the European Parliament
has backed up a climate change package which aims to
achieve by 2020 a 20% reduction of greenhouse gas emissions,
a 20% increment in energy efficiency, and a 20% of renewable
share within European Union (EU) countries. At the same
time, recent developments have highlighted that relying so
heavily on fossil and fission-based energy poses a security,
economic, and human threat. The British Petroleum oil spill
in the Gulf of Mexico caused extensive damage on the economy and welfare of the region, the “Arab Spring” has triggered
oil-price volatility, and Japan’s Fukushima nuclear catastrophe has brought about doubts over the role of fission-based
energy. In recent studies [1, 2], Drs. Jacobson and Delucchi

stated that “barriers to a 100% conversion to wind water and
solar power worldwide are primarily social and political, not
technological or even economic.” Based on their studies, all
the world energy needs might be satisfied from wind, water,
and solar power, considering 720,000 0.75 MW wave devices.
In any case, the advantages are many since it is a clean, free,
readily available, and safe source of energy that, even when it
currently requires further research, it is called to play a main
roll in a near future.
The Spanish Council of Ministers on 11th November 2011
approved the Renewable Energies Plan for 2011–2020. This
plan includes the design of new energy scenarios and incorporating the objectives given in the Directive 2009/28/EC
of the European Parliament on the promotion of the use of
energy from renewable sources, which sets binding minimum
targets for the whole of the European Union and for each
of the Member States. In particular, this plan highlights the
marine energy potential that Spain possesses with special

2

Mathematical Problems in Engineering

Figure 1: OWC for the Nereida project by the EVE.

emphasis in wave energy, with the potential to satisfy 15%
of EU energy demand, cutting 136 MT/MWh off the CO2
emissions by 2050. The proposals are directed mainly to the
R&D not only of new designs and components aiming to
improve equipment fatigue and reduce the cost, but also of
demonstration programs for prototypes testing, as well as
to develop infrastructure to validate experimental devices.
Major efforts are being made in the Basque Country through
the Nereida Project, promoted by Basque Energy Board
(EVE), which has developed an Oscillating Water Column
(OWC) integrated in a breakwater located in Mutriku and
involves a C5.7 M investment. The plant consists of 16
turbines, 18.5 kW each, with an estimated overall power of
296 kW (see Figure 1). It was inaugurated in July 2011 [3, 4]
and produced 200.000 kWh during the first year while it
was estimated 600.000 kWh production per year. Although
the difference is mainly due to a storm that damaged the
control room and kept the facility closed during the best
wave months, an improvement in the power generation could
highly benefit the system.
In this power plant, the water surface inside a chamber
moves up and down under the wave action causing to inhale
and exhale air through the opening at the top. The bidirectional air flow is applied to a special kind of turbine, called
Wells turbine, which provides unidirectional rotation despite
of the air flow direction [5, 6]. Thus, the Wells turbine transforms the wave potential into mechanical energy that will be
transmitted to a double feed induction generator, which feeds
AC power to the grid. For that, two pulse-width-modulated
three phase converters are connected back to back between
the rotor terminal and the utility grid with a DC link. The
stator circuit is directly connected to the grid while the rotor
winding is connected via slip-rings to the rotor side converter
[7].
The OWC system located in Mutriku uses a vector control
scheme coupled with cascaded Proportional-Integral-Derivative (PID) controller for current and power loops [8]. This
scheme allows power tracking while the Rotor and Grid
Side Converters, RSC/GSC, are controlled independently.
Besides, it has fault-ride-through (FRT) capabilities and the
OWC system also implements a complementary modified
antiwind-up PID based valve control for incoming air flow
into the turbine [9–11]. The choice of valve control has been

mainly determined by the fact that it is the control used in
Mutriku. New Grid Codes oblige distributed power-generation systems to remain connected to the power network during the fault to avoid massive chain disconnections so that the
implementation of an adequate FRT capability is indispensable in this kind of systems to ensure its stability and uninterrupted operation [12–17].
All mechanical parts should be designed to withstand the
ocean hostile environment and it has to be considered that the
turbo-generator control requires a precise knowledge of the
system parameters and of the rotor speed in particular. In this
context, the most suitable option is to remove the mechanical
speed sensor at the rotor shaft so as to simplify the hardware,
with the consequent reduction in installation and maintenance costs, increment of disturbance rejection, and plant
reliability improvement. However, in order to eliminate the
speed sensor from the drive, some of the state variables, such
as rotor angular velocity and flux, have to be estimated from
measured states. Besides, accuracy, robustness, and sensitivity against parameter deviation can be improved by choosing
closed loop observers [18, 19]. Therefore, dynamic performance and steady-state speed accuracy for the lower speed
range have been achieved in this particular case considering
a closed loop speed observer based in a Luenberger system to
estimate the rotor speed from the measured stator voltages
and currents [20, 21].
After all these considerations and taking into account the
cost effectiveness and improved performance that a speed
observer can afford, this paper presents a new sensorless vector control scheme in order to improve the power extraction
in the Mutriku OWC, whose results can easily be extended to
other wave power plants. The rest of the paper is organized as
follows. In Section 2 the OWC is presented, and both its
modules, the capture chamber, and the turbine that generates
energy are explained. Next, in Section 3, the proposed sensorless control scheme is stated. In Section 4, simulation results
for a representative case-study comparing different controlled
cases have been obtained. And finally, some concluding remarks are presented in the last section.

2. Mutriku OWC Description
2.1. Mutriku Wave Model and OWC Capture Chamber. Using
data from the Bilbao-Vizcaya exterior buoy of the State Network Ports, the annual average wave height is around 2 m,
with period of about 10 s. Statistical study of wave directions
reveals the predominance of northeast swell type wave [22,
23]. In order to study regular waves (see also [24]), it is necessary to take into account the spectrum of the wave climate
data, that measures the correlation between wave frequency
and wave energy, as it may be observed in Figure 2.
This representative spectrum of the wave climate is buoy
driven, since it uses a linear wave propagation model to transform measures obtained by an offshore wave rider buoy in
deep water to the OWC location in the coast.
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Figure 2: Representative spectrum of the wave climate.

Taking these data into consideration, a regular wave may
be modelled assuming that its height and frequency correspond to the peak given in Figure 2 so that it can be written
as follows:
𝑃wf =

𝜌𝑤 𝑔𝐴2 𝜆
4𝜋ℎ/𝜆
],
[1 +
16𝑇𝑤
sinh (4𝜋ℎ/𝜆)
𝜆=

𝑔𝑇𝑤2
2𝜋ℎ
tanh (
).
2𝜋
𝜆

(1)

The equations used for modelling the pressure drop
across rotor and the torque produced by turbine are (see [27])
1
2
𝑑𝑝 = 𝐶𝑎 𝐾 ( ) [V𝑥2 + (𝑟𝜔𝑟 ) ] ,
𝑎
2

𝑇𝑡 = 𝐶𝑡 𝐾𝑟 [V𝑥2 + (𝑟𝜔𝑟 ) ] ,

A thorough overview of wave theory and models may be
found in [25].
The breakwater housing the OWC plant is located at a
depth of 5 m below MESTLW (Maximum Equinoctial Spring
Tide Low Water) with respect to Level 0 at Mutriku port.
The opening that transmits the wave oscillations to each air
column is 3.20 m high and 4.00 m wide. The lowest point is at
−3.40 m, so that the opening is always below sea level [26].
The power available from the air flow in the OWC chamber, which parameters are presented in Figure 3, may be expressed in terms of the air pressure drop and the kinetic
energy as follows:
𝜌V2
𝑃in = (𝑑𝑝 + 𝑥 ) V𝑥 𝑎.
2

Figure 3: OWC capture chamber.

(2)

For a complete description see [25].
2.2. Turbo-Generator Module. In the Mutriku OWC, the turbines are fixed-pitch, which means that they present a robust
performance due to the lack of air flow rectifying devices,
since they always rotate in the same direction regardless of
the air flow and are vertically mounted with a butterfly type
valve at the bottom to isolate the chamber if necessary. To
minimize the height of the plant room, the length of the
turbo-generation assembly has been designed to be relatively
small: 2.83 m high by 1.25 m maximum width and approximately 1200 kg (see Figures 1 and 4).

(3)
(4)

where 𝐾 is the turbine constant defined as
𝐾=

𝜌𝑏𝑛𝑙
2

(5)

so that it may be deduced that the torque
𝑇𝑡 =

𝑑𝑝𝐶𝑡 𝑟𝑎
.
𝐶𝑎

(6)

The flow coefficient, 𝜙, is usually defined as the nondimensional quantity corresponding to the tangent of the angle of
attack at the blade tip. The flow coefficient is
𝜙=

V𝑥
.
𝑟𝜔𝑟

(7)

Finally, the flow rate and turbine performance can be calculated as
𝑞 = V𝑥 𝑎,
𝜂𝑡 =

𝑇𝑡 𝜔𝑟
.
𝑑𝑝𝑞

(8)

Thus, it may be observed from (3) and (7) that for a given
rotational speed, it is possible to establish a linear relationship
between the pressure drop and the flow rate. This facilitates
an adequate coupling between the turbine and the OWC,
which also depends on the pressure drop input. Besides, the
developed torque, that is to say the turbine power, depends

4
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(a)

(b)

Figure 4: Turbines for the Mutriku OWC project by the EVE.
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Figure 5: Torque coefficient versus flow coefficient from the datasheet turbine specifications.

on the pressure drop, the power coefficient, and the torque
coefficient (6). It is the relationship of this torque coefficient
against the flow coefficient that determines one of the characteristic curves of the Wells turbine under study. It is particularly interesting the behaviour of the torque coefficient 𝐶𝑡 ,
shown in Figure 5, since it shows that it is negative during the
start-up phase, which means that, due to the properties of the
turbine, the AC machine acts as a motor until it overcomes
the drag forces acting on the blades. Figure 5 also shows that
when the flux coefficient reaches a critical value the torque
coefficient will drop drastically, which is commonly known as
the stalling behaviour of the Wells turbine. On the other hand,
when the turbine velocity increases the flow rate decreases
(see (7)). Therefore, accelerating the turbine adequately will
avoid that the turbine enters into stalling behaviour, drastically dropping its efficiency.
It may be seen in Figure 6 how the performance of
the Wells turbine deteriorates when the flow coefficient approaches the corresponding 𝐶𝑡 critical value of Figure 5, 0.3.
This behaviour is denoted stalling behaviour and it is the
reason why control is particularly relevant in Wells turbines.
In this way, this undesired stalling behaviour can be
avoided or delayed if the turbine accelerates fast enough in
response to the incoming air flow in order to maintain adequate flow coefficient values (7) (see [8]), so as to maintain the
optimal flow coefficient for an efficient conversion of pneumatic power.

3

4

5
6
Time (s)

7

8

9

10

Pgen
Pgenmean

Figure 6: Simulated power generated for 7000 Pa maximum pressure drop input under no control (stalling).

The Mutriku OWC consists of 16 chambers, where each
chamber has a top opening that is connected to a vertically
mounted turbo-generator module. Each module is formed
by two five-blade Wells turbines connected to an air cooled
DFIG generator. In this kind of induction machines, widely
employed in diverse generation applications, the stator circuit
is directly connected to the grid while the rotor windings are
connected via slip-rings to a three-phase AC-DC-AC source
converter that controls both the rotor and the grid currents,
so that the rotor frequency is independent of the grid frequency.
The turbine set has fresh water injectors, which regularly
clean the blades of any accumulations of encrusted salt, and
on the other hand the turbo-generator control requires a precise knowledge of system parameters and of the rotor speed
in particular. Thus, to remove the speed sensor rotor is to simplify the hardware, with the consequent reduction in installation and maintenance costs. A detailed description of the
OWC numerical model may be found in [28].

3. A Sensorless Control Scheme
In this section, a sensorless control scheme with an observer
for the induction rotor speed based on a disturbance model
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Figure 7: OWC control scheme.

is presented. AC drives without speed sensors on the rotor
shaft compose a common strategy for cost reduction and
robustness, especially in hostile environments (see [29–35]).
The proposed observer aims to accurately estimate the rotor
angular velocity by employing the stator current and stator
voltage as input variables in a closed loop observer structure
that was first introduced in [18].
A point tracking technique will be implemented for the
control to track a curve that yields the maximum possible
power from the sea for any given environmental conditions.
This Tracking Characteristic Curve (TCC) is predefined for
each turbine, by adjusting the shaft speed of the OWC turbogenerator, so that the flow coefficient 𝜙 remains bounded,
yielding a maximum stalling-free torque coefficient 𝐶𝑡 .
Therefore, for a given pressure drop input 𝑑𝑝 there is a unique
generator slip and a power reference required to satisfy the
conditions of maximum wave energy extraction. In our particular case, this TCC is achieved based on a previous study of
the Wells turbine at hand using the characteristic curve provided by the manufacturer (see Figure 5), and the required
slip values are shown in Table 1.
The control scheme is shown in Figure 7 and its design
requires taking into account the dynamics of the turbogenerator module. In particular, in the DFIG-based OWC
generation system, the maximum power objective is achieved
by regulating the current of the rotor in the RSC. In order to
achieve independent control of the stator active power, 𝑃, and
reactive power, 𝑄, the direct and quadrature components of
the rotor currents 𝑖𝑞𝑟 , 𝑖𝑑𝑟 are used to provide the required voltage signal V𝑞𝑟 , V𝑑𝑟 by means of PI controllers. Besides, since
the OWC air flow control actuator is a throttle-valve subject
to saturation, it was necessary to consider an integral wind-up

Table 1: Pressure drop input versus slip reference and corresponding
flux coefficient variation.
dPAVERAGE (Pa)
0–5500
5500–5790
5790–5975
5975–6175
6175–6375
6375–6600
6600–6850
6850–7100
7100–7375
7375–7670

slipAVER (%)
−0.56
−2.34
−4.13
−6.00
−7.90
−9.86
−11.94
−14.06
−16.28
−18.60

Flow Coef. 𝜑
0–0.2987
0–0.2999
0–0.2995
0–0.2999
0–0.2995
0–0.2995
0–0.2999
0–0.2998
0–0.2998
0–0.2999

effect, in order to avoid this undesired phenomenon. The
steps for tuning a PID controller via the closed-loop ZieglerNichols method consist of considering all controller gains
zero and then increasing the proportional gain 𝐾𝑝 up to a
value 𝐾𝑝 = 𝐾𝑐𝑟 where sustained oscillations occur with
period 𝑃𝑐𝑟 . Using this procedure, some initial values for the
controller parameters were obtained and afterwards refined
in an experimental trial-and-error basis. In this way, the
obtained throttle valve controller gains are 𝐾𝑝 = 0.6, 𝑇𝑖 = 0.5,
and 𝑇𝑑 = 0.125 for initial 𝐾𝑐𝑟 = 0.04 and 𝑃𝑐𝑟 = 0.008 values.
Then, the output control drives the valve into the demanded
position against a counterbalance weight. Once in position,
it is hold steady by an electromagnetic brake. In the event
of a control failure or in the case that the grid connection is
lost or an emergency closure is demanded, the brake supply is
interrupted, and the valve closes by means of the influence of
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Figure 8: Control loop for the RSC.

the weight. In this way, the modulation of the valve aims to
adjust the pressure drop across the turbine rotor.
Thus, the proposed sensorless speed controller actively
controls the rotor slip by means of the rotor side converter
of the DFIG that acts as control actuator so as to avoid the
stalling behaviour and to increase the output power. The
functioning of the control scheme is detailed as follows. The
DFIG is attached to the Wells turbine by means of a gear box.
The DFIG stator windings are connected directly to the grid
while the rotor windings are connected to the back to back
(AC/DC/AC) converter.
The converter is composed of a GSC connected to the grid
and a rotor RSC connected to the wound rotor windings. The
RSC controls the active (𝑃𝑠 ) and reactive (𝑄𝑠 ) power of the
DFIG independently, while the GSC controls the DC voltage
and grid side reactive power.
As indicated before, the RSC operates as control actuator
and its objective is to regulate the DFIG rotor speed by varying the rotor slip in accordance with the control law signal
provided by the rotational speed controller, in such a way that
it establishes the maximum power generation allowed at each
time instant for the current wave without entering in stalling.
In order to achieve this, it is needed an independent regulation of the stator active power (by means of speed control)
and reactive power.
The control loop of the RSC is depicted in Figure 8 and
the corresponding loop for the GSC would be similar.
This converter controls the active power (𝑃𝑠 ) and reactive
power (𝑄𝑠 ) of the DFIG. In order to achieve independent
control of them, the instantaneous three-phase rotor currents
𝑖𝑟abc are sampled and transformed into 𝑑-𝑞 components 𝑖𝑞𝑟
and 𝑖𝑑𝑟 in the stator-flux oriented reference frame. In this
context, 𝑃𝑠 and 𝑄𝑠 can be represented as functions of the individual current components. Then, the reference active power

is compared with the power losses and compensated by the
∗
, which
stator flux estimator to form the reference 𝑞-current 𝑖𝑞𝑟
is then passed through a standard PI controller. Its output V𝑞𝑟1
is in turn compensated by V𝑞𝑟2 to generate the 𝑞 voltage signal
V𝑞𝑟 . The RSC reactive power control is also used to maintain
a constant stator voltage within the desired range when the
DFIG is connected to weak power networks without reactive
power compensation. When connected to strong power grids,
this control may be set to zero. The reference reactive power is
compared with its actual measurement to generate the error
signal, which is passed through a PI controller to provide the
∗
reference signal 𝑖𝑑𝑟
. Then, it is compared with its actual signal
𝑖𝑑𝑟 to generate an error, which is then used to provide the
required 𝑞-voltage signal V𝑑𝑟1 by means of a PI controller. In
turn, this voltage is compensated by V𝑑𝑟2 to generate the 𝑑
voltage signal V𝑑𝑟 and used by the PWM module to generate
the IGBT gate control signals necessary to drive the RSC
converter jointly with the 𝑞-component signal V𝑞𝑟 already
obtained.
When a grid fault is detected, the primarily objective
of the implemented control is the uninterrupted operation
feature of the wave energy plant. For this purpose, the rotor is
short-circuited by a crowbar and the RSC is blocked to protect
it from the rotor high currents, causing the loss of control
of active power and reactive power of the DFIG. In order to
control the acceleration of the turbo-generator group, the
flow is typically reduced accordingly with the modified power
reference, regulating the throttle air valve. When the rotor
current and DC-link voltage are low enough, the crowbar
is turned off and the RSC is restarted. Meanwhile, the GSC
keeps the DC-link capacitor voltage constant and the grid
side reactive power controllability of the GSC is useful during
the process of voltage reestablishment. After voltage recovery,
a second crowbar circuit activation may happen if the rotor
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currents or the DC-link voltage exceed their maximum
allowed values. When the voltage and frequency of the network return to steady-state values, the references are modified again, restoring the normal functioning of the system.
For a detailed description of the different parts of the control
scheme (see [36]), further information about DFIG control
devices by means of RSC and GSC may be found in [37–39].
For this purpose, a simple Luenberger based observer for
the rotor flux and angular velocity will be proposed. Field
oriented decoupling is applied, giving all expressions in the
stator-flux reference frame where the 𝑑-axis is aligned with
the stator flux linkage vector Ψ𝑠 , so that Ψ𝑑𝑠 = Ψ𝑠 and Ψ𝑞𝑠 = 0.
This leads to the following relationships (see [38]):
𝑑̂𝑖𝑞𝑠
𝑑𝑡

̂ 𝑞𝑟 + 𝑎3 𝜔𝑟 𝜓
̂ 𝑑𝑟 + 𝑎4 V𝑞𝑠 + 𝑘𝑖 (𝑖𝑞𝑠 − ̂𝑖𝑞𝑠 ) ,
= 𝑎1̂𝑖𝑞𝑠 + 𝑎2 𝜓

𝑑̂𝑖𝑑𝑠
̂ 𝑑𝑟 − 𝑎3 𝜔𝑟 𝜓
̂ 𝑞𝑟 + 𝑎4 V𝑑𝑠 + 𝑘𝑖 (𝑖𝑑𝑠 − ̂𝑖𝑑𝑠 ) ,
= 𝑎1̂𝑖𝑑𝑠 + 𝑎2 𝜓
𝑑𝑡
̂ 𝑞𝑟
𝑑𝜓
̂ 𝑞𝑟 − 𝜁𝑑 − 𝑘2 (̂
̂ 𝑟𝑑 − 𝜁𝑑 ) ,
𝜔𝑟 𝜓
= 𝑎5̂𝑖𝑞𝑠 + 𝑎6 𝜓
𝑑𝜏
̂ 𝑑𝑟
𝑑𝜓
̂ 𝑑𝑟 + 𝜁𝑞 + 𝑘2 (̂
̂ 𝑞𝑟 − 𝜁𝑞 ) ,
𝜔𝑟 𝜓
= 𝑎5̂𝑖𝑑𝑠 + 𝑎6 𝜓
𝑑𝜏
(9)
̂ 𝑑𝑠 , 𝜓
̂ 𝑞𝑠 are the estimated components
where ̂V𝑑𝑠 , ̂V𝑞𝑠 , ̂𝑖𝑑𝑠 , ̂𝑖𝑞𝑠 , 𝜓
of the stator voltage, current and flux vector of the rotor in the
reference frame and
𝑎1 = −

𝑅𝑠 𝐿2𝑟 + 𝑅𝑟 𝐿2𝑚
,
𝑤𝐿 𝑟

𝑅𝑟 𝐿 𝑚
,
𝑤𝐿 𝑟

𝑎2 =

𝑎3 =

𝑅𝐿
𝑎5 = 𝑟 𝑚 ,
𝐿𝑟

𝐿
𝑎4 = 𝑟 ,
𝑤
𝑎4 = −

𝑅𝑟
,
𝐿𝑟

𝐿𝑚
,
𝑤

(10)

𝑑𝜏

= 𝑘1 (𝑖𝑑𝑠 − ̂𝑖𝑑𝑠 ) ,

𝑑𝜁𝑑
= −𝑘1 (𝑖𝑞𝑠 − ̂𝑖𝑞𝑠 ) .
𝑑𝜏

(11)

The disturbance vector has the same angular velocity as all
other vector components. Both disturbance and flux vectors
have the same phase and proportional amplitudes so that the
velocity may be estimated as
̂ 𝑟 = 𝑆 (√
𝜔

𝜁2𝑞 + 𝜁2𝑑
̂ 2𝑑𝑟 + 𝜓
̂ 2𝑞𝑟
𝜓

Estimation
𝜁q,d

̂idr

ds

̂iqr

qs

𝜁q.d

̂ qr,dr
𝜓

̂r
𝜔

ids
iqs

Control variables
V
Vf

̂ dr
𝜓

V
Vf

̂ qr
𝜓

Figure 9: Control loop for the state observer.

where 𝑆 denotes the sign of the angular velocity. The observer
gains 𝑘1 , 𝑘4 have small values and are selected experimentally
while 𝑘2 depends on the rotor speed
 
̂ 𝑟𝑓 
𝑘2 = 𝑎 + 𝑏 ⋅ 𝜔

(13)

being 𝑎 and 𝑏 constants and |̂
𝜔𝑟𝑓 | the absolute value of the
estimated filtered rotor speed. 𝑉𝑓 denotes the filtered signal
of the control 𝑉, which is defined as
̂ 𝑟𝑑 𝜁𝑞 ,
̂ 𝑟𝑞 𝜁𝑑 − 𝜓
𝑉=𝜓

𝑑𝑉𝑓
𝑑𝜏

=

1
(𝑉 − 𝑉𝑓 ) .
𝑇1

(14)

The control loop for this state observer is depicted in Figure 9.
A comprehensive description of Luenberger observers may
be found in [40, 41].
As it has been explained before the stator is connected to
the grid, so that the influence of the stator resistance is small
and the stator magnetizing current 𝑖𝑚𝑠 is considered to be
constant [42]. For this purpose it is assumed that the machine
works away from the magnetic saturation limits. Thus, 𝑇𝑒 may
be defined as
𝑇𝑒 = −𝐾𝑇 𝑖𝑞𝑟 .

𝑤 = 𝐿 𝑠 𝐿 𝑟 − 𝐿2𝑚 .

The structure of this observer is based on treating as distur̂ 𝑞𝑟 , 𝜔𝑟 𝜓
̂ 𝑑𝑟 so as to
bances 𝜁𝑞 , 𝜁𝑑 the corresponding vectors 𝜔𝑟 𝜓
remove the coupling between cocoordinates as follows:
𝑑𝜁𝑞

Error variables
̂idr,qr
𝜁q
idr
iqr
𝜁d

(15)

Therefore, the generator slip may be controlled by regulating
the rotor current 𝑖𝑞𝑟 , while the stator reactive power 𝑄𝑠
𝑄𝑠 =

2
3 − 𝜔𝑠 𝐿 𝑚 𝑖𝑚𝑠 (𝑖𝑚𝑠 − 𝑖𝑑𝑟 )
,
2
𝐿𝑠

(16)

may be controlled by regulating the rotor current 𝑖𝑑𝑟 . Consequently, from 𝑇𝑒 = −𝐾𝑇 𝑖𝑞𝑟 with 𝐾𝑇 = 𝐿 𝑚 𝑖𝑚𝑠 /𝐿 𝑠 being
a torque constant and taking into account that 𝑃 = 𝑇𝜔,
the sensorless controller that has been designed solves the
power tracking problem for DFIG-based OWC power plants
in a hostile environment since it allows to achieve maximum
power extraction by matching the desired generator slip
reference to avoid the stalling behaviour.

4. Simulation Results
) + 𝑘4 (𝑉 − 𝑉𝑓 ) ,

(12)

As it has been indicated, the Nereida OWC demo project
[3] includes 16 Wells turbines in a newly constructed rubble
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Table 2: System parameters.

Turbine
𝑛 = 5 (2 blade rows)
𝐾 = 0.5
𝑟𝑡 = 0.375
𝑎𝑡 = 2.3562

Rotor ﬂux d axis (observer)

Target speed range (rpm) = 1000–3900
Tip Mach no = 0.15–0.47

2
1
0
−1
2
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8

10
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14

16

18

20

Rotor ﬂux q axis (observer)

Solidity per row (%) = 40

0

DC-Link voltage (V) = 800
Pmax (p.u.) = 0.4
Rated Current (A) = 12
Max. Transitory Current (A) = 22.8

Rated Power (kW) = 18.5
Width (m) = 1.25 (t-g module)
Height (m) = 2.83 (t-g module)
Pole pairs = 2
𝑅𝑟 = 0.0334
𝑅𝑠 = 0.0181
𝐿 𝑙𝑟 = 0.16
𝐿 𝑙𝑠 = 0.13
𝐿 𝑚 = 7.413
Inertia Constant 𝐻 = 3.06

Hub/Tip Ratio = 0.43

−2

Converter

Generator

Switching Freq. (kHz) = 14.4
Cut-off Freq. Current Filters (kHz) = 13.2
Cut-off Freq. Grid Voltage Filter (kHz) = 1.32
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Figure 10: Rotor flux for 7000 Pa maximum pressure drop input (observer).
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Figure 11: Rotor flux for 7000 Pa maximum pressure drop input (sensor).

mound breakwater in the Basque location of Mutriku, in the
northern coast of Spain. The main objective of this section
is to demonstrate the viability of the proposed rotor angular
velocity observer to help develop this OWC technology with
Wells turbine power take-off for future commercial plants.
For this reason, the simulation data and wave model have
been chosen taking into account the spectrum of the wave
climate of Mutriku and the OWC system parameters are listed
in Table 2.
For this purpose, the maximum power tracking performance of system subject to the proposed speed estimator with
stator current based feedback has been tested by means of
numerical simulations. The control strategy is composed of
a double feed induction generator, DFIG, that is controlled
with a vector field oriented strategy, a crowbar, and an air
flow control. The crowbar protects the RSC, enforcing shortcircuit when overcurrents in the rotor occur while the air
valve regulates the incoming air flow so as to avoid stalling.

Finally, the main control loop regulates both active and reactive power of the DFIG using the currents as control variables
to match the modified power reference (see Figure 7). See
[36] for a detailed explanation of this control and [43] for a
summary on fault tolerance control.
4.1. Balance Faults. This sensorless control has been applied
considering a scenario where waves produce a typical variation for 7000 Pa maximum pressure drop input and a
balanced grid fault has been implemented with an 85%
reduction of the grid voltage applied at 10 s and cleared
at 15 s. For comparison purposes, the same study case has
been considered with and without sensor. In particular, in
Figure 10 the rotor flux obtained with the proposed sensorless
controller is plotted so as to compare it with that obtained
using a control where the velocity is computed via a traditional sensor, plotted in Figure 11. As it may be observed there
exists no significant difference between them.
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Rotor speed observer
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Figure 12: Rotor angular velocity for 7000 Pa maximum pressure drop input (observer).
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Figure 13: Active and reactive power generated using sensorless control (a) versus traditional control (b).

Similarly, due to the FRT capability of the control scheme,
it may be seen in Figure 12 that after the transitory, 𝜔𝑟 does
not increase during the voltage dip, which also affects the flux
value. Besides, it should be highlighted that in the Mutriku
WOC technical solution, the given reference is the pressure
drop whilst the reference for the rotor angular velocity, 𝜔∗𝑟 ,
is not readily accessible, so that the proposed estimator with
stator current based feedback suits perfectly the requirements
of the system.
Analogously, a comparative study for the power generated
has been carried out in order to verify the performance of the
proposed observer so as to obtain maximum power extraction capability in the plant, even when it is subject to voltage
dips like the one described in the scenario at hand.
Under these conditions it may be seen in Figure 13 the
effect of the fault over the active and reactive power at the
stator terminals both with sensor and with the proposed
observer. In both cases, there is no active power consumption
during the fault period and the reactive power overshoot
during both the start and clearance of the fault is acceptable.

Besides, the generator oscillatory dynamics have been controlled, while giving reactive power to the grid so that it contributes to the attenuation of the voltage dip. In this context,
both figures show that the plant generates active and reactive
power during the fault period and, particularly, during the
fault recovery, since it is only during 100 ms after the fault
recovery that the generator absorbs a little amount of power
(less than 60% of the nominal power). These voltage dips are
usually caused by remote grid faults in the power system and
would normally require disconnecting the generator from the
grid until the faults are cleared. However, normative relative
to this requirement tends to enforce maintaining active power
delivery and reactive power support to the grid, so that grid
codes now require ride through voltage dips like the one
presented in this paper.
In order to compare the simulation results obtained using
the proposed observer with those obtained using a traditional
sensor with the controller, a performance evolution function
𝐽 is used. This performance function is defined by (16) in
terms of the tracking error, where 𝑒(𝜏) represents the error

10

Mathematical Problems in Engineering
140
120
100
80
60
40
20
0

0

2

4

6

8

10

12

14

16

18

20

2

4

6

8

10
12
Time (s)

14

16

18

20

1

−1

2

4

6

8

10
12
Time (s)

14

16

18

0
0

2

4

6

8

10
12
Time (s)

14

16

18

6

8

10
12
Time (s)

14

16

18

20

0

2

4

6

8

10
12
Time (s)

14

16

18

20

0

2

4

6

8

10
12
Time (s)

14

16

18

20

1
0

c

−1

4

−1

20

1

2

0

(observer)

(observer)

0

0

1

b

b

0

c

−1

0

(observer)

(observer)

0

(observer)

−1

0

1

a

(observer)

1

a
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between the desired reference value for the active power and
the value obtained from the system output as follows:
𝐽 (𝑡) = ∫ 𝑒2 (𝜏) 𝑑𝜏.

(17)

It can be observed in Figure 14 that the values of the performance evolution function for the case of the controller with
observer are slightly higher than those obtained with the sensor. It must be taken into account that the control either with
sensor or with observer yields similar results, so that the relevance of the results relies on determining the rotor angular
velocity without the need of extra hardware from sensors, just
observed by means of the stator voltages and currents. For this
reason, although in all cases the accumulated error measured
with the cost function 𝐽 presents a similar increasing behavior, as it should be expected from the 𝐿 2 -norm accumulative
error defined in (17), it should be noticed that the system

power generated in both cases present a similar rate while
the observer provides better performance since it increases
power extraction in the sense that the plant is more reliable
and independent of external disturbances, which is even
more relevant in a hostile environment as the ocean.
4.2. Unbalance Faults. Simulation studies on the sensorless
control for unbalance faults are carried out over a modification of the balance fault scenario studied in the last section,
where a representative example corresponding to the negative
sequence is considered as seen in Figures 15 and 16. Previous
analyses were performed to confirm the relative significance
of the different frequency components present in the current
waveforms, corroborating that the negative sequence imposes
the most stringent control.
The key problems in the response of a DFIG to an unbalanced fault are illustrated in Figure 17, which shows the rotor
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currents. During the fault, the negative sequence component
of the rotor currents is 2.5 times as large as the positive
sequence component. This forces the rotor voltage demand
close to the limits of the inverter, making control of the DFIG
much more difficult. It can be seen from Figures 17 and 18
that the most serious problem is the rotor overcurrent at
fault initiation. These overcurrents are alleviated by shortcircuiting the rotor windings for a short period (known as a
crowbar), removing the power electronics from the rotor circuit to protect them from the high currents.
Despite the value of the currents on the IGBTs, it may be
seen in Figures 19 and 20 that both the active and reactive

power supplies as well as the dc-link voltage are successfully
controlled. Thus, even when this control scheme does not
discern in the treatment of the different sequence current
components during faults, it ensures the continuity of supply
in compliance with actual requirements [44].
Although stator overcurrents may also occur, they are
generally of less concern, because no vulnerable power electronics are involved in the stator connection.
The results obtained for the reference tests, both with
observer and with sensor, confirmed that the model behaved
as expected, since there are no obvious differences between
them. The effect of the unbalance fault over the active
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and reactive power at the stator terminals may be seen in
Figure 20 for comparison purposes.

5. Conclusions
This paper has proposed a new observer to estimate the rotor
angular speed for the control of the Mutriku OWC wave
power generation demo plant within the Nereida project
from the Basque Energy Board (EVE). This closed loop
observer is based in a Luenberger system and estimates both
rotor angular velocity and fluxes using the measured stator
voltages and currents. Due to the nature of this observer, the
rotor angular velocity is computed from its flux and a vector
of cross-product state variables that is treated as disturbances.
In order to verify the performance of the proposed observer
to obtain maximum power extraction capability in the plant
even when it is subject to voltage dips, a comparative study
for the power generated with a traditional sensor and with
the proposed observer has been performed. A point tracking
technique has been implemented so that the control system
tracks a curve that yields the maximum possible power from
the sea and no substantial differences between them have
been found. As a result, it can be concluded that the proposed
observer scheme improves the plant reliability by increasing
reliability and disturbance rejection while reducing cost and,
therefore, improving the power extraction when applied for
maximum power generation purposes.

Nomenclature
𝑃wf , 𝑃in :
𝑔, V, 𝑖:
V𝑥 , 𝑑𝑝:
𝜌, 𝜌𝑤 :
𝑎, 𝑟, 𝑛:

Incident wave power, power available to turbine
Gravitationalconstant, voltage, current
Air flow speed, pressure-drop across rotor
Air density, seawater density.
Area of turbine duct, mean radius of the turbine,
number of blades
𝑏, 𝑙:
Blade height, blade chord length
𝑞, 𝜙:
Flow rate, flow coefficient
𝜆, 𝑇𝑤 : Wavelength, wave period
ℎ, 𝐴:
Water depth, wave height
𝜔𝑟 , 𝑇𝑡 : Angular velocity, torque
𝐶𝑎 , 𝐶𝑡 : Power and torque coefficients
𝐿, 𝑅, Ψ: Inductance, resistance, flux
𝑃, 𝑄: Active and reactive power.

Subscripts
𝑑, 𝑞, 𝑠, 𝑟: Direct and quadrature components, stator
and rotor side
𝑡, 𝑔, 𝑒, 𝑚: Turbine, generator, electrical, magnetizing.
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Large amount of such renewable energy generations as wind/photovoltaic generations directly connected to grid acting as
distributed generations will cause control, protection, security, and safety problems. Microgrid, which has advantages in usage
and control of distributed generations, is a promising approach to coordinate the conflict between distributed generations and the
grid. Regarded as mobile power storages, batteries of electric vehicles can depress the fluctuation of power through the point of
common coupling of microgrid. This paper presents a control strategy for microgrid containing renewable energy generations and
electric vehicles. The control strategy uses current control for renewable energy generations under parallel-to-grid mode, and uses
master-slave control under islanding mode. Simulations and laboratory experiments prove that the control strategy works well for
microgrid containing renewable energy generations and electric vehicles and provides maximum power output of renewable energy
and a stable and sustainable running under islanding mode.

1. Introduction
As long as the growing demands for green, clean, and highquality energy supplies, renewable energy generations such
as solar and wind power acting as distributed generations
(DGs) are gaining more and more attentions. Discussions
about grid of the future on 2012 International Council on
Large Electric Systems (CIGRE2012) pointed that new technologies, new participants, and new market environments are
leading the traditional value chain of “fossil energy sourcegrid transmission end user” to a new value chain adopting
renewable energy generations and distributed generations,
power storages, and electric vehicles (EVs) [1]. To some
extent, DGs can improve power quality, power reliability,
economy, and flexibility along with impacts to grid caused
by its fluctuant power output. The key factor of using DGs
lies on how to coordinate DGs with main grid to stable and
reliable running. Concept of microgrid or minigrid—a small
grid that integrates DGs and loads to form a controllable grid
which can provide power supply both under parallel-to-grid
and islanding mode—was proposed and adopted by many
countries and power companies.

Control strategies of microgrid containing control of grid
and control of DGs must coordinate DGs with main grid
under parallel-to-grid mode and coordinate different DGs
with loads under islanding mode. Commonly used control
methods of microgrid include peel-to-peel control, masterslave control, and multiagent control, while control methods
of DGs include current control method, voltage control
method, and droop control method. The main concern
of control method under parallel-to-grid mode is how to
depress the fluctuations of power outputs of DGs while
using the maximum amount of DG energy such as wind
power or solar power. The main concern of control method
under islanding mode is how to coordinate power outputs of
different DGs with loads to keep stable voltage and frequency
level for constant running.
Electric vehicles regarded as a new traffic method have
been paid more common attention. While commonly treated
as loads, batteries of electric vehicles can provide power support when necessary—which is called vehicle-to-grid (V2G)
mode [2]. V2G mode of electric vehicles can reduce the
need of common power storages in microgrid by depressing
fluctuation of power and providing emergency power supply.
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Compared with common battery storage, batteries of electric
vehicles can be regarded as mobile power storage devices:
mobility of vehicles cause the capacity change of charging
and discharging along with the unpredictability of charging
or discharging status; transport demand, charging methods
(charge/replace), and charging speed (fast/slow) of vehicles
cause differences in control and external characteristics.
To coordinate DGs and grid, considering the instability
and unpredictability of DGs and EVs, a control strategy
for microgrid containing renewable energy generations and
electric vehicles was presented in this paper. Control methods of microgrid were analyzed and studied to propose a
comprehensive control strategy for microgrid with DGs and
EVs. The control strategy uses MPPT current control for
renewable energy generations under parallel-to-grid mode
and uses master-slave control which elects battery storages as
master while other DGs and EVs as slaves under islanding
mode. A common structure microgrid with DGs, battery
storage, and EVs was built both in simulation and laboratory
experiment. Simulations and laboratory experiments prove
that the control strategy works well for microgrid containing
renewable energy and EVs and provides maximum power
output of renewable energy and a stable and sustainable
running under islanding mode.

2. Distributed Generations and Microgrid
Generally, distributed generations (DGs) refer to such environment friendly or renewable power generation devices
as photovoltaic, wind power, fuel cells or microgas turbine
which are located near loads and capacity of tens of kilowatts
to several megawatts. DGs can improve power quality and
power reliability with the following characteristics [3]. (1)
Power Generation near loads without step-up and stepdown transformer and load distance transmission will reduce
construction and maintenance cost, reduce power loss of
transmission and improve efficiency. (2) Immune to faults in
transmission, and transformation system which will improve
power reliability and power quality. (3) Immune to the
interferes of regional voltage and frequency fluctuations,
preventing regional failure develop to blackouts.
Commonly adopted DGs are microgas turbine, fuel
cell, wind power, photovoltaic, and power storage devices.
Microgas turbine burns gas, methane, or gasoline with total
efficiency up to 75% under thermoelectricity cogeneration
mode which is a promising commercial DG [4]. Fuel cell
transforms the fuel chemical energy into the electrical energy
through the electrode reaction with little emission, which has
higher efficiency than traditional power plant [5]. Nevertheless, gas turbine and fuel cell need primary energy sources
such as gas or fuel to produce electric power. On the point of
renewable and sustainable energy view, micro gas turbine and
fuel cell are not suitable choices while wind power and solar
power are more suitable and feasible.
2.1. Wind Power Generation. Wind power generation uses
wind power to produce electric power which has features of
environment friendly and zero emission and now has mature
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Figure 1: Wind power generation system structure.

technology of single generator capacity of 2500 kW. As
shown in Figure 1, wind generators are mostly asynchronous
generators which produce frequency-varying AC power and
need rectifier and inverter to convert to grid frequency and
parallel in grid.
Paralleled in through an inverter, wind power generation
will consume reactive power while producing active power,
and wind power generation is normally combined with power
storage, photovoltaic generation, diesel generator, or reactive
power generation devices. Operation modes of wind power
generation are mainly two types: (1) stand alone operation
mode, which uses small wind generators to charge battery
storages and through an inverter to support end user or
medium wind generators combined with diesel generators
or photovoltaics to form hybrid power supply; (2) operation
with grid mode, which uses large wind generators capacity
range 200 kW to 2500 kW to form wind power farm as power
source of grid.
Power output of wind power generation is closely related
to the rotating speed of generator under certain wind speed.
Figure 2 shows an example relation of torque and rotating
speed (a) and relation of power and rotating speed (b) at two
wind speeds of V1 and V2 [6]. As power output depends on
the product of torque 𝑇 and rotating speed 𝜔, the rotating
speed of maximum power output is not the same to that of
maximum torque. Commonly, wind power generation uses a
speed-varying control system called maximum power point
tracking (MPPT) which controls the wind generator works
on the speed point of maximum power output [7].
2.2. Photovoltaic Generation. Photovoltaic generation (PV),
based on the photovoltaic effect of photovoltaic cell to convert
solar energy to DC energy, has features of environment
friendly, easy maintenance, zero emission, and low cost.
Operation modes of PV are mainly two types: (1) islanding
mode, that power system with PV is not connected to public
power grid, is commonly used for areas far from public
power grid such as an island; (2) parallel-in mode, that
PV is paralleled to public power grid. This mode can use
photovoltaic generations as mass power production and is the
most used mode in the world [8–10].
Output voltage and current of photovoltaic cell change
with light intensity and temperature. Figure 3 shows an
example relation of current and voltage (a) and relation of
power and voltage (b) of PV at different light intensities.
Figure 4 shows an example relation of current and voltage
(a) and relation of power and voltage (b) of PV at different
temperatures. At certain light intensity and temperature,
photovoltaic cell can work at a different voltage, while
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Figure 3: Relation of 𝐼-𝑉/𝑃-𝑉 of PV cell at different light intensities.

only at a certain voltage, the output power of photovoltaic
cell reaches the maximum output. Similar to wind power,
photovoltaic generation uses MPPT control of voltage to
control the photovoltaic cell works on the voltage point of
maximum power output [11].
2.3. Power Storage Devices and Electric Vehicles. Acting as a
distributed generation, output power is affected by weather
conditions (wind/light) wind power generation and photovoltaic generation are intermittent power supply which
cannot meet the load demand full time. Thereby, power
storage devices are widely used in distributed generation for
continuous power supply. Effects of power storage devices in
distributed generation are as follows [12]. (1) Power storage
devices can depress load wave by charging when load is
low and discharging when load is high. (2) Active power
and reactive power outputs of power storage devices can
change rapidly, which can damp the power and frequency of a
system to keep the system stable. (3) Tracking ability of power
storage devices can keep distributed power sources working
at maximum power point and improve power efficiency.
There are many types of power storage devices such as battery
storage, super-capacitor storage, flying-wheel storage, and

hydroplant, while the most widely used power storage device
is battery storage.
As the development and spread of electric vehicles,
influence of batteries especially large capacity batteries of
EVs connected to grid is gaining more and more attention.
Batteries of electric vehicles can provide power support when
necessary—which is called vehicle-to-grid (V2G) mode [2,
13]. Compared with common batteries, batteries of EVs can
be regarded as mobile power storage devices: the coupling
point is mobile; the status and capacity of charging or discharging is indeterminate. When connected to grid, batteries
of EVs can act as common battery storages and reduce the
demand capacity of common power storages. As the growth
of EVs, it is necessary to take full advantage and rational use
of batteries of EVs.
2.4. Microgrid. Traditional power distribution grid distributes power to end user through a branchy, radialized
network which transfers power in single direction. Single
DG directly connected to power distribution grid will change
the power flow direction and cause analysis, control, and
protection problem of power distribution grid. Restrain and
isolate methods are commonly adopted by a grid to decrease
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ability of DG connection; (4) improve efficiency of DG by
combined heat and power (CHP) or combined cold heat and
power (CCHP), (5) damping effect to voltage and frequency
fluctuation.

6
5

Current (A)

4
60 ∘ C

3

40 ∘ C

50∘ C
∘

55 C

45∘ C

30∘ C
∘

35 C

2
1
0

5

10

15

20
25
30
Voltage (V)

35

40

45

(a)

200

Current (W)

150

30∘ C
35∘ C
40 ∘ C
∘
45 C
50∘ C
55∘ C

100

50

0

5

10

15

20
25
30
Voltage (V)

35

40

45

(b)

Figure 4: Relation of 𝐼-𝑉/𝑃-𝑉 of PV cell at different temperatures.

the impact of DGs. A concept of combined DGs with
loads to form a so-called microgrid to coordinate grid and
DGs was proposed [14, 15]. Although different concepts of
microgrid were proposed by different countries according
to their own instances, goals and patterns of these concepts
are similar, where the concept proposed by Consortium for
Electric Reliability Technology Solutions (CERTS) was most
widely adopted: “an aggregation of loads and microsources
operating as a single system providing both power and heat.
The majority of the microsources must be power electronic
based to provide the required flexibility to insure operation
as a single aggregated system. This control flexibility allows
the CERTS MicroGrid to present itself to the bulk power
system as a single controlled unit that meets local needs
for reliability and security.” [15]. Microgrid usually consists
of DGs, power storage devices, power electronic devices
(such as inverter, solid state switch), and loads. Microgrid
has following the characteristics: (1) Microgrid provides
an efficient way for DGs to parallel in utility grid, and
inherit the advantages of DG; (2) microgrid can switch
to island mode on utility grid failure, and does not affect
the security and safety of utility grid; (3) plug-and-play

2.5. Microgrid Containing Renewable Energy and Electric Vehicles. Single EV has little effect on the utility grid even under
V2G mode. But when a certain number of electric vehicles
are paralleled in the grid, they will inevitably affect the utility
grid. Charging station was adopted in China for individual
and public EV charging. A microgrid scheme which combines photovoltaic, power storage, and EV charging station
together was proposed by Beijing Jiaotong University (BJTU)
and implemented in laboratory where the microgrid with a
simplified structure can be regarded as a submicrogrid in the
modified structure of CERTS microgrid as shown in Figure 5,
where the primary microgrid is connected with the distribution grid through the circuit breaker; the submicrogrid with
EVs is connected with the bus through the feeder just as other
microsources.
The submicrogrid with EVs is a simplified microgrid
with 1 concentrated busbar as shown in Figure 6 where the
busbar can be a DC busbar or AC busbar, while DC busbar
will need a large capacity bidirectional power converter at
the point of common coupling (PCC), and AC busbar is a
more suitable solution for charging station. In Figure 6, DGs
and power storage devices are located near charging station,
battery storages act as fixed power storage while EVs act as
mobile storage.

3. Control Methods
3.1. Control Methods of Microsources. Control methods of
microgrid consist of microsource control and the grid control. Most DGs are using MPPT control to reach their
maximum power output and through a converter/inverter
connected to microgrid busbar. As the system in Figure 6,
with an AC busbar, microsources such as wind power
and battery storage are connected with inverters. Control
methods of microsources in the simplified system of microgrid with renewable energy and EVs as in Figure 6 focus
on control methods of microgrid inverters. The common
used control methods of microgrid inverter include current
control method, voltage control method, and droop control
method [16].
3.1.1. Current Control Methods. Current control method of
microgrid inverter uses the output current as control signal
which produces current of the same frequency and same
phase angle with the grid voltage to provide power. Under
current control method micro sources can be regarded as
controllable current source with large inner impedance. Basic
control diagram of current control method is shown as
Figure 7 where 𝑖0 is the output current of inverter, 𝑖ref is the
setting value of current.
There are two ways of current control method: indirect
current control and direct current control. Indirect current
control uses the setting current, voltage vector of PWM to
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form closed-loop control which through voltage control to
achieve current control. This method is simple and is no need
of current detection, but it has disadvantages of slow dynamic
response and transient DC-drift and is affected by the quality
of grid voltage.
As shown in Figure 8, direct current control directly uses
current as feedback to achieve synchronous current with grid
voltage, where 𝑖0 is current output of inverter, 𝑢𝑁 is grid
voltage, 𝐾PWM is the equivalent gain coefficient of inverter,
𝐺1 (𝑠) is the transfer function of current regulator usually use
PI regulation, 𝐺𝐹 (𝑠) is equivalent transfer function of filter,
PLL is a phase locked loop module tracking the frequency
and phase of grid voltage to keep the frequency and phase of
output current same to them. A voltage feed-forward module
was introduced to eliminate current fluctuation caused by
grid voltage fluctuation [17, 18] where in Figure 8 𝐾𝑁 is the
coefficient of voltage feed-forward. The direct current control
with voltage feed-forward was adopted in this paper.
3.1.2. Voltage Control Method. Voltage control method of
microgrid inverter uses the output voltage as the control
signal which produces voltage of the same frequency and
the same phase angle with the grid voltage to provide power.
Under voltage control method, micro sources can be regarded
as controllable voltage source with small inner impedance.
Basic control diagram of voltage control method is shown as
in Figure 9 where 𝑖0 is the output current of inverter, 𝑉𝑔 is the
voltage of grid, and 𝑉ref is the setting voltage value of inverter.
Voltage control method as in Figure 9 uses dual control
loop—outer loop of voltage to keep voltage stable and inner
loop of current to improve dynamic response performance
and restrain fluctuation [19]. Compared with current control
methods, voltage control method has advantages of good
dynamic performances, high steady state accuracy, robust to
nonlinear load, and low harmonics. Inverter under voltage
control mode provides reference voltage and frequency to
microgrid in islanding and is also called a voltage source

converter (VSC); other inverts can use the voltage of VSC
as a reference and run in desired mode. While microgrid
under parallel-to-grid mode, micro source in VSC mode is a
voltage source that must coordinate with the main source of
utility grid to keep synchronization. Commonly VSC mode
is more suitable for the main micro source in islanding mode
microgrid.
3.1.3. Droop Control Methods. Micro sources in parallelto-grid mode microgrid usually work in current control
mode, while another mode called droop control method is
also used to make a microgrid work more like traditional
power grid. Droop control method decouples power and
voltage and frequency to form droop style 𝑃-𝑓 (active
power-frequency) and 𝑄-𝑉 (reactive power-voltage) or 𝑃𝑉 and 𝑄-𝑓 micro source output characteristics like traditional synchronous generator; thus, the traditional grid
control methods can be applied in microgrid [20]. Under
droop control method, inverter adopts an inner droop curve
according to its capacity and type of micro source and
produces voltage with amplitude and frequency determined
by its active and reactive power output. Control diagram
of droop control method is as shown in Figure 10 where
𝑃𝑁, 𝐼𝑁, and 𝑓𝑁 are the rated power, current, and frequency
of micro source under droop control mode. Droop control
module calculates the voltage amplitude and frequency at
input 𝑃 and 𝑄 according to its inner droop curve. Voltage
combination module provides reference voltage at input 𝑓
and 𝑉, and the dual loop control of voltage and current
module provide PWM to drive the inverter. Droop control
method makes micro sources work like traditional synchronous generators—which are easy to control and dispatch.
Nevertheless, it also makes micro sources only work well
when voltage and frequency are near rated value; unsuitable
droop curves will make system unstable, bad system dynamic
performance, and easy to swing because of low damping
effects.
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3.2. Grid Control Methods of Microgrid
3.2.1. Peer-to-Peer Control. Under peer-to-peer control
method, each micro source acts as a “peer” and equally in
microgrid. Each micro source participates in the regulation
of voltage and frequency according to their own inner control
[21, 22]. Commonly peer-to-peer control is based on the
droop control of micro sources which decouple frequency
and voltage to active and reactive power. Micro sources are
initialized at rated frequency 𝑓0 and inner potential 𝐸0,
while load changes, active power, and reactive power flow in
microgrid change accordingly; with that, active power and
reactive power outputs of each micro source will change;
coordinated by frequency and voltage, system will reach
a new balanced point by droop character. This is similar
to primary frequency control of synchronous generators.
The peer-to-peer grid control method of microgrid has the
advantages of simple, easy-to-implement, local controlled
(no need of communication), plug-and-play, and easy-tomodify. But this method cannot treat the restoration problem
of voltage and frequency caused by severe disturbance of
power which is usually regulated by secondary frequency
control in traditional synchronous generators [21].
3.2.2. Master-Slave Control. Under master-slave control
method, one or more micro sources are elected as a master
source of microgrid which provides reference voltage and frequency, other micro sources act as a slave source [23]. Masterslave control mode is mostly used for microgrid in islanding
mode, while in parallel-to-grid mode the utility grid is master
and all micro sources are slaves. Using master-slave control
mode in islanded microgrid, the master source elected must
have the ability of fast changing to voltage control mode, good
voltage and frequency regulation character, and stable and
controllable power output. Commonly elected master sources
are power storage devices such as battery storage, micro gas
turbines, or fuel cells.
The master-slave grid control method of microgrid has
the advantages of simple, good voltage, and frequency

regulation character and dynamic response. But the performance of master-slave control method rely on master source:
master source needs rapid change to voltage control mode
when islanding happens to microgrid; voltage and frequency
are regulated by master source where master source failure
will cause whole microgrid failure; multimaster sources will
cause current loop; fluctuations of power are balanced mainly
by main source which require certain power reservation of
main source.
3.3. Control Methods Adopted. Direct current control
method with voltage feed-forward as in Figure 8 was adopted
for micro sources (DGs, battery discharging, and V2G)
control when microgrid paralleled to utility grid in this
paper, where DGs work as current sources. Master-slave
grid control method is adopted for microgrid in islanding
mode, and battery storage work in voltage control mode was
adopted as main source, while other micro sources still work
in current control mode.

4. Simulations and Laboratory
Implementation
Simulations of microgrid with renewable energy and EV
were carried out, and a laboratory platform of microgrid
was established. Control methods in 3.3 were used both in
simulation and laboratory platform. An islanding detection
method of over/load voltage and over/low frequency was
adopted for control mode change, and a load shedding
method was adopted.
4.1. Simulation Model and Results. A simulation model as in
Figure 11 was built in MATLAB/simulink according to the
parameters of the laboratory platform where the utility grid
is a 380/220 V system, DG1 is a 25 kW photovoltaic cell (PV),
DG2 is a 50kWh lithium battery storage, DG3 is a 18 kW EV,
load 1 is a load of 10 kW, load 2 is a load of 10 kW + 1.5 kVar,
and load 3 is a 25 kVA fluctuant and interruptible load.
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DG1 in Figure 11 is the simulation model of PV as shown
in Figure 12 which adopts the PV array model used in [24]
and MPPT control in [25]. Inverter of DG1 works in current
control mode. DG2 in Figure 11 is the simulation model of
battery storage as shown in Figure 13 which uses battery
module in MATLAB /simulink. Converter of DG2 works in
current control mode when microgrid paralleled to grid and

works in voltage control mode as main power source when
microgrid is islanded.
Figure 14 shows the simulation model of EV (DG3) in
Figure 11. SOC and capacity of battery was adopted with 10%
fluctuation normal distributed. A uncontrolled rectifier was
adopted for battery charging, and a current control mode was
adopted for battery discharging.
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Diagrams of current control method and voltage control
method of the inverter adopted are shown in Figures 15 and
16.
Figures 16 to 25 show output waves of an example
simulation case where initialized SOC of EV is 80.05%.
Simulation events are listed in Table 1.

As shown in Figure 17, islanding of microgrid was
detected in 1 cycle and changed to islanding control mode.
Figure 18 shows that DG2 as main source in islanding mode
works well to keep voltage and frequency stable. Figures 19
and 20 show that PV works in current source mode and
provide continuous power of 10 kW while some fluctuation
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4.2. Laboratory Platform of Microgrid with Photovoltaic and
EV. A laboratory platform of microgrid with 25 kW photovoltaic, 50 kWh/25 kW lithium battery packs, 15 kWh/18 kW
EV, 25 kW load simulator and 24 kW lighting loads was
formed in BJTU as shown in Figure 26. The EV is a Tong Yue
EV manufactured by Jianghuai Automobile China (JAC) with
50 Ah battery, 7 hours of charging time, rated power 18 kW
and maximum power 42 kW. Structure of the microgrid
is shown in Figure 27, where battery inverter works in
VSC mode when microgrid islanded, 𝐼𝑔 , 𝐼𝑚1 , 𝐼𝑚2 , 𝐼𝑃 , 𝐼𝐵 as
directions shown in Figure 27 are currents of PCC, converter
1, converter 2, PV, and battery. Control methods are adopted
as in Section 3.3.
Experiments of parallel/islanding were carried out in
different load status. Figures 28, 29, 30, 31, 32, 33, and 34 show
the voltage/current wave, frequency wave, voltage amplitude
wave, and power wave of one example experiment where in
microgrid parallel status load power is 𝑃𝑙 = 4.0 kW, 𝑄𝑙 =
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25 kWp photovoltaic cells

15 kWh/18 kW EV

25 kW photovoltaic inverter 25 kW EV AC charging converter
PCC and
25 kW load simulator
24 kW lighting loads
of E.E. building
25 kW bidirectional storage converter

50 kWh lithium
battery packs

Microgrid
control
devices

Figure 26: Laboratory platform of microgrid with photovoltaic and EV.
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Figure 27: Structure of the Laboratory platform.

2 kVar, sim-load power(1) is 𝑃1 = 8.0 kW, 𝑄1 = 0 kVar, EV
(2) power is 𝑃2 = −2.0 kW, 𝑄2 = 0 kVar (charging), PV (3)
output power is 𝑃𝑃3 = 5.1 kW, 𝑄𝑃3 = 0 kVar, and battery
charging power is 𝑃𝐵4 = −4.0 kW, 𝑄𝐵4 = 0 kVar (charging).
In islanding mode, load power is 𝑃𝑙 = 4.0 kW, 𝑄𝑙 = 2 kVar,
sim-load power (1) is 𝑃1 = 8.0 kW, 𝑄1 = 0 kVar, EV (2) power

is 𝑃2 = 11.0 kW, 𝑄2 = 1.5 kVar (discharging), PV (3) output
power is 𝑃𝑃3 = 5.1 kW, 𝑄𝑃3 = 0 kVar, and battery storage
power is 𝑃𝐵4 = 1.0 kW, 𝑄𝐵4 = 0.5 kVar (discharging). At the
“second regulation” point, EV output power decrease as the
SOC of EV has dropped to the point of low power output
point; battery output power increases to balance the power.
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Figure 30: Voltage amplitude wave.
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Figure 28: Voltage/current wave of parallel/islanding transfer (CH1:
phase A voltage, CH2: phase A current of 𝐼𝑚1 , CH3: phase A current
of 𝐼𝑃 , and CH4: phase A current at PCC (𝐼𝑔 )).
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Figure 31: Power wave of converter 1.
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Figure 29: Frequency wave.
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As we can see that using the control strategy proposed in
this paper, maximum power output of renewable energy was
utilized both under parallel-to-grid and islanding mode, and
the stably operation time of microgrid under islanding was
prolonged as a result of the participant of EV as power source.
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Figure 32: Power wave of converter 2.

5. Conclusions
1.2
Islanding moment

0.8
Pn = 10 kW
Qn = 10 kVar

This paper presented a control strategy for microgrid containing renewable energy and electric vehicles. The strategy
uses current control mode for renewable energy generations under parallel-to-grid mode and uses master-slave
grid control which elects battery storages as main power
sources DGs and EVs as slave power source under islanding
mode. Compared with other strategies, this strategy does not
need to change working mode of DGs while transferring
between parallel-to-grid and islanding and can fully use
the power of DGs, immune to output power fluctuation
of DGs, and prolong the stable running time of microgrid
under islanding mode. According to simulation results and
laboratory experiments, the proposed control strategy works
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Figure 33: Power wave of converter 3.
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on Sustainable Power Generation and Supply (SUPERGEN ’09),
pp. 1–4, Nanjing, China, April 2009.

Grid-connected moment
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[9] S. M. Moosavian, N. A. Rahim, and J. Selvaraj, “Photovoltaic
power generation: a review,” in Proceedings of the IEEE 1st
Conference on Clean Energy and Technology (CET ’11), pp. 359–
363, Kuala Lumpur, Malaysia, June 2011.
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Figure 34: Power wave of converter 4.

well and provides maximum power output of renewable
energy and stable and sustainable microgrid running under
islanding mode. We hope that the strategy will beadopted for
industrial applications.

Acknowledgment
The authors gratefully acknowledge the support of the
National Natural Science Foundation of China, for financial
support under Grant no. 51277009.

References
[1] C. W. Gellings, “The grid of the future: the need for technology
and intelligence in the future power system,” in Proceedings of
the Technical Exhibition, Grid of the Future Symposium (CIGRE
’12), Kansas City, Mo, USA, October 2012.
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The damage and collapse accidents of wind turbines during violent typhoons and rainstorms have increased in recent years. To
determine the dynamic response characteristics of high-power wind turbines under extreme conditions, wind load and rain load
are simulated. The typhoon average wind velocity and fluctuating wind velocity are simulated by the unstable wind profile and
harmony superposition method. The raindrop size distribution is simulated by the M-P spectrum, and the rain load is calculated
according to the momentum theorem. A finite element model is established to study the aerodynamic responses of a wind turbine
under random typhoon load and typhoon-rain loads. The maximum displacements and accelerations at the tower top and the
maximum von Mises stresses at the tower bottom are calculated and compared after considering various combinations of wind
direction deflections and rainfall intensities. The results indicate that instantaneous wind direction deflection has a substantial
impact on the dynamic responses of wind turbines, and after introducing the effect of rain, the dynamic responses increase up to
13.7% with increasing rainfall intensities. This study has significant implications for analysing collapse accidents of wind turbines
and for optimising the design of wind turbines under extreme typhoon conditions.

1. Introduction
Worldwide wind power has rapidly developed with the
increased demand for renewable energy [1]. It can be expected
that wind power will continue its fast development in the
coming years. By the end of 2010, the total installed capacity
of wind turbines in China had achieved 41.827 GW, ranked
first in the world [2]. In wind turbine design, wind is the
main external load. Because of their large ratio of height to
horizontal dimension, wind turbines are more slender and
more sensitive to aerodynamic loads than other structures
[3]. Lavassas et al. [4] studied the static and dynamic
behaviour of a 1 MW wind turbine tower using both detailed
and simplified finite element models. Murtagh et al. [5] modelled the tower and rotating blades as discretised multipledegree-of-freedom entities and used the mode acceleration
method to investigate the along-wind responses of a wind
turbine. Li et al. [6] analysed the aerodynamic responses
of wind turbines under random wind load using the finite
element method, and the results showed that the tower
top displacement increased with an increase of the blades’

rotational speed. Generally, current studies mostly focus on
the aerodynamic responses of wind turbine towers under
normal wind regimes.
In recent years, structural damage and collapse accidents
related to typhoons have increased. The typhoon is different
from normal wind (nontyphoon) in velocity profile, gradient
height, extreme wind speed, surface roughness length, and
gust factor [7]. Increasing attention has been given to the
wind-induced responses of flexible structures in typhoons.
Xu and Zhu [8] studied the buffeting analysis of long-span
cable-supported bridges under skew winds during typhoons
using a finite-element-based framework and compared those
data with field measurements. Zhao et al. [9] compared the
wind-excited responses of long-span bridges under normal
and typhoon climate modes with time-domain FEM computations. Li et al. [10–12] conducted full-scale measurements
of wind-induced responses of super-tall buildings during the
passages of typhoons.
With more and more wind turbines built from land to
offshore, they are at risk of damage from typhoons or
hurricanes. Although few analyses are available regarding
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the aerodynamic responses of wind turbines in typhoons,
visible damage to wind turbines during typhoons is reported
frequently. In 2003, all six wind turbines on Miyakojima
Island were extensively damaged by Typhoon Maemi [13]. On
September 28, 2008, Typhoon Jangmi struck Taiwan, and one
wind turbine tower located on the shore of Taichung Harbor
collapsed due to strong wind and heavy rainfall [14]. When
Typhoon Dujuan landed at Shanwei on September 3, 2003,
the observed instantaneous extreme wind velocity in the Red
Cove wind farm was 57 m/s, and 13 of 25 wind turbines ceased
to operate due to serious damage [15]. Super Typhoon Saomai
passed through Hedingshan wind farm of Zhejiang province
in 2006, and the observed wind speed was as high as 70–
90 m/s. Four units out of 28 wind turbines collapsed, and
20 units were damaged to various degrees [16]. All of these
accidents seem to indicate that the practical wind profile on
wind turbines may be different from the supposed ultimate
limit state in the design [13]. The wind turbine is usually
designed with the function that the yaw system should be
locked with disk-brake when the wind speed exceeds the
cut-out speed. However, the yaw system of a wind turbine
could also be moved when the wind speed exceeds the cutout speed. For example, in Typhoon Maemi, the nacelles of
wind turbines no. 3, 4, and 5 at the Karimata wind power
plant were moved clockwise from 94∘ to 156∘ when the wind
speed exceeded 25 m/s [14]. As a result, they suffered larger
wind load than when the blades were feathering during the
typhoon. Another unfavourable wind regime occurs when
the wind direction of a typhoon has sudden changes during
its approach because of strong turbulent movement or local
topographic effects. When Typhoon Maemi passed Miyakojima Island, the observed wind direction suddenly changed
by 120 degrees [14]. In short, because of the complex factors
related to wind turbine control as well as sudden changes
in wind direction and wind velocity in extreme typhoon
conditions, the loads on wind turbines are significantly larger
than conventional design loads.
Furthermore, when a typhoon lands, it always brings
a heavy rainstorm. The rain is given a horizontal velocity
component by the wind, striking the wind turbines’ surface
along with the wind load, aggravating the vibration of the
wind turbines. Some scholars have begun to consider the
impact of rainfall on structures. Choi [17] observed the
relationship between wind speed and rainfall intensities in
thunderstorms and nonthunderstorms, which showed that
under a well-conditioned model, there was little difference
between wind effects on structures and simultaneous wind
and rain effects. However, under an extreme climate mode,
such as a thunderstorm or a typhoon, the effects of the
rain load will be very great. The coupling of wind and rain
is complex, but some simplified methods to calculate the
simultaneous action of wind and rain loads are still valuable.
Chen and Wu [18] used numerical simulation techniques
to investigate the wind-driven rain distribution on a lowrise building. Xin et al. [19] analysed the wind-rain-induced
static forces of long-span bridge decks for the simultaneous
actions of wind and rain, and the results showed that rainfall
can increase the wind-induced drag force on the bridge
deck. Li et al. [20–22] analysed the dynamic responses of
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transmission line systems under strong wind-rain loads using
finite element software and discovered that under the same
wind speed, the effects of rainfall on structures increased
with an increase of rainfall intensity. However, to the best of
authors’ knowledge, research on the dynamic responses and
damage mechanisms of large wind turbines during strong
typhoons and rainstorms is still lacking in the literature.
Even though extreme typhoon and heavy rainstorm events
rarely occur, their influence may be catastrophic. Thus, the
dynamic responses of wind turbines under such extreme
working conditions should be given more attention. After the
influence of extreme conditions on wind turbines is studied
and understood, design and vulnerability analyses of wind
turbine tower can be developed further.
This paper mainly focuses on analysing the dynamic responses of wind turbines under extreme working conditions,
especially strong typhoons, considering wind-rain loads. The
unstable wind profile is used to calculate the average wind
velocity of a typhoon. The typhoon fluctuating time histories
are calculated by the harmony superposition method based
on the Shinozuka theory, and the calculated spectrum result
is in line with the trend of the target spectrum. Then,
according to the M-P spectrum and the characteristics of
rainfall, the rain load time histories are calculated based on
the momentum theorem. In order to explore the dynamic
responses on the occasion of a sudden change of wind
direction, the wind-rain loads profile on the wind turbine
is simulated with the blades feathering and with sudden
wind direction deflections of 90∘ and 180∘ . The effects of
various rainfall intensities are also studied in the dynamic
response analysis. The research results help elucidate the
dynamic characteristics and failure mechanisms of wind
turbines under typhoon conditions and promote a safety
evaluation of wind turbines.

2. Typhoon Wind Velocity Simulation
2.1. Average Wind Velocity of a Typhoon. The IEC 614001 wind turbine design/safety standard gives the calculation
method for wind velocity variation with height under normal wind [23]. The logarithmic wind profile 𝑈(𝑧) can be
described as follows:
𝑈 (𝑧) = 𝑈 (𝑧𝑟 )

ln (𝑧/𝑧0 )
,
ln (𝑧𝑟 /𝑧0 )

(1)

where 𝑈(𝑧) is the wind speed at height 𝑧; 𝑧 is the height above
ground; 𝑧0 is the roughness length; 𝑧𝑟 is a reference height
above ground used for fitting the profile.
The calculation method for typhoon wind velocity is
different from that for normal wind velocity. The existing
research on various characteristics of typhoons with rough
surfaces is insufficient. The Australian/New Zealand Standard [24] classifies Australia into four regions and gives each
region an extreme typhoon wind velocity. According to the
coefficient of wind pressure, which varies with altitude, the
wind velocities at various heights can be calculated, and then
the dynamic amplification factor based on the turbulence
intensity can be obtained. Pang [25] believed that the range
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of typhoons should be determined first when studying the
average typhoon velocity problem. He also suggested that
the region within 300 km of a typhoon-centre be treated as
a typhoon region and that the region beyond that radius be
treated as a generally strong wind region. Xu and Mu [26]
used the Air Pollution Model (TAPM) and exponential law to
calculate the wind profile and considered the suitable power
exponent to be 0.09–0.10 if the wind speed at different heights
was calculated using an exponential formula. At present,
many scholars consider typhoon wind to be a steady flow; that
is, the average velocity of typhoon wind does not change with
time within a certain period. Chen and Xu [27, 28] analysed
typhoon characteristics using empirical mode decomposition
and considered that the nonstationary wind speed can be
decomposed into a deterministic time-varying mean wind
speed component and a Gaussian distribution stationary
random process for the fluctuating wind speed component.
In this paper, the unstable wind profile [29] is used to
simulate the average wind velocity of a typhoon. The formula
is as follows:
𝑈=(

𝑢∗
𝑧
𝑧−𝑑
) + 𝜓𝑀 ( )] ,
) [ln (
𝐾
𝑧0
𝑙0

2

𝜋
,
2

(3)

𝑧 1/4
𝑥𝑀 = [1 − 15 ( )] .
𝑙0
Here, 𝑙0 is the Obukhov length; 𝑢∗ is the friction velocity; 𝐾 =
0.4 is the Karman constant.
2.2. Fluctuating Wind Velocity Simulation of a Typhoon. The
fluctuating wind is assumed to be a multivariable uniform
Gaussian random process with zero-mean and composed
of along-wind, across-wind, and vertical-wind components.
According to the typhoon characteristics in a certain area,
the proper wind spectral model can be obtained, which is
the key to simulating fluctuating wind. Shi et al. [30] proposed an empirical formula for the horizontal wind velocity
spectrum that does not change with altitude, according to the
observed data in Shanghai from 1956. Taking into account the
characteristics of the typhoon turbulence scale, which vary
with altitude, at the surface boundary layer for the Shanghai
district, Tian et al. [31] presented an empirical formula of
horizontal wind velocity spectrum that varies with height. In
this paper, the fluctuating wind velocity spectrum proposed
by Hojstrup [32] is used, as shown in the following equation:
𝑓𝑆𝑢 (𝑓)
−1 −𝛿 2
= 0.5𝑛𝛿 (1 + 2.2𝑛𝛿5/3 ) ( )
𝑢∗2
𝑙0 3
+ 105𝑛(1 + 33𝑛)

.

(5)

where 𝑆𝑖𝑖 (𝜔) is the auto-power spectrum, and 𝑆𝑖𝑗 (𝜔) is the
cross-power spectrum, which can be calculated as follows:
𝑆𝑖𝑗 (𝜔) = √𝑆𝑖𝑖 (𝜔) 𝑆𝑗𝑗 (𝜔)𝜌𝑖𝑗 ,

(6)

where 𝜌𝑖𝑗 is the coherent coefficient, and it uses the simplified
expression proposed by Shiotani and Avai [34] as follows:


𝑧𝑖 − 𝑧𝑗 

) .
(7)
𝜌𝑖𝑗 = exp (−
𝐿𝑧

(1 + 𝑥𝑀)
(1 + 𝑥𝑀)
𝑧
𝜓𝑀 ( ) = −2 ln [
] − ln [
]
𝑙0
2
2

−5/3

𝑆11 (𝜔)
]
[ 𝑆21 (𝜔) 𝑆22 (𝜔) 𝑆𝑦𝑚
]
[
𝑆 (𝜔) = [ ..
],
..
]
[ .
.
d
[𝑆𝑚1 (𝜔) 𝑆𝑚2 (𝜔) ⋅ ⋅ ⋅ 𝑆𝑚𝑚 (𝜔)]

(2)

with

+ 2tan−1 (𝑥𝑀) −

Here, 𝑛 = 𝑓𝑧/𝑈 is the reduced frequency; 𝑛𝛿 = 𝑓𝛿/𝑈 is
the reduced frequency with respect to the boundary layer
thickness 𝛿; 𝑓 is the fluctuating wind frequency. Sharma and
Richards [33] considered that when 𝑙0 = −100 m and 𝛿 =
500 m, the simulation of a typhoon is well described.
The harmonic superposition method is a standard algorithm to simulate the steady Gaussian process. Because the
horizontal size of the tower is far less than the vertical size,
only the vertical correlations between the calculation points
are considered in this paper. Therefore, the power spectrum
density function matrix of fluctuating wind can be expressed
as follows:

Here, |𝑧 − 𝑧 | is the spatial distance between two points in the
vertical direction, and 𝐿 𝑧 is usually 60 [35].
According to the theory presented by Shinozuka [36], the
fluctuating wind velocity time histories 𝑓𝑗 (𝑡) can be simulated
as follows:
𝑓𝑗 (𝑡)
𝑗

𝑁


= √2 (Δ𝜔) ∑ ∑ 𝐻𝑗𝑚 (𝜔𝑚𝑙 ) cos [𝜔𝑚𝑙 𝑡−𝜃𝑗𝑚 (𝜔𝑚𝑙 )+Φ𝑚𝑙 ] ,
𝑚=1 𝑙=1

𝑗 = 1, 2, . . . , 𝑛.
(8)
Here, 𝑁 is the division number of the fluctuating wind frequency; 𝑗 is the number of points that are considered; 𝜔 =
(𝜔𝑢 − 𝜔0 )/𝑁 is the frequency step, with 𝜔𝑢 and 𝜔0 as the
upper limit and lower limit frequencies of fluctuating wind,
respectively; 𝜔𝑚𝑙 = (𝑙 − 1) × Δ𝜔 + (𝑚/𝑗) × Δ𝜔; Φ𝑚𝑙 represents
the uniformly distributed random numbers in [0, 2𝜋]. In
addition, 𝐻(𝜔) is the Cholesky decomposition of the matrix
of power spectrum 𝑆(𝜔), and 𝜃𝑗𝑚 (𝜔) is the argument of 𝐻(𝜔)
as
𝑇
𝑆𝑛×𝑛 (𝜔) = 𝐻𝑛×𝑛 (𝜔) 𝐻𝑛×𝑛
(𝜔) ,

𝜃𝑗𝑚 (𝜔) = arctan {
(4)

Im [𝐻𝑗𝑚 (𝜔)]
Re [𝐻𝑗𝑚 (𝜔)]

}.

(9)

Here, 𝐻𝑇 (𝜔) is the transposed matrix of 𝐻(𝜔), and 𝜃𝑗𝑚 (𝜔) is
the ratio of the imaginary and real parts.
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𝑑𝐹𝑁

𝑑𝐹

force accelerates the blades. The force and moment acting on
the blade can be integrated by the force and moment acting
on the blade elements. The axial thrust of a blade 𝐹𝑁 and its
moment 𝑀𝑁 can be calculated as follows:

𝑑𝐿

𝑅

𝑑𝐷
Rotation plane

𝐹𝑁 = ∫ 𝑑𝐹𝑁,
0

𝑑𝐹𝑇

𝑅

𝛽
𝜑

(13)

𝑀𝑁 = ∫ 𝑟𝑑𝐹𝑁.

𝛼

0

𝑐

The rotary tangential force of a blade 𝐹𝑇 and its moment 𝑀𝑇
can be calculated as follows:

𝑉𝑟

𝑅

𝐹𝑇 = ∫ 𝑑𝐹𝑇 ,

Figure 1: The forces on a blade element.

0

𝑅

𝑀𝑇 = ∫ 𝑟 𝑑𝐹𝑇 .

3. Calculation Methods of the Wind Load

0

3.1. Blade Element Theory. The wind turbine rotor is a complex aerodynamic system that extracts energy from the wind
and converts it into mechanical power. To calculate the wind
load acting on the blades, the blade element theory is widely
used in the design and aerodynamic performance evaluation
of wind turbine blades. The blade element theory assumes
that the different spanwise elements are independent of
each other and that the forces on blade elements are only determined by the lift-drag characteristic of the airfoil shape. The
blade element theory simplifies the blade into a finite number
of blade elements along the length of the blade. Therefore, the
dynamic characteristics of the three-dimensional blade can
be obtained by integration along the blade direction. Figure 1
shows a cross-section of a wind turbine blade [37].
The lift force 𝑑𝐿 per unit length is perpendicular to the
relative speed 𝑉𝑟 of the wind as follows:
𝑑𝐿 =

𝜌𝑐 2
𝑉𝐶 .
2 𝑟 𝐿

(10)

The drag force 𝑑𝐷 per unit length, which is parallel to 𝑉𝑟 ,
is given by
𝑑𝐷 =

𝜌𝑐 2
𝑉𝐶 .
2 𝑟 𝐷

Here, 𝑅 is the length of the blade, and 𝑟 is the length from the
specific blade element to the root of the blade.
3.2. Calculation Methods of the Wind Load on Tower, Nacelle,
and Hub. The relationship between the wind velocity and
wind pressure under standard atmospheric pressure, normal
temperature, and dry conditions can be obtained by the
Bernoulli equation:
𝑤=

1𝛾 2
V2
V ≈
.
2𝑔
1630

(15)

Here, 𝑤 is the wind pressure; 𝛾 is the unit weight of air;
𝑔 = 10 m/s2 is the acceleration of gravity; V is wind velocity.
The wind load acting on the tower, nacelle, and hub can be
calculated by the following equation:
𝐹 = 𝜇𝑠 ⋅ 𝐴 ⋅ 𝑤.

(16)

Here, 𝐴 is the projection area of the tower, nacelle, and hub
surfaces perpendicular to the wind direction, and 𝜇𝑠 is the
shape coefficient of the wind load.

(11)

Here, 𝜌 = 1.25 kg/m3 is the air density; 𝐶𝐿 and 𝐶𝐷 are the lift
and drag coefficients of the blade, respectively; 𝑐 is the blade
chord length. Because the forces normal to and tangential to
the rotation plane are of greater concern, the lift force and
drag force are projected onto these two directions, which are
described by
𝑑𝐹𝑁 = 𝑑𝐷 sin 𝜑 + 𝑑𝐿 cos 𝜑,
𝑑𝐹𝑇 = 𝑑𝐿 sin 𝜑 − 𝑑𝐷 cos 𝜑,

(14)

(12)

𝜑 = 𝛼 + 𝛽,
where 𝛼 and 𝛽 are the attack angle and the pitch angle,
respectively.
The axial thrust acts on the tower top of the wind turbine,
and the rotary moment produced by the rotary tangential

4. Rain Load Simulation
There is always heavy rain associated with typhoons. The
raindrops impact against the wind turbine structures with
great energy, which aggravates the vibration of the wind
turbines. The energy of a raindrop impact on the wind turbine
structure is related to the diameter and impact speed of the
raindrop [38]. Rainfall intensity is an important feature of
rain, and the quantity of rainfall in one hour is taken as
the rain grading standard [18], as shown in Table 1. In this
paper, the dynamic results are presented only for the rainfall
intensity larger than 32 mm/h.
4.1. The Distribution of the Raindrop Size. Throughout the
descent process of rain, the large raindrops absorb the small
raindrops, the volumes of the raindrops increase, and the
shapes of the raindrops become ellipsoid. When the raindrop
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Table 1: The classification of rain intensity.

Classification

Light
rain

Moderate
rain

Heavy
rain

Rainstorm

Heavy
rainstorm
(weak)

Heavy
rainstorm
(moderate)

Heavy
rainstorm
(strong)

Heavy
rainstorm
(extreme)

2.5

8

16

32

64

100

200

709.2

Rain intensity (mm/h)

The volume occupancy of each category of raindrops in
the rain is

1000

1
𝛼 = 𝜋𝑑3 𝑁 (𝐷) .
6

𝑛 (𝐷) (m−3 mm−1 )

10000

100

(19)

4.3. The Calculation of the Rain Load. The raindrop’s velocity
becomes zero very quickly when the raindrop impacts on the
structure. The interaction process between the raindrops and
the wind turbine structure obeys Newton’s second law [22,
42]. According to the momentum theorem,

10
1
0.1

𝜏⇀
0

V = 0.
∫ 𝑓 (𝑡) 𝑑𝑡 + ∫ 𝑚 𝑑⇀
0

0.01
0

1

2

3

4

5

6

𝐷 (mm)
Rainfall intensities (mm/h)
32
64
100

200
709.2

Figure 2: Raindrops size distribution for various rainfall intensities.

diameter increases to a certain degree, the air friction exceeds
the molecular cohesion that keeps the raindrop as a whole.
Then, the large raindrops split into smaller raindrops. The
diameters of raindrops generally vary from 0.1 mm to 6 mm
[39].
Usually the equivalent diameter (the diameter of a ball
with the same volume as the raindrop) is used to describe the
size of the raindrop. A large number of observations show that
the raindrop size obeys a negative exponential distribution.
The Marshall-Palmer exponential size distribution (referred
to as M-P spectrum) is widely used [40, 41] as follows:
𝑛 (𝐷) = 𝑛0 exp (−Λ𝐷) .

(17)

Here, 𝐷 is the diameter of the raindrop; 𝑛0 = 0.08 cm−4 for
any rainfall intensity; Λ = 4.1𝐼−0.21 cm−1 is the slope factor; 𝐼
is the rainfall intensity. Figure 2 shows that the raindrop size
distributions for various rainfall intensities are monotonically
decreasing function of the size.
4.2. The Occupancy of the Rainfall in the Air. According to
the raindrop size, the number of raindrops with diameters
between [𝑑1 , 𝑑2 ] in a unit volume of air can be calculated as
follows:
𝑑2

𝑁 (𝐷) = ∫ 𝑛 (𝐷) 𝑑𝐷,
𝑑1

where 𝑑1 = 0.1 mm and 𝑑2 = 6 mm.

(18)

𝑉𝑡

(20)

⇀

V is the
Here, 𝑓(𝑡) is the impact force vector of a raindrop; ⇀
raindrop velocity vector; 𝑚 is the mass of the raindrop; 𝑉𝑡 is
the raindrop velocity before acting on the structure; 𝑉𝑡 is the
value of the along-wind velocity at the corresponding height;
𝜏 is the time interval for the raindrop speed change from 𝑉𝑡
to zero.
The shape of the raindrop is assumed to be spherical in
the descent process. The mass of a raindrop is 𝑚 = (1/6)𝜌𝜋𝑑3 ,
and 𝜏 = 𝑑/2𝑉𝑡 is the actuation duration. The impact force of
a single raindrop on the wind turbine in a very short time
interval 𝜏 can be calculated by the following equation:
𝐹 (𝜏) =

𝑚𝑉𝑡
1
1 𝜏
= 𝜌𝜋 𝑑3 𝑉𝑡 .
∫ 𝑓 (𝑡) 𝑑𝑡 =
𝜏 0
𝜏
6𝜏

(21)

Here, 𝜌 is the raindrop density, and 𝑑 is the raindrop diameter.
The impact force of a raindrop, shown earlier, can be
converted into a uniformly distributed load as follows:
𝐹𝑑 =

𝐹 (𝜏) 𝑏𝛼
.
𝐴

(22)

Here, 𝐴 = 𝜋𝑑2 /4 is the action area of a raindrop; 𝑏 is the width
of the structure against the rain; 𝛼 is the volume occupancy of
each category of raindrops. Substituting 𝐴, 𝛼 into (22) yields
the following equation:
2
𝐹 (𝑑) = 𝑛𝜌𝜋𝑑3 𝑉𝑡 2 𝑏.
9

(23)

The impact force of rainfall on the structure can be expressed
as forces in two directions: vertical and along-wind directions. In the vertical direction, 𝑉𝑡 is the free-fall velocity
without wind. In the along-wind direction, 𝑉𝑡 is the wind
velocity along the wind direction.
The typhoon and rainstorm sometimes occur separately
and sometimes simultaneously. Similarly, the strength of the
wind load and the rain load are also random. Sometimes the
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strength of the wind load is very large, but the strength of the
rain is not significant, and vice versa. The distribution of the
frequency and intensity of the wind and rainfall have regional
meteorology characteristics whose complex mechanism is
beyond the scope of this study. For a feasible and simplified
structural analysis, in this paper, the wind load is the main
design load of the wind turbine, and the rain load only acts
as an additional load. That is, only the effect of wind and rain
together is considered, and the rain load is assumed to be a
uniform load. This simulation method not only can address
the nature of the problem but also simplifies the calculation.

5. Vibration Equations of Wind Turbines
5.1. Free Vibration Analysis. The free vibration equation of the
wind turbine for eigenvalue analysis can be written as
𝑀𝑥̈
+ 𝐾𝑥 = 0,

(24)
Figure 3: Finite element model of a wind turbine.

and assuming the general form of the solutions is
𝑥 = 𝜑 sin (𝜔𝑡 + 𝛼) ,

(25)

then the eigenvalue equation of the wind turbine can be
expressed as


𝐾 − 𝜔2 𝑀 = 0,



(26)

where [𝑀] and [𝐾] are the mass matrix and stiffness matrix
of a wind turbine, respectively; 𝜔 is the frequency; 𝜑 is the
mode shape of the wind turbine.
5.2. Dynamic Analysis of Wind Turbines. The vibration equation of a wind turbine under wind and rain loads can be
obtained by the D’Alembert principle [43]:
(𝑡)}+[𝐶] {𝑢̇
(𝑡)}+[𝐾] {𝑢 (𝑡)} = {𝐹𝑇 (𝑧, 𝑡)}+{𝐹𝐵 (𝑧, 𝑡)} ,
[𝑀] {𝑢̈
(27)
where [𝑀], [𝐶], and [𝐾] are the mass matrix, damping
matrix, and stiffness matrix of a wind turbine, respectively;
̈ {𝑢(𝑡)},
̇ and {𝑢(𝑡)} are the time-dependent acceleration,
{𝑢(𝑡)},
velocity, and displacement vectors, respectively; {𝐹𝑇 (𝑧, 𝑡)}
and {𝐹𝐵 (𝑧, 𝑡)} are the wind load and rain load on the wind
turbine tower and blades. This paper employs the Newmark
method, and the dynamic analysis is performed using the
finite element software ABAQUS.

6. Numerical Simulation Examples
The wind turbine chosen as an example in this paper is
located at a coastal wind farm in Zhejiang province, China,
which uses 1.5 MW wind turbines. According to the data
observed by an anemometer tower, the maximum average
wind speed over a 50-year return period for a 10-minute
time period is 23.48 m/s, the average turbulence intensity
is approximately 0.173∼0.128 at the height of 10∼70 m, and
the surface roughness length is 0.1432. During the period
1949–2008, 41 typhoons struck the Zhejiang province [44].

Therefore, the wind turbines will be at risk of damage from
typhoons and rainstorms. The mean velocity at 10 m is taken
as 32.7 m/s, which is the approximate wind speed of 12
typhoons.
The elastic-plastic model is established in ABAQUS to
analyse the dynamic responses of the wind turbine, as shown
in Figure 3. The model consists of three rotating blades
connected to a nacelle, which is rigidly connected to the
top of the tower [5]. The tower is modeled using shell
elements while the nacelle and hub are modeled with solid
elements. The connection of the nacelle and tower top is
accomplished using the shell-to-solid coupling option, which
allows the connection between nonconforming shell and
solid models. The tower is composed of three variable crosssection steel towers for transportation and erection purposes
that are bolted together by heavy flanges and bolts. The tower
bottom is fully fixed at the base with no consideration of
the foundation-soil interaction [45]. The main parameters of
the 1.5 MW wind turbine are as follows. The tubular tower
has a total height of 63 m and is formed as a truncated cone
with an external diameter of 4 m at the base and 2.7 m at
the top and a shell thickness of 0.022 m. The tower material
is Q345E steel, and its yield stress is 325 MPa. The elastic
modulus and density of the tower steel are taken as 200 GPa
and 7850 kg/m3 , respectively. Poisson’s ratio is 0.3, and the
structural damping ratio is 0.05. The masses of the nacelle and
rotor system are 55.6 t and 35.6 t, respectively. Furthermore,
at the bottom of the tower, a substantial door opening is
considered. To clearly express the entrance door direction,
a coordinate system is established. The coordinate origin is
taken at the centre of the tower bottom, and 0 degrees is the
direction perpendicular to the rotation plain of the blades.
The direction of the entrance door is shown in Figure 4.
The negative influence of this opening on the wind turbine
is partly counterbalanced by heavy reinforcement along its
perimeter [46].
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Table 2: Natural frequencies of the wind turbine tower (Hz).
Natural frequency
0.431
0.432
3.446
3.514
5.371
5.627
5.627
7.377
7.377
9.030

80

60
Height (m)

Modal number
1
2
3
4
5
6
7
8
9
10

40

20

0
28

30

0∘

32

34

36

38

40

42

44

46

Wind speed (m/s)
Unstable wind profile
Logarithmic wind profile

Figure 5: Average wind profile of a typhoon.
270∘

90∘

Entrance door

180∘

Figure 4: The location of the entrance door.

The blades are made of reinforced fibreglass polyester
material, and the lift and drag forces are determined by the
lift-drag characteristic of the airfoil shape based on the blade
element theory. In the dynamic analysis using ABAQUS, the
airfoil shape is simplified as equivalent rectangular cantilever
beam [47], and the stiffnesses of the rectangular beam in
two directions are equal to the flatwise stiffness and edgewise
stiffness of the blade, respectively. The blades are attached
to the hub using tie constraint where a “master” and “slave”
surface is defined with all degrees of freedom for the nodes
on the “slave” surface being eliminated, allowing for the two
parts bonded together and no longer separate in the process
of analysis. The length of each blade is 35.5 m. The mass per
unit length is assumed to vary linearly from 173.89 kg/m at
the base to 11.35 kg/m at the tip, and the elastic modulus along
the blade and chord wise are all 17.5 GPa. Table 2 presents the
natural frequencies of the wind turbine tower/nacelle model.
The whole model consists of 6923 elements and 8938 nodes.
6.1. The Random Wind Velocity Time Histories of a Typhoon.
The unstable wind profile method put forward by Stull and
the logarithm law are used to calculate the variation of the
average typhoon wind velocity with altitude, as shown in
Figure 5. The comparison of the two wind profiles shows
that the average wind velocity calculated by the unstable
wind profile method is smaller than that calculated by the
logarithm law at the same height, which corresponds with

Power spectrum density (m2 /s)

103

102

101

100

10−1
10−3

10−2

10−1

100

Frequency (Hz)
Calculated spectrum
Target spectrum

Figure 6: Comparison of calculated spectrum and target spectrum
of typhoon fluctuating wind.

the rule that a typhoon’s strong convective motion makes the
upper and lower wind velocities reach unanimity.
The typhoon spectrum proposed by Hojstrup is applied
to simulate fluctuating wind. To verify the simulation results,
a comparison of the calculated power spectrum and the
target spectrum at a height of 65 m is illustrated in Figure 6.
Comparison of the results shows that the calculated spectrum
is in agreement with the trend of the target spectrum, which
verifies that the simulation is accurate. The total wind velocity
time histories of each point along the height direction of
the wind turbine can be attained by adding the typhoon
fluctuating wind and the average wind time histories. The
total typhoon velocity time histories at the tower height of
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Table 3: The maximum dynamic response of the wind turbine under
typhoon conditions alone.

55

Wind speed (m/s)

50
45

Working conditions as shown in Figure 9

40

30

Displacement (m)

−0.11

1.05

0.37

2

0.52

−2.49

1.58

48.4

233

91.7

Tower bottom von Mises stress (MPa)

20
0

25

50

75

100
125
Time (s)

150

175

200

Figure 7: Wind velocity time history of hub on the tower.

55
50
Wind speed (m/s)

(c)

Acceleration (m/s )

25

45
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35
30
25
20

(b)

Tower top response

35

15

(a)

0

25

50

75

100
125
Time (s)

150

175

200

Figure 8: Wind velocity time history at the height of 95 m.

65 m (at the hub) and at the blade height of 95 m are shown
in Figures 7 and 8, respectively.
6.2. Dynamic Responses of the Wind Turbine under a Typhoon
Alone. In this section, the wind load on the wind turbine
is calculated first. Then, the dynamic responses of the wind
turbine under different conditions with the typhoon alone
are calculated and compared. When the wind speed is
greater than the cut-out speed of the wind turbine, the wind
turbine blades stop rotating and feather. The wind direction is
assumed as 0 degrees in this scenario, as shown in Figure 9(a).
When the wind direction suddenly changes in a typhoon, if
the nacelle cannot deflect as fast as the wind or the yaw is
locked successfully, then the working conditions may appear
to be different from the conventional conditions. Taking the
wind direction deflections of 90∘ and 180∘ as examples, the
relative position of the blades and the wind direction are
shown in Figures 9(b) and 9(c).
6.2.1. Calculation of the Wind Load. To simplify the calculation, the tower is divided into several sections, and each
blade is divided into a number of independent elements along
the length. The wind load is calculated on each tower section
and each blade element and then applied to the wind turbine

structure. Then, the dynamic responses of wind turbine can
be calculated.
When the blades are feathering, the drag coefficient of
the blade is 0.013. When the wind direction has a sudden
deflection of 90∘ in a typhoon, a greater portion of the surface
of the blades and nacelle will face the wind. In such a case, the
drag coefficient of the blades is 1.2, and the lift force is much
smaller compared to the drag force and thus can be neglected.
When the wind direction has a sudden deflection of 180∘ , the
drag coefficient of the blades is 0.5. The load on each blade
element is calculated according to the previously described
load calculation method and then is integrated to obtain the
load on the entire blades. The total wind load time histories
of the three blades with the same wind velocity profile, when
the blades are feathering and the wind direction has a sudden
deflection of 90∘ and 180∘ , are shown in Figures 10, 11, and 12.
It can be observed that the sudden wind direction deflection
has a significant effect on the load of the blades. The total wind
load on the blades with a wind direction deflection of 90∘
is several tens times greater than the wind load with a wind
direction of 0∘ , although the blades are feathering nominally.
6.2.2. Dynamic Response Analysis of the Wind Turbine under
Typhoon Conditions Alone. With the wind load on the wind
turbine, the dynamic responses can be calculated using
ABAQUS software. For comparison, the maximum tower
top displacement, acceleration, and tower bottom von Mises
stress are presented in Table 3 when the blades are feathering
and when the wind direction has a sudden deflection of
90∘ or 180∘ . Figures 13, 14, and 15 show the displacement,
the acceleration responses at the tower top, and the von
Mises stress at the tower bottom when the wind direction
has a sudden deflection of 90∘ , as shown in Figure 9(b). The
maximum displacement and acceleration at the tower top are
1.05 m and 2.49 m/s2 , and the maximum von Mises stress at
the tower bottom is 233 MPa.
The calculation results also show that when the blades are
feathering successfully, the wind direction is perpendicular
to the rotation plane of the blades, and the windward face
of the wind turbine blades is greatly reduced. In this case,
the dynamic responses are relatively small. When the blades
are feathering successfully, if the wind direction suddenly
deflects 90∘ in a typhoon, a larger surface of the blades will
face the wind and suffer greater wind load. The dynamic
response is the largest in this situation. If the wind direction
has a sudden deflection of 180∘ in a typhoon, the wind load on
the blades only increases slightly, but the moment generated
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Wind direction
0∘

0∘

0∘

90∘
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270∘

90∘

270∘

Wind direction
180∘

180

180∘

∘

Wind direction
(a)

(b)

(c)

Figure 9: The relative position of the blades and wind direction. (a) wind direction of 0∘ with blades feathering, (b) Wind direction deflection
of 90∘ , and (c) wind direction deflection of 180∘ .
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Figure 10: The total wind load time history of the blades with the
wind turbine feathering.
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Figure 12: The total wind load time history of the blades with a wind
direction deflection of 180∘ .
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Figure 11: The total wind load time history of the blades with a wind
direction deflection of 90∘ .

by the gravity load of the nacelle and blades will be added to
that generated by the wind load in the same direction. The
dynamic response of this condition is also more violent than
the case in Figure 9(a).
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Time (s)

Figure 13: Displacement response at the tower top with a wind
direction deflection of 90∘ .

6.3. Dynamic Responses of the Wind Turbine under Typhoon
and Rain Together
6.3.1. Calculation of the Rain Load. Because the condition in
which the wind direction suddenly deflects 90∘ is the most
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Figure 14: Acceleration response at the tower top with a wind
direction deflection of 90∘ .
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Figure 15: The stress at the tower bottom with a wind direction
deflection of 90∘ .
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Figure 16: The total rain load of blades under the rainfall intensity
of 32 mm/h.
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Figure 17: The total rain load of blades under the rainfall intensity
of 100 mm/h.
Table 4: The combinations of a typhoon with various rainfall
intensities.

unfavourable when the wind turbine is under the effect of a
typhoon alone, only the responses with the combinations of
various rainfall intensities and the wind direction deflection
of 90∘ are computed and compared. The time histories of the
rain load per unit area of the wind turbine can be calculated
by (23), and Figures 16, 17, and 18 show the total rain load
time histories of the wind turbine blades under the rainfall
intensities of 32 mm/h, 100 mm/h, and 709.2 mm/h, respectively.
6.3.2. Dynamic Response Analysis of the Wind Turbine under
Typhoon and Rain Together. To analyse the effect of rainfall
intensities on the structural dynamic responses, dynamic
analyses of the wind turbine are conducted for the working
conditions shown in Table 4, in which working conditions 1, 2, 3, 4, and 5 represent the combinations of a
wind direction deflection of 90∘ and rainfall intensities of
32 mm/h, 64 mm/h, 100 mm/h, 200 mm/h, and 709.2 mm/h,
respectively. The maximum dynamic responses are presented
in Table 5. The results in Table 5 are compared with the
dynamic results when the wind turbine is under typhoon

Working Wind direction
conditions
deflection
1
90∘
2
90∘
3
90∘
4
90∘
5
90∘

Average wind
speed at 10 m (m/s)
32.7
32.7
32.7
32.7
32.7

Rain intensity
(mm/h)
32
64
100
200
709.2

conditions alone with a wind direction deflection of 90∘ , and
the percentage increase is shown in Table 6.
Figures 19, 20, and 21 show the displacement, the acceleration responses at the tower top, and the von Mises stress at
the tower bottom when the wind turbine is under typhoon
conditions with a wind direction deflection of 90∘ and a
rainfall intensity of 709.2 mm/h. The maximum displacement
and acceleration at the tower top are 1.19 m and 2.82 m/s2 ,
respectively, and the maximum von Mises stress at the
tower bottom is 265 MPa, which have increases of 13.3%,
13.25%, and 13.7%, respectively, compared to the case with the
typhoon load alone. It can be seen that the effect of the rain
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Table 5: The maximum dynamic responses of the wind turbine under combinations of a typhoon with a wind direction deflection of 90∘ and
various rainfall intensities.
Working conditions
Tower top response
Displacement (m)
Acceleration (m/s2 )
Tower bottom von Mises stress (MPa)

1

2

3

4

5

1.07
−2.54
237

1.08
−2.57
240

1.09
−2.59
242.7

1.12
−2.65
248.6

1.19
−2.82
265

Table 6: The percentage increase of the dynamic responses under typhoon and rain together compared to typhoon alone with a wind direction
deflection of 90∘ .
1

2

3

4

5

1.9%
2.0%
1.7%

3.0%
3.2%
3.0%

3.8%
4.0%
4.2%

6.3%
6.4%
6.7%

13.3%
13.25%
13.7%

×104
7

1.4
1.2

6

Displacement (m)

Total rain load on the blades (N)

Working conditions
Tower top response
Displacement (m)
Acceleration (m/s2 )
Tower bottom von Mises stress (MPa)

5
4
3
2
1

1
0.8
0.6
0.4
0.2

0

25

50

75

100

125

150

175

0

200

0

20

40

60

80

Time (s)

load on the structural dynamic responses cannot be ignored
and merits attention in the wind turbine design. The average
wind speed of a typhoon at the height of 10 m is taken as
32.7 m/s in this numerical example, and the maximum von
Mises stress at the tower bottom is less than the steel yield
stress. However, the instantaneous wind speed in a practical
project may be higher than that adopted in this example.
We can deduce that the maximum von Mises stress at the
tower bottom can exceed the steel yield stress if the wind
speed further increases, which most likely contributes to the
collapse of wind turbines in typhoons.

7. Conclusions
With the development of wind power as well as the increase
of extremely violent typhoon events, wind turbines are prone
to be damaged due to wind-rain loads. In this paper, a
dynamic analysis method for wind turbines under typhoon
and rainstorm conditions is proposed. Additionally, finite
element models of the blade and the wind turbine are
established. The main conclusions are as follows.

Figure 19: Displacement response at the tower top under the action
of the typhoon and rain together.

3
2
Acceleration (m/s2 )

Figure 18: The total rain load of blades under the rainfall intensity
of 709.2 mm/h.
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Figure 20: Acceleration response at the tower top under the action
of the typhoon and rain together.

(1) The average wind velocity of a typhoon is calculated
by the unstable wind profile, and the fluctuating wind
is simulated by the harmony superposition method.
The dynamic responses of the wind turbine are
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typhoon and rain together.

calculated when blades are feathering as well as when
the wind direction has a sudden deflection of 90∘
or 180∘ when the wind turbine blades are feathering
successfully. The results show that a sudden deflection
of wind direction can greatly increase both the windward area and the load on the wind turbine in a strong
typhoon environment.
(2) This paper is the first to explore the rain load on a
wind turbine. The raindrop size distribution is simulated by the M-P spectrum, and the rain load time
history is calculated according to the momentum
theorem. The calculation method of the rain load on
the blades is proposed based on the blade element
theory, and the combinations of a typhoon and rain
with various rainfall intensities are also presented.
(3) The dynamic responses of the wind turbines increase
after considering the effect of the rain load. Under
the same wind velocity, the effect of the rain load on
the dynamic responses of the wind turbine increases
with increasing rainfall intensity. The maximum von
Mises stress increased by 13.86% under the extreme
condition, with a rainfall intensity of 709.2 mm/h.
Therefore, the effect of the rain load on structural
dynamic responses should also receive attention in
wind turbine design.
(4) The feathering of wind turbine blades plays a significant role in reducing the load on wind turbines in normal wind regimes. However, under the typhoon conditions, the conventional control strategies for wind
turbines may need to be improved to withstand
special situations, such as sudden changes of wind
direction.
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The novel modified Elman neural network (NN) controlled permanent magnet synchronous generator (PMSG) system, which is
directly driven by a permanent magnet synchronous motor (PMSM) based on wind turbine emulator, is proposed to control output
of rectifier (AC/DC power converter) and inverter (DC/AC power converter) in this study. First, a closed loop PMSM drive control
based on wind turbine emulator is designed to generate power for the PMSG system according to different wind speeds. Then, the
rotor speed of the PMSG, the voltage, and current of the power converter are detected simultaneously to yield better power output
of the converter. Because the PMSG system is the nonlinear and time-varying system, two sets online trained modified Elman NN
controllers are developed for the tracking controllers of DC bus power and AC power to improve output performance of rectifier
and inverter. Finally, experimental results are verified to show the effectiveness of the proposed control scheme.

1. Introduction
Since the petroleum is gradually exhausting and environmental protection is progressively rising, the usage of the clean
energy sources such as wind, photovoltaic, and fuel cells has
become very important and quite popular in electric power
industries. Clean energy sources such as wind, photovoltaic,
and fuel cells can be interfaced to a multilevel converter
system for a high power application [1–3].
Wind turbine which acted as sources of energy has progressively increased in the whole earth. The various control
methods and convert technologies of wind energy conversion
systems are fast developed in energy conversion application.
The PM synchronous generator system has been used for
wind power generating system due to many advantages such
as simpler structure, better reliability, lower maintenance,
and higher efficiency [4–8]. Therefore, the PM synchronous
generator generation system stands for a significant trend
in progress of wind power applications [4–8]. The output
power behavior of wind turbine is nonlinear. The provided
power of vertical-axis turbines is very sensitive to the load
variation due to different structure effect [4–8]. Thus, the
control of operating point is indispensable for maximum
output power. The controllable rectifier is used to convert

varied AC voltage generated by PM synchronous generator
into DC bus voltage. Then, the controllable inverter is used to
convert DC bus voltage into AC at a fixed frequency in order
to provide for the stand alone or grid applications of electrical
utilizations. The major purposes of utilizing wind turbines are
to extract maximum power of turbine and deliver appropriate
energy to stand alone power or grid power. According to
these purposes, the better structure of the power conversion
in wind turbines is the AC to DC to AC power converter [9–
12]. Reference [11] proposes the intelligent control of a windturbine emulator and an induction-generator (IG) system
with an AC/DC power converter using a radial basis function
network (RBFN). An on-line trained RBFN is developed for
the tracking controller of DC-link power to improve the
control performance. Reference [12] proposes a radial basis
function network (RBFN) controlled three-phase IG system
using AC/DC and DC/AC power converters. Two online
trained RBFNs using backpropagation learning algorithm
with improved particle swarm optimization (IPSO) are used
as the regulating controllers for both the DC-link voltage
and the AC line voltage of the DC/AC power inverter. The
IPSO is adopted in this study to adapt the learning rates in
the backpropagation process of the RBFNs to improve the
learning capability.

2
The Elman neural network (NN) is a partial recurrent
network model that was first proposed by Elman [13]. Typical
Elman NN has one hidden layer with delayed feedback. The
Elman NN is capable of providing the standard state-space
representation for dynamic systems. The Elman NN can be
considered to be a special type of recurrent neural network
with feedback connections from the hidden layer to the
context layer. The context layer is an additional layer that is
used as an extra memory to memorize previous activations
of the hidden neurons and to feed all the hidden neurons
after the one-step time delay. Therefore, compared with the
general recurrent neural networks, Elman NN has a special
explicit memory to store the temporal information. Due to
the context neurons, it has certain dynamical advantages over
static neural network [14–16] and it also has been widely
applied in dynamical systems identification and control
[17–20]. Generally, Elman NN can be considered to be a
special kind of feed-forward neural network with additional
memory neurons [13]. Furthermore, the Elman NN can
approximate high-order systems with high precision, and
its converge speed is fast. Reference [20] proposes a fieldprogrammable gate array (FPGA)-based Elman NN control
system to control the mover position of a linear ultrasonic
motor (LUSM). A piecewise continuous function is adopted
to replace the sigmoid function in the hidden layer of the
ENN to facilitate implementation of the FPGA chip hardware
in order to reduce cost and raise high performance.
The recurrent neural network has received increasing
attention due to its structural advantage in nonlinear system
modeling and dynamic system control [21–25]. The most
important characteristic of the recurrent neural network
is its self-connection to memorize feedback information
of the historical influence in the same neuron. Moreover,
in the general recurrent neural networks, the specific selfconnection feedback of the hidden neuron or output neuron
is responsible for memorizing the specific previous activation
of the hidden neuron or output neuron and feeding itself only.
Therefore, the outputs of the other neurons have no ability
to affect the specific neuron. However, in the complicated
nonlinear dynamic system such as PMSG system directdriven by PMSM, the friction torque, various wind, and
external nonlinear interference are always a factor. Hence, if
each neuron in the recurrent neural networks is considered as
a state in the nonlinear dynamic systems, the self-connection
feedback type is unable to approximate the dynamic systems
efficiently. On the other hand, the feedbacks in Elman NN
not only are self-connecting but they also store in the context
neurons and feed all the hidden neurons. Thus, the structure
of Elman NN is more powerful than the general recurrent
neural networks for dealing with time varying, and nonlinear
dynamic systems can be approximated efficiently with the
additional context layer. In order to improve the ability of
identifying high-order systems, some modified Elman NN
[26–28] have been proposed recently, which proved to have
more advantages than the basic Elman NNs, including a
better performance, higher accuracy, dynamic robustness,
and a fast transient performance. The modified Elman neural
network adopted in this paper has not only the feedback
connection from the context layer in the hidden layer but also
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the delay feedback connection from the output layer in the
input layer to raise control and transient performance.
Since the PMSGs have robust construction, lower initial
and lower maintenance cost, PMSG are suitable for stand
alone or grid power sources in small wind energy application.
Therefore a PMSM direct-drive PMSG system using the two
sets of the same modified Elman NN controllers is introduced
as the adjusting controllers for both the DC bus voltage of
the rectifier and the AC 60 Hz line voltage of the inverter
in this study. Two online trained modified Elman NNs are
introduced as the adjusting controllers for both the DC bus
voltage of the controllable rectifier and the AC 60 Hz line
voltage of the controllable inverter. Moreover, the training
algorithms of two sets of the same online trained modified
Elman NNs based on backpropagation are derived to train
the recurrent weights, connective weights, translations, and
dilations. Additionally, for the comparison of the control performance, the proportional integral (PI) controller can be also
executed in the PMSG system. However, the control gains of
the PI controller are obtained by trial and error method which
is very time-consuming in practical applications. Due to the
PMSG system with many uncertainties, adjusted capacity and
tracking capacity of output voltage controlled by using the PI
controller is less improved. To raise the desired robustness
and overcome the above problem, the modified Elman NN
controller is proposed to control output DC bus voltage of
the rectifier produced by PMSM direct-driven PMSG system
and control output voltage of the inverter provided by DC
bus power. In the proposed modified Elman NN controller,
the recurrent weights, connective weights, translations, and
dilations are trained online via learning algorithm. Meanwhile, to demonstrate better dynamic characteristics of the
proposed controller, comparative studies with the PI controller and the conventional NN controller are demonstrated
by experimental results. Therefore, the control performance
of the proposed modified Elman NN control system is much
improved and can be verified by some experimental results.
This paper is organized as follows. The configuration of
PMSG system is reviewed in Section 2. The novel modified
Elman NN control system design is presented in Section 3.
Experimental results are illustrated in Section 4. Some conclusions are given in Section 5.

2. Configuration of PMSG System
The variable speed wind turbine of the PMSG system directdriven by PMSM is a complex electromechanical system,
which includes the mechanical components and the PMSG.
The description of these components is presented as follows.
2.1. Model of Wind Turbine. The characteristic curve of the
wind power versus rotor speed for model of wind turbine
at different wind speeds in steady state shown in Figure 1 is
very important for PMSG system direct-driven by PMSM.
The power specification of the adopted wind turbine is the
1.5 kW in this paper. Its diameter is 2 m. It is the three-blade
horizontal axis type. It is capable of obtaining the working
point of the wind turbine that used the intersection point of
the load characteristic curve and the turbine characteristic
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where 𝜌𝑟 is the density of air in kg/m3 , and 𝐴 𝑟 is the undraped
area in m2 . The generated torque of the wind turbine for
different wind speeds can be obtained from the 𝑓𝑟 (𝛿) − 𝛿
curve in modeling usage. It is a very important case that
the aerodynamic efficiency is maximum at the optimum tip
speed ratio. The produced torque of the wind turbine can be
indicated as follows [1, 4–7]:

2000
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Wind power, 𝑃𝑟 (W)
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Figure 1: Characteristic curves of wind power versus rotor speed for
wind turbine model at different wind speeds.

Coefficient of power performance, 𝑓𝑟 (𝛿)

0.5

0.4

0.3

𝑑𝜔𝑟
+ 𝐵𝑟 𝜔𝑟 ,
𝑑𝑡

𝑃𝜔𝑟
𝜔er =
,
2

0.1

0

2

4

6
8
Tip speed ratio, 𝛿

10

12

Figure 2: Characteristic curve of coefficient 𝑓𝑟 (𝛿) of power performance versus tip ratio 𝛿 for wind turbine.

curve at a designated wind speed. It is a very important
characteristic curve that the shaft power of the wind turbine
relates to the wind speed V1 and rotor speed 𝜔𝑟1 to the
maximum power tracking in Figure 1. For convenient usage
and application, the characteristic curve shown in Figure 2
can also be expressed as the characteristic curve of the
wind turbine model. It represents relationship curve between
coefficient 𝑓𝑟 (𝛿) of power performance and tip speed ratio
𝛿. According to aerodynamic principle [1, 4–7], the tip speed
ratio 𝛿 of the wind turbine can be represented as
𝑑𝜔
𝛿 = 𝑟 𝑟,
(1)
V𝑟
where 𝛿 is the tip speed ratio of the wind turbine, 𝑑𝑟 is the
rotor radius of the wind turbine in meter, 𝜔𝑟 is the rotor speed
of the wind turbine in rad/s, and V𝑟 is the wind speed in m/s.
The output mechanical power 𝑃𝑟 of the wind turbine can be
expressed as [1, 4–7]
𝜌 𝐴 𝑓 (𝛿) V𝑟3 𝜌𝑟 𝐴 𝑟 𝑓𝑟 (𝛿) 𝑑𝑟3 𝜔𝑟3
(2)
,
=
𝑃𝑟 = 𝑟 𝑟 𝑟
2
(2𝛿3 )

(3)

where 𝑇𝑟 is the produced torque of the wind turbine in Nm. A block diagram for the wind turbine model is shown in
Figure 3. The block diagram shown in Figure 3 is to clearly
describe the function between the input variable and output
variable of the model.
Since the rotor of the wind turbine and the rotor of
the PMSG are directly coupled through iron coupler, the
mechanical angular speed of the rotor of the wind turbine
is the same as the mechanical angular speed of the rotor of
the PMSG for neglecting the stiffness of the wind turbine and
the PMSG. From [29], the mechanical dynamic equation of
torque, which the produced torque 𝑇𝑟 of the wind turbine
subtract to the electromagnetic torque 𝑇er of the PMSG, can
be represented as
𝑇𝑟 − 𝑇er = 𝐽𝑟

0.2

0

𝑃𝑟 𝜌𝑟 𝐴 𝑟 𝑓𝑟 (𝛿) V𝑟3 𝜌𝑟 𝐴 𝑟 𝑑𝑟3 𝑓𝑟 (𝛿) 𝜔𝑟2
=
=
,
𝜔𝑟
(2𝜔𝑟 )
(2𝛿3 )

(4)

where 𝐽𝑟 is the total moment of inertia in the direct-decoupled
system of the wind turbine and the PMSG; 𝐵𝑟 is the total
viscous friction coefficient in the direct-decoupled system of
the wind turbine and the PMSG, 𝜔er is the electrical angular
speed of rotor, and P is the number of poles of the PMSG.
2.2. Wind Turbine Emulator Based on PMSM. The wind
turbine emulator, which is proposed in [4–10], is adopted in
this study in order to emulate the wind turbine. Additionally,
the adopted field-oriented controlled PMSM can be emulated
the power speed characteristic curve of a wind turbine in
this paper. In addition, a closed-loop robust speed controller,
which can fight the intrinsic nonlinear and time-varying
characteristic of the PMSM drive, is adopted to adjust the
rotor speed with the relevant wind speed in order to emulate
the wind variation.
2.3. Field-Oriented Controlled PMSG System. The voltage
equations for the PMSG in the rotating reference frame can
be indicated as follows [1, 7–10]:
̇
− 𝜔er 𝐿 𝑑1 𝑖𝑑1 + 𝜔er 𝜆 pm
V𝑞1 = −𝑅𝑠1 𝑖𝑞1 − 𝐿 𝑞1 𝑖𝑞1
̇
V𝑑1 = −𝑅𝑠1 𝑖𝑑1 − 𝐿 𝑑1 𝑖𝑑1
+ 𝜔er 𝐿 𝑞1 𝑖𝑞1 ,

(5)

where V𝑑1 is the d-axis stator voltage, V𝑞1 is the q-axis stator
voltage, 𝑖𝑑1 is the d-axis stator current, 𝑖𝑞1 is the q-axis stator
current, 𝐿 𝑑1 is the d-axis stator inductance, 𝐿 𝑞1 is the q-axis
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Figure 3: Block diagram for the wind turbine model.

stator inductance, and 𝑅𝑠1 is the stator resistance. A fieldoriented control is adopted in [7–10]. By using the fieldoriented control, the d-axis stator current can be set zero, that
is, 𝑖𝑑 = 0. Moreover, the electromagnetic torque of the PMSG
can be expressed as
𝑇er =

3𝑃
3
[𝜆 𝑖 − (𝐿 𝑑1 − 𝐿 𝑞1 ) 𝑖𝑑1 𝑖𝑞1 ] = 𝜆 pm 𝑖𝑞1 = 𝐾𝑡 𝑖𝑞1 ,
2 2 pm 𝑞1
4
(6)

where 𝜆 pm is the permanent magnet flux linkage, and 𝐾𝑡 =
3𝑃𝜆 pm /4 is the torque constant. For convenient analysis,
the field-oriented controlled PMSG system is adopted. To
emulate the operation of the wind turbine, the primary
machine has adopted PM synchronous motor which directly
mounted to PMSG. The control principle of the PMSG system
is based on field orientation. Due to 𝐿 𝑑1 = 𝐿 𝑞1 and 𝑖𝑑1 = 0
in PMSG system, the second term of (6) is zero. Moreover,
𝜆 pm is constant for a field orientation control of PMSG
system. The electromagnetic torque 𝑇er is a function of 𝑖𝑞1 .
The electromagnetic torque 𝑇er is linearly proportional to qaxis current 𝑖𝑞1 . When the d-axis rotor flux is constant, the
maximum electromagnetic torque per ampere can be reached
for the field-oriented control at the 𝑇er proportional to the 𝑖𝑞1 .
2.4. PMSG System. The control block diagram of the two
sets of the same four-layer modified Elman NNs controlled
PMSM direct-driven PMSG system is shown in Figure 4. The
wind pattern can be acquired by appropriately programming
the PMSM speed. The AC power of variable frequency and
voltage generated by the PMSG system is rectified to DC
power by controllable rectifier. The power converts of the
PMSG system direct-driven by a PMSM consist of two
field-oriented institutions, two current control loops, two
sine pulse-width-modulation (SPWM) control circuits, two

interlock and isolated circuits, and two IGBT power modules
for rectifier and inverter. The DC bus voltage of the PMSG
system directly driven by a PMSM via controllable rectifier
can be controlled by using the first of modified Elman NN
controller. Then, the inverter, which is controlled by using
the second of modified Elman NN controller based on fieldoriented control, can convert the DC bus voltage into the
AC 60 Hz line voltage to provide for the stand-alone load.
The specification of PMSG is a three-phase four-pole 1.5 kW
220 V 10 A 2000 rpm type for experimental test in this study.
The electric parameters of the PMSG are 𝑅𝑠1 = 0.2 Ω, 𝐿 𝑑1 =
𝐿 𝑞1 = 6 mH, and 𝐿 𝑚 = 6.2 mH. The specification of
three-phase PMSM which acted as prime machine is a 1 kW
220 V 7 A 2000 rpm type. In practical applications, the pure
differentiator may amplify the high-frequency noise, so the
stability of the closed-loop PMSG drive system will be greatly
affected. Thus, a filter is implemented as an alternative for
the pure differentiators shown in Figure 4. It is designed to
behave as a pure differentiator for the main low-frequency
dynamic signal and become a low-pass filter for the highfrequency signals.
The output voltages of rectifier and inverter controlled by
two sets of the same modified Elman NN controllers were
implemented by using two independent sets TMS320C32
DSP control system in Figure 4, where 𝜃𝑟 is the rotor position
∗
of the PMSG; 𝑖𝑑𝑟
is the 𝑑 axis control current of the rectifier;
∗
∗
∗
, 𝑖𝑏𝑟
and
𝑖𝑞𝑟 is the q axis e control current of the rectifier; 𝑖𝑎𝑟
∗
𝑖𝑐𝑟 are the desired phase currents of the PMSG in phases
ar, br, and cr, respectively; 𝑖𝑎𝑟 , 𝑖𝑏𝑟 , and 𝑖𝑐𝑟 are the actual
measured phase currents of the PMSG in phases ar, br, and cr,
respectively; 𝑇𝑎𝑟 , 𝑇𝑏𝑟 , and 𝑇𝑐𝑟 are the SPWM control signals
of the rectifier in phases ar, br, and cr, respectively; 𝑉𝑑 is the
actual measured magnitude of the DC bus voltage in output
end of the rectifier; 𝑉𝑑∗ is the desired magnitude of the DC
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Figure 4: System configuration of the two sets of the same modified Elman NNs controlled PMSG system direct-driven by PMSM with
rectifier and inverter.
∗
bus voltage in output end of the rectifier; 𝑖𝑑𝑖
is the 𝑑 axis
∗
control current of the inverter; 𝑖𝑞𝑖 is the 𝑞 axis control current
of the inverter; 𝜃𝑖 is the electric angular angle of the inverter
which integrates the command electric angular frequency
∗ ∗
, 𝑖𝑏𝑖 , and 𝑖𝑐𝑖∗ are the desired phase currents
with respect to t; 𝑖𝑎𝑖
of the inverter in phases ai, bi, and ci, respectively; 𝑖𝑎𝑖 , 𝑖𝑏𝑖 ,
and 𝑖𝑐𝑖 are the actual measured phase currents of the inverter
in phases ai, bi, and ci, respectively; V𝑎𝑖 , V𝑏𝑖 , and V𝑐𝑖 are the
actual measured phase voltages of the inverter in phases ai,
bi, and ci, respectively; 𝑇𝑎𝑖 , 𝑇𝑏𝑖 , and 𝑇𝑐𝑖 are the SPWM control
signals of the inverter in phases ai, bi, and ci, respectively;
𝑉rms is the actual root-mean-square magnitude of the AC
∗
is the
60 Hz line voltage in output end of the inverter; 𝑉rms
desired root-mean-square magnitude of the AC 60 Hz line
voltage in output end of the inverter.

3. Novel Modified Elman NN Controller
3.1. Description of Modified Elman NN. In the proposed two
sets of the same four-layer modified Elman NNs with input
layer using feedback signals from output layer are taken into
account to result in better learning efficiency. The architecture
of the two sets of the same four-layer modified Elman NNs,
which consists of the first layer (the input layer), the second
layer (the hidden layer), the third layer (the context layer),
and the forth layer (the output layer), is shown in Figure 5.
The exciting functions and signal propagations of nodes in

4
𝑑𝑜,𝑚
= 𝑈𝑀𝑚 = (𝜓𝑚 )𝑇 𝜒𝑚 , 𝑚 = 1, 2
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Figure 5: Structure of the two sets of the same four-layer novel
modified Elman NNs.

each layer of the modified Elman NN can be described as
follows.
3.1.1. First Layer: Input Layer. Each node 𝑖 in this layer
is indicated by using, Π which multiplies by each other
between each other for input signals. Then outputs signals are
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the results of product. The input and the output for each node
𝑖 in this layer are expressed as
4
nod1𝑖,𝑚 (𝑁) = Π
𝑐1 (𝑁) ⋅ 𝜇𝑜𝑖,𝑚 ⋅ 𝑑𝑜,𝑚
(𝑁 − 1) ,
𝑜 𝑖,𝑚
1
1
(nod1𝑖,𝑚 (𝑁))
𝑑𝑖,𝑚
(𝑁) = 𝑔𝑖,𝑚

= nod1𝑖,𝑚 (𝑁) ,

𝑖 = 1, 2, 𝑚 = 1, 2,

where
is the input of the 𝑖th nod in the mth modified
1
Elman NN, and 𝑑𝑖,𝑚
is the output of the 𝑖th nod in the mth
modified Elman NN. The different inputs of the two sets of
1
1
= 𝑒1 = 𝑉𝑑∗ − 𝑉𝑑 , 𝑐2,1
= 𝑒1̇
for the
modified Elman NNs are 𝑐1,1
rectifier end of the PMSG system in the first modified Elman
∗
1
NN, and 𝑐1,1 2 = 𝑒2 = 𝑉rms
− 𝑉rms , 𝑐2,2
= 𝑒2̇
for the inverter
end of the PMSG system in the second modified Elman NN,
respectively. The 𝑁 indicates the number of iterations. The
connecting weights 𝜇𝑜𝑖,𝑚 are the recurrent weights between
the output layer and the input layer in the mth modified
4
Elman NN. 𝑑𝑜,𝑚
is the output value of the output layer in the
mth modified Elman NN.
3.1.2. Second Layer: Hidden Layer. The single node 𝑗th in this
layer is labeled with Σ. It computes outputs of the input layer
and the context layer as the summation of all input signals.
The net input and the net output for node 𝑗th in this layer are
expressed as
3
1
nod2𝑗,𝑚 (𝑁) = ∑𝜇𝑘𝑗,𝑚 𝑑𝑘,𝑚
(𝑁) + ∑𝜇𝑖𝑗,𝑚 𝑑𝑖,𝑚
(𝑁),
𝑖

𝑘

(𝑁) =
=

2
𝑔𝑗,𝑚

(nod2𝑗,𝑚

(𝑁))

1
−nod2𝑗,𝑚 (𝑁)

1+𝑒

,

4
nod4𝑜,𝑚 (𝑁) = ∑𝜇𝑗𝑜,𝑚 𝑐𝑗,𝑚
(𝑁) ,

(7)

1
𝑐𝑖,𝑚

2
𝑑𝑗,𝑚

3.1.4. Fourth Layer: Output Layer. The single node oth in this
layer is labeled with Σ. It computes the overall output as the
summation of all input signals. The net input and the net
output for node oth in this layer are expressed as

(8)
𝑗 = 1, . . . , 𝑛, 𝑚 = 1, 2,

𝑗

4
4
𝑑𝑜,𝑚
(nod4𝑜,𝑚 (𝑁)) = nod4𝑜,𝑚 ,
(𝑁) = 𝑔𝑜,𝑚

𝑜 = 1, 𝑚 = 1, 2,
(10)

where 𝜇𝑗𝑜,𝑚 are the connective weights between the hidden
layer and the output layer in the mth modified Elman NN;
4
𝑔𝑜,𝑚
is the activation function in the mth modified Elman
2
4
(𝑁) = 𝑐𝑗,𝑚
(𝑁) represents
NN, which is set to be unit; 𝑑𝑗,𝑚
the jth input to the node of output layer in the mth modified
Elman NN. The outputs in the mth recurrent wavelet NN can
4
be represented as 𝑑𝑜,𝑚
𝑇

4
𝑑𝑜,𝑚
= (𝜓𝑚 ) 𝜒𝑚 ,

𝑚 = 1, 2.

(11)

The output values of the two sets of the same fourlayer modified Elman NNs can be rewritten as 𝑈𝑀1 =
∗
∗
(𝜓1 )𝑇 𝜒1 = 𝑖𝑞𝑟
for rectifier and 𝑈𝑀2 = (𝜓2 )𝑇 𝜒2 = 𝑖𝑞𝑖
4
4
4
for inverter. Two vectors 𝜓1 = [𝜇11,1
𝜇21,1
⋅ ⋅ ⋅ 𝜇𝑙1,1
]
4
[𝜇11,2

4
𝜇21,2

𝑇

and

𝑇
4
𝜇𝑙1,2
]

𝜓2 =
⋅⋅⋅
are to be adjusted parameters between the mother layer and the output layer of
the two sets of the same four-layer modified Elman NNs.
4
4
4 𝑇
𝑐2,𝑚
⋅ ⋅ ⋅ 𝑐𝑙,𝑚
] , 𝑚 = 1, 2 are the inputs
The 𝜒𝑚 = [𝑐1,𝑚
vectors in the output layer of the two sets of the same four4
layer modified Elman NNs, in which 𝑐𝑗,𝑚
are determined
4
by the selected sigmoid function and 0 ≤ 𝑐𝑗,𝑚
≤ 1.

where 𝜇𝑘𝑗,𝑚 are the connective weights between the context
layer and the hidden layer in the mth modified Elman NN,
𝜇𝑖𝑗,𝑚 are the connective weights between the input layer and
the hidden layer in the mth modified Elman NN, and n is the
2
number of neurons in the hidden layer; 𝑔𝑗,𝑚
is the activation
function in the mth modified Elman NN, which is also a
1
2
(𝑁) = 𝑐𝑖,𝑚
(𝑁) represents the 𝑖th output
sigmoid function; 𝑑𝑖,𝑚
node of input layer in the mth modified Elman NN, and
3
3
𝑑𝑘,𝑚
(𝑁) = 𝑐𝑘,𝑚
(𝑁) represents the kth input to the node of
context layer in the mth modified Elman NN.

1 2
(12)
,
𝑚 = 1, 2,
𝑉𝑐,𝑚 = 𝑒𝑚
2
where 𝑒1 equals to 𝑉𝑑∗ − 𝑉𝑑 in rectifier end of the PMSG
∗
− 𝑉rms in the inverter end of the
system; 𝑒2 equals to 𝑉rms
PMSG system. Then, the learning algorithm is described as
follows.

3.1.3. Third Layer 3: Context Layer. In the context layer, the
node input and the node output are represented as

3.2.1. Fourth Layer. The propagated error term in the mth
modified Elman NN is

2
3
nod3𝑘,𝑚 (𝑁) = 𝑑𝑗,𝑚
(𝑁 − 1) + 𝛽𝑑𝑘,𝑚
(𝑁 − 1) ,

𝑑𝑘3 (𝑁) = 𝑔𝑘3 (nod3𝑘 (𝑁)) = nod3𝑘 (𝑁) ,

𝑘 = 1, . . . , 𝑙,

(9)

2
4
(𝑁) = 𝑐𝑗,𝑚
(𝑁) represents the 𝑗th output node
where 𝑑𝑗,𝑚
3
of hidden layer in the mth modified Elman NN; 𝑑𝑘,𝑚
(𝑁)
represents the 𝑘th output to the node of context layer in the
mth modified Elman NN; 𝑙 is the number of neurons in the
context layer; 0 ≤ 𝛽 < 1 is the self-connecting feedback gain
of context layer.

3.2. Online Learning Algorithm of Modified Elman NN. To
explain the online learning algorithm of the modified Elman
NN using supervised gradient decent method, firstly the
energy function 𝑉𝑐,𝑚 is defined as

4
=−
𝜐𝑚

4
𝜕𝑉𝑐,𝑚 𝜕𝑑𝑜,𝑚
,
4
𝜕𝑑𝑜,𝑚
𝜕nod4𝑜,𝑚

𝑚 = 1, 2.

(13)

Then variation Δ𝜇𝑗𝑜,𝑚 of connective weights in the mth
modified Elman NN can be calculated as
Δ𝜇𝑗𝑜,𝑚 = −𝛾1,𝑚
= 𝛾1,𝑚 ⋅

4
𝜕nod4𝑜,𝑚
𝜕𝑉𝑐,𝑚 𝜕𝑑𝑜,𝑚
4
𝜕𝑑𝑜,𝑚
𝜕nod4𝑜,𝑚 𝜕𝜇𝑗𝑜,𝑚
4
𝜐𝑚

⋅

4
𝑐𝑗,𝑚
,

𝑚 = 1, 2,

(14)
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where 𝛾1,𝑚 is the learning rate between hidden layer and
output layer in the mth modified Elman NN. The connective
weights 𝜇𝑗𝑜,𝑚 between hidden layer and output layer in the
mth modified Elman NN can be renewed according to the
following equation:
𝜇𝑗𝑜,𝑚 (𝑁 + 1) = 𝜇𝑗𝑜,𝑚 (𝑁) + Δ𝜇𝑗𝑜,𝑚 ,

𝑚 = 1, 2.

(15)

3.2.2. Second Layer. The propagated error term in the mth
modified Elman NN is
2
𝜐𝑗,𝑚

2
4
𝜕nod4𝑜,𝑚 𝜕𝑑𝑗,𝑚
𝜕𝑉𝑐,𝑚 𝜕𝑑𝑜,𝑚
≜− 4
2
𝜕𝑑𝑜,𝑚 𝜕nod4𝑜,𝑚 𝜕𝑑𝑗,𝑚
𝜕nod2𝑗,𝑚
4
= 𝜐𝑚
𝑃𝑗,𝑚 (𝑁) ,

𝑚 = 1, 2,

2
2
4
𝜕nod4𝑜,𝑚 𝜕𝑑𝑗,𝑚 𝜕nod𝑗,𝑚
𝜕𝑉𝑐,𝑚 𝜕𝑑𝑜,𝑚
2
4
𝜕𝑑𝑜,𝑚
𝜕nod4𝑜,𝑚 𝜕𝑑𝑗,𝑚
𝜕nod2𝑗,𝑚 𝜕𝜇𝑘𝑗,𝑚

2
3
= 𝜐𝑗,𝑚
⋅ 𝑑𝑘,𝑚
,

𝑚 = 1, 2,
(17)

where connective weights 𝜇𝑘𝑗,𝑚 between context layer and
hidden layer in the mth modified Elman NN can be renewed
according to the following equation:
𝜇𝑘𝑗,𝑚 (𝑁 + 1) = 𝜇𝑘𝑗,𝑚 (𝑁) + Δ𝜇𝑘𝑗,𝑚 ,

𝑚 = 1, 2.

(18)

Then variation Δ𝜇𝑖𝑗,𝑚 of connective weights in the mth
modified Elman NN can be calculated as
Δ𝜇𝑖𝑗,𝑚 = −

×

4
𝜕𝑑𝑜,𝑚
𝜕𝑉𝑐,𝑚
𝜕nod4𝑜,𝑚 𝜕nod4𝑜,𝑚

𝜕nod2𝑗,𝑚
𝜕𝜇𝑖𝑗,𝑚

=

2
𝜐𝑗,𝑚

⋅

𝜕nod4𝑜,𝑚
2
𝜕𝑑𝑗,𝑚

1
𝑑𝑖,𝑚
,

𝜕nod2𝑗,𝑚

Δ𝜇𝑜𝑖,𝑚 =

1
𝜕𝑑𝑖,𝑚

(23)

Theorem 1. Let 𝛾𝑚 be the learning-rate parameter of the mth
modified Elman NN and let 𝑝max,𝑚 be defined as 𝑝max,𝑚 ≡
4
max𝑁‖𝑝𝑚 (𝑁)‖, where 𝑝𝑚 (𝑁) = 𝜕𝑑𝑜,𝑚
/𝜕𝜇𝑗𝑜,𝑚 in the mth
modified Elman NN and ‖ ⋅ ‖ is the Euclidean norm in Rn .
The convergence is guaranteed if 𝛾1,𝑚 is chosen as 𝛾1,𝑚 =
2
𝜆 1 /(𝑝max,𝑚
) = 𝜆 1 /𝑅𝑢,𝑚 , in which 𝜆 1 is a positive constant gain;
𝑅𝑢,𝑚 is the number of nodes in hidden layer of the mth modified
Elman NN.
Proof. Since
4
𝜕𝑑𝑜,𝑚

𝜕𝜇𝑗𝑜,𝑚

4
= 𝑐𝑗,𝑚
.

(24)

Thus


𝑝𝑚 (𝑁) < √𝑅𝑢,𝑚 .

(20)

𝜕nod1𝑖,𝑚

𝜕nod1𝑖,𝑚 𝜕𝜇𝑜𝑖,𝑚

(22)

3.3. Convergence Analysis. Selection of the values for the
learning-rate parameters has a significant effect on the network performance. In order to train the modified Elman
NN effectively, the varied learning rate, which guarantee
convergence of the output error based on the analyses of a
discrete-type Lyapunov function, is derived in this section.
The convergence analysis is to derive specific learning-rate
parameter for specific types of network parameter to assure
convergence of the output error [30].

(19)

Then variation Δ𝜇𝑜𝑖,𝑚 of connective weights in the mth
modified Elman NN by using the chain rule and the gradient
descent method can be calculated as
2
𝜕𝑉𝑐,𝑚 𝜕nod𝑗,𝑚
−
1
𝜕nod2𝑗,𝑚 𝜕𝑑𝑖,𝑚

4
= 𝑒𝑚 + 𝑒𝑚̇
, 𝑚 = 1, 2.
𝜐𝑚

𝑝𝑚 (𝑁) =

where connective weights 𝜇𝑖𝑗,𝑚 between hidden layer and
input layer in the mth modified Elman NN can be updated
as
𝑚 = 1, 2.

𝑚 = 1, 2.

Due to the uncertainty effect of the system dynamics, the
4
accurate computation of the Jacobian 𝜕𝑉𝑐,𝑚 /𝜕𝑑𝑜,𝑚
,𝑚 =
1, 2 in the PMSG system cannot be determined. To dispel
the difficulty and endure the above matter, using the delta
adaptation law [20] can raise the online learning capacity of
the connective weights. Therefore, the delta adaptation law
can be calculated as [20]

2
𝜕𝑑𝑗,𝑚

𝑚 = 1, 2,

𝜇𝑖𝑗,𝑚 (𝑁 + 1) = 𝜇𝑖𝑗,𝑚 (𝑁) + Δ𝜇𝑖𝑗,𝑚 ,

𝜇𝑜𝑖,𝑚 (𝑁 + 1) = 𝜇𝑜𝑖,𝑚 (𝑁) + Δ𝜇𝑜𝑖,𝑚 ,

(16)

2
/𝜕nod2𝑗,𝑚 can be calculated from (8).
where 𝑃𝑗,𝑚 ≡ 𝜕𝑑𝑗,𝑚
Then variation Δ𝜇𝑘𝑗,𝑚 of connective weights in the mth
modified Elman NN can be calculated as

Δ𝜇𝑘𝑗,𝑚 = −

in mth modified Elman NN can be renewed according to the
following equation:

(21)

2
= 𝜐𝑗,𝑚
⋅ 𝑄𝑗,𝑚 ,
2
where 𝑄𝑗,𝑚 ≡ 𝜕𝑑𝑗,𝑚
/𝑢𝑜𝑖,𝑚 can be calculated from (7). The
recurrent weights 𝜇𝑜𝑖,𝑚 between output layer and input layer

(25)

Then, a discrete-type Lyapunov function is selected as
1 2
𝑉𝑚 (𝑁) = 𝑒𝑚
(𝑁) .
2

(26)

The change in the Lyapunov function is obtained by
Δ𝑉𝑚 (𝑁) = 𝑉𝑚 (𝑁 + 1) − 𝑉𝑚 (𝑁)
=

1 2
2
[𝑒 (𝑁 + 1) − 𝑒𝑚
(𝑁)] .
2 𝑚

(27)

The error difference can be represented by [30]
𝑒𝑚 (𝑁 + 1) = 𝑒𝑚 (𝑁) + Δ𝑒𝑚 (𝑁)
𝑇

= 𝑒𝑚 (𝑁) + [

𝜕𝑒𝑚 (𝑁)
] Δ𝜇𝑗𝑜,𝑚 ,
𝜕𝜇𝑗𝑜,𝑚

(28)
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where Δ𝜇𝑗𝑜,𝑚 represents a weight change between hidden
layer and output layer in the mth modified Elman NN. Using
(11), (12), (13), and (28), then

IGBT power modules
(inverter)

4
4
𝜐𝑚
𝜕𝑒𝑚 (𝑁) 𝜕𝑒𝑚 (𝑁) 𝜕𝑑𝑜,𝑚
𝑝 (𝑁) ,
=
=
−
4
𝜕𝜇𝑗𝑜,𝑚
𝜕𝑑𝑜,𝑚
𝜕𝜇𝑗𝑜,𝑚
𝑒𝑚 (𝑁) 𝑚
𝑇

𝑒𝑚 (𝑁 + 1) = 𝑒𝑚 (𝑁) − [

4
𝜐𝑚
4
𝑃 (𝑁)] 𝛾1,𝑚 𝜐𝑚
𝑃𝑚 (𝑁) .
𝑒𝑚 (𝑁) 𝑚
(29)

Then


𝑒𝑚 (𝑁 + 1)


2
4


𝜐𝑚
𝑇

= 𝑒𝑚 (𝑁) [1 − 𝛾1,𝑚 (
) 𝑃𝑚 (𝑁) 𝑃𝑚 (𝑁)]
𝑒𝑚 (𝑁)
 (30)




2

4


𝜐

≤ ‖𝑒 (𝑁)‖ 1 − 𝛾1,𝑚 ( 𝑚 ) 𝑃𝑚𝑇 (𝑁) 𝑃𝑚 (𝑁) .
𝑒𝑚 (𝑁)





Lockout and isolated circuit #2, current
controller and PWM circuit #2

DSP control
system #2

Lockout and isolated circuit #1, current
controller and PWM circuit #1

DSP control
system #1

PMSM

PMSG

2
If 𝛾1,𝑚 is chosen as 𝛾1,𝑚 = 𝜆 1 /(𝑃max,𝑚
) = 𝜆 1 /𝑅𝑢,𝑚 , the term
2

4
𝑇
‖1 − 𝛾1,𝑚 (𝜐𝑚
/𝑒𝑚 (𝑁)) 𝑝𝑚
(𝑁)𝑝𝑚 (𝑁)‖ in (30) is less than 1.
Therefore, the Lyapunov stability of 𝑉𝑚 > 0 and Δ𝑉𝑚 < 0
is guaranteed. The output error between the reference model
and the actual system will converge to zero as 𝑡 → ∞. This
completes the proof of the theorem.

Remark 2. The values of the learning-rate parameter 𝛾1,𝑚 is
dependent on the selection of the value 𝜆 1 .

4. Experimental Results
The two sets of the same modified Elman NNs controlled
PMSG system are realized in two sets TMS320C32 DSP
control system. A photo of the experimental setup is shown in
Figure 6. To implement current controlled PWM rectifier and
inverter by field-oriented control, the two sets IGBT power
modules are adopted BSM 100 GB-120DLC manufactured by
Eupec Co. The switching frequency of both IGBT power
modules is all 15 kHz. The two programs of the two sets
TMS320C32 DSP control system used for executing the two
sets of the same modified Elman NNs and online training
of the two sets of the same modified Elman NNs need
2 ms sampling interval. The proposed methodology for the
real-time control implementation consists of the two main
programs and two interrupt service routines (ISRs) in the
two sets of DSP control system as shown in Figure 7. In
the main program #1, parameters and input/output (I/O)
initialization are processed first. Then, the interrupt interval
for the ISR #1 is set. After enabling the interrupt, the main
program #1 is used to monitor control data. The ISR #1
with 2 ms sampling interval is used for reading the rotor
position of the PM synchronous generator from encoder,
reading mechanic torque from torque transducer, reading
measured DC bus voltage and current from analog/digital
(A/D) converters, calculating maximum DC bus power of the
PM synchronous generator and DC bus power, and executing
the modified Elman NN control system #1. On the other

IGBT power modules
(rectifier)

Figure 6: A photo of the experimental setup.

hand, in the main program #2, parameters and input/output
(I/O) initialization are processed first. Then, the interrupt
interval for the ISR #2 is set. After enabling the interrupt,
the main program is used to monitor control data. The
ISR #2 with 2 ms sampling interval is used for reading the
command angular frequency of sinusoidal wave to match
demand of grid system, reading command root-mean-square
AC line voltage and measured root-mean-square AC line
voltage from analog/digital (A/D) converters, and executing
the modified Elman NN control system #2. Furthermore,
to show the effectiveness of the control system, comparative
studies with the PI controller and the conventional NN
controller are demonstrated by experimental results. The
conventional NN has 2, 5, and 1 nodes in the input layer,
the hidden layer with sigmoid function, and the output layer,
respectively. The modified Elman NN has 2, 5, 5, and 1 nodes
in layer 1, layer 2, layer 3, and layer 4, respectively. The
parameter adjustment process remains continually active for
the duration of the experimentation. To verify the control
performance of the proposed two sets of the same modified
Elman NNs controlled PMSG system direct-driven by PMSM
based on wind turbine emulator, three cases with the field∗
∗
= 0 A and 𝑖𝑑𝑟
= 0 A are tested. To
oriented control current 𝑖𝑑𝑖
show the adjusting and tracking responses for the stand alone
power application, three cases are selected. Firstly, case 1 is
the Δ connection three-phase load 100 Ω, and the rotor speed
𝜔𝑟 (𝑛𝑟 ), the step desired magnitude 𝑉𝑑∗ of DC bus voltage,
∗
of
and the step desired root-mean-square magnitude 𝑉rms
AC 60 Hz line voltage are set as 78.5 rad/s (750 rpm), 220 V,
and 110 V, respectively. Secondly, case 2 is the Δ connection
three-phase load 50 Ω and the rotor speed 𝜔𝑟1 , the desired
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Main
program #1

ISR #1

Main
program #2

ISR #2

Set
interruption
interval

Read 𝑉𝑑
from A/D
converter

Set
interruption
interval

Read 𝑉rms
from A/D
converter

Initialization
parameters

Read 𝜃𝑟1
from encoder
interface

Initialization
parameters

Read 𝜃𝑖1
from encoder
interface

Set I/O and
initialization
Enable
interruption

Initialization
parameters, set
and calculate
references

Run
interruption
ISR #1 program
Display
data
Disable
interruption
Stop
execution
End

Set I/O and
initialization
Enable
interruption

Initialization
parameters, set
and calculate
references

Execute modified
Elman NN
control system #1

Run
interruption
ISR #2 program

Execute modified
Elman NN
control system #2

Execute
2/3 phase coordinate
transformation

Display
data

Execute
2/3 phase coordinate
transformation

∗ ∗ ∗
Output 𝑖𝑎𝑟
, 𝑖𝑏𝑟 , 𝑖𝑐𝑟
to D/A converters

End
2 ms

Disable
interruption
Stop
execution
End

∗ ∗ ∗
Output 𝑖𝑎𝑖
, 𝑖𝑏𝑖 , 𝑖𝑐𝑖
to D/A converters

End
2 ms

Figure 7: Flowcharts of two sets of the same modified Elman NN control systems controlled PMSG system.

magnitude 𝑉𝑑∗ of DC bus voltage, the desired root-mean∗
of AC 60 Hz line voltage are set as
square magnitude 𝑉rms
157 rad/s (1500 rpm), 220 V, and 110 V, respectively. Thirdly,
case 3 is the Δ connection three-phase load 18 Ω and the rotor
speed 𝜔𝑟 , the desired magnitude 𝑉𝑑∗ of DC bus voltage, the
∗
of AC 60 Hz line
desired root-mean-square magnitude 𝑉rms
voltage are set as 209.3 rad/s (2000 rpm), 220 V, and 110 V,
respectively. The Δ connection three-phase loads of 100 Ω,
50 Ω, and 18 Ω dispatched powers as 121 W, 242 W, and 672 W,
respectively. The Δ connection three-phase loads of 100 Ω and
50 Ω, and 18 Ω dispatched powers as 121 W, 242 W, and 672 W,
respectively. Some experimental results of the PI controlled
PMSG system direct-driven by PMSM are demonstrated for
the comparison of the control performance. Since the PMSG
system is a nonlinear time-varying system, the gains of the PI
controllers for both the DC bus voltage adjustment and AC
60 Hz line voltage adjustment are obtained by trial and error
to achieve steady state control performance. The control gains
are 𝐾𝑝 = 5.2, 𝐾𝑖 = 10.2 for the DC bus voltage adjustment
and 𝐾𝑝 = 4.8, 𝐾𝑖 = 10.8 for the AC 60 Hz line voltage
adjustment in the two sets PI controllers. The experimental
results of the PI controlled PMSG system direct-driven by
PMSM for the Δ connection three-phase loads of 100 Ω
with 𝜔𝑟 = 78.5 rad/s (𝑛𝑟 = 750 rpm) at case 1, the Δ
connection three-phase loads of 50 Ω with 𝜔𝑟 = 150 rad/s
(𝑛𝑟 = 1500 rpm) at case 2, and the Δ connection three-phase
loads of 18 Ω with 𝜔𝑟 = 209.3 rad/s (𝑛𝑟 = 2000 rpm) at
case 3 are shown in Figures 8, 9 and 10, respectively; where
rotor speed 𝜔𝑟 (𝑛𝑟 ) is shown in Figures 8(a), 9(a) and 10(a);
adjusting response of step desired magnitude 𝑉𝑑∗ of the DC
bus voltage and actual measured magnitude 𝑉𝑑 of the DC
bus voltage in output end of the rectifier is shown in Figures

8(b), 9(b), and 10(b); adjusting response of step desired root∗
of the AC 60 Hz line voltage
mean-square magnitude 𝑉rms
and actual measured root-mean-square magnitude 𝑉rms of
the AC 60 Hz line voltage in output end of the inverter is
shown in Figures 8(c), 9(c), and 10(c); tracking response
∗
and actual measured phase
of the desired phase current 𝑖𝑎𝑖
current 𝑖𝑎𝑖 in phase ai of the inverter is shown in Figures 8(d),
9(d), and 10(d) respectively. From the experimental results,
sluggish DC bus voltage and AC 60 Hz line voltage adjusting
responses are obtained for the PI controlled PMSG system
direct-driven by PMSM because of the weak robustness of the
linear controller.
Some experimental results of the conventional NN controlled PMSG system direct-driven by PMSM for the Δ
connection three-phase loads of 100 Ω with 𝜔𝑟 = 78.5 rad/s
(𝑛𝑟 = 750 rpm) at case 1, the Δ connection three-phase
loads of 50 Ω with 𝜔𝑟 = 150 rad/s (𝑛𝑟 = 1500 rpm) at
case 2, and the Δ connection three-phase loads of 18 Ω with
𝜔𝑟 = 209.3 rad/s (𝑛𝑟 = 2000 rpm) at case 3 are shown
in Figures 11, 12, and 13, respectively, where rotor speed
𝜔𝑟 (𝑛𝑟 ) is shown in Figures 11(a), 12(a), and 13(a); adjusting
response of step desired magnitude 𝑉𝑑∗ of the DC bus voltage
and actual measured magnitude 𝑉𝑑 of the DC bus voltage
in output end of the rectifier is shown in Figures 11(b),
12(b), and 13(b); adjusting response of step desired root∗
of the AC 60 Hz line voltage
mean-square magnitude 𝑉rms
and actual measured root-mean-square magnitude 𝑉rms of
the AC 60 Hz line voltage in output end of the inverter is
shown in Figures 11(c), 12(c), and 13(c); tracking response
∗
and actual measured phase
of the desired phase current 𝑖𝑎𝑖
current 𝑖𝑎𝑖 in phase ai of the inverter is shown in Figures
11(d), 12(d), and 13(d) respectively. From the experimental
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𝜔𝑟 = 157 rad/s (𝑛𝑟 = 1500 rpm)
𝜔𝑟 = 78.5 rad/s (𝑛𝑟 = 750 rpm)

Start
Start
0 rad/s

0 rad/s
1s

1s

(a)

(a)

𝑉𝑑∗

𝑉𝑑

𝑉𝑑∗

𝑉𝑑

0V

0V

Start
110 V

1s

Start
110 V

1s

(b)

(b)

𝑉rms

∗
𝑉rms

𝑉rms

∗
𝑉rms

0V

0V

Start

Start
110 V

1s

110 V

1s

(c)

(c)

∗
𝑖𝑎𝑖

∗
𝑖𝑎𝑖

𝑖𝑎𝑖

𝑖𝑎𝑖

3A

3A

50 ms

50 ms
(d)

(d)

Figure 8: Experimental results of PMSM direct-driven PMSG
system using the PI controller for the Δ connection three-phase
loads of 100 Ω with 𝜔𝑟 = 78.5 rad/s (𝑛𝑟 = 750 rpm) at case 1: (a)
rotor speed 𝜔𝑟 (𝑛𝑟 ); (b) adjusting response of step desired magnitude
𝑉𝑑∗ of the DC bus voltage and actual measured magnitude 𝑉𝑑 of the
DC bus voltage in output end of the rectifier; (c) adjusting response
∗
of the AC 60 Hz
of step desired root-mean-square magnitude 𝑉rms
line voltage and actual measured root-mean-square magnitude 𝑉rms
of the AC 60 Hz line voltage in output end of the inverter 𝑉rms ;
∗
and actual
(d) tracking response of the desired phase current 𝑖𝑎𝑖
measured phase current 𝑖𝑎𝑖 in phase ai of the inverter.

Figure 9: Experimental results of PMSM direct-driven PMSG
system using the PI controller for the Δ connection three-phase
loads of 50 Ω with 𝜔𝑟 = 150 rad/s (𝑛𝑟 = 1500 rpm) at case 2: (a)
rotor speed 𝜔𝑟 (𝑛𝑟 ); (b) adjusting response of step desired magnitude
𝑉𝑑∗ of the DC bus voltage and actual measured magnitude 𝑉𝑑 of the
DC bus voltage in output end of the rectifier; (c) adjusting response
∗
of the AC 60 Hz
of step desired root-mean-square magnitude 𝑉rms
line voltage and actual measured root-mean-square magnitude 𝑉rms
of the AC 60 Hz line voltage in output end of the inverter 𝑉rms ;
∗
and actual
(d) tracking response of the desired phase current 𝑖𝑎𝑖
measured phase current 𝑖𝑎𝑖 in phase ai of the inverter.

results, few sluggish DC bus voltage and AC 60 Hz line
voltage adjusting responses are obtained for the conventional
NN controlled PM synchronous motor direct-drive PM
synchronous generator system because the conventional NN
is static input/output mapping schemes that can approximate
a continuous function to an arbitrary degree of accuracy.
Some experimental results of the modified Elman NN
controlled PMSG system direct-driven by PMSM for the Δ
connection three-phase loads of 100 Ω with 𝜔𝑟 = 78.5 rad/s

(𝑛𝑟 = 750 rpm) at case 1, the Δ connection three-phase loads
of 50 Ω with 𝜔𝑟 = 150 rad/s (𝑛𝑟 = 1500 rpm) at case 2, and the
Δ connection three-phase loads of 18 Ω with 𝜔𝑟 = 209.3 rad/s
(𝑛𝑟 = 2000 rpm) at case 3 are shown in Figures 14, 15, and
16, respectively; where rotor speed 𝜔𝑟 (𝑛𝑟 ) is shown in Figures
14(a), 15(a), and 16(a); adjusting response of step desired
magnitude 𝑉𝑑∗ of the DC bus voltage and actual measured
magnitude 𝑉𝑑 of the DC bus voltage in output end of the
rectifier is shown in Figures 14(b), 15(b), and 16(b); adjusting
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𝜔𝑟 = 209.3 rad/s (𝑛𝑟 = 2000 rpm)
𝜔𝑟 = 78.5 rad/s (𝑛𝑟 = 750 rpm)
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Figure 10: Experimental results of PMSM direct-driven PMSG
system using the PI controller for the Δ connection three-phase
loads of 18 Ω with 𝜔𝑟 = 209.3 rad/s (𝑛𝑟 = 2000 rpm) at case 3: (a)
rotor speed 𝜔𝑟 (𝑛𝑟 ); (b) adjusting response of step desired magnitude
𝑉𝑑∗ of the DC bus voltage and actual measured magnitude 𝑉𝑑 of the
DC bus voltage in output end of the rectifier; (c) adjusting response
∗
of the AC 60 Hz
of step desired root-mean-square magnitude 𝑉rms
line voltage and actual measured root-mean-square magnitude 𝑉rms
of the AC 60 Hz line voltage in output end of the inverter 𝑉rms ;
∗
and actual
(d) tracking response of the desired phase current 𝑖𝑎𝑖
measured phase current 𝑖𝑎𝑖 in phase ai of the inverter.

Figure 11: Experimental results of PMSM direct-driven PMSG
system using the conventional NN controller for the Δ connection
three-phase loads of 100 Ω with 𝜔𝑟 = 78.5 rad/s (𝑛𝑟 = 750 rpm)
at case 1: (a) rotor speed 𝜔𝑟 (𝑛𝑟 ); (b) adjusting response of step
desired magnitude 𝑉𝑑∗ of the DC bus voltage and actual measured
magnitude 𝑉𝑑 of the DC bus voltage in output end of the rectifier;
(c) adjusting response of step desired root-mean-square magnitude
∗
of the AC 60 Hz line voltage and actual measured root-mean𝑉rms
square magnitude 𝑉rms of the AC 60 Hz line voltage in output end of
the inverter 𝑉rms ; (d) tracking response of the desired phase current
∗
and actual measured phase current 𝑖𝑎𝑖 in phase ai of the inverter.
𝑖𝑎𝑖

∗
response of step desired root-mean-square magnitude 𝑉rms
of the AC 60 Hz line voltage and actual measured root-meansquare magnitude 𝑉rms of the AC 60 Hz line voltage in output
end of the inverter is shown in Figures 14(c), 15(c), and 16(c);
∗
tracking response of the desired phase current 𝑖𝑎𝑖
and actual
measured phase current 𝑖𝑎𝑖 in phase ai of the inverter is
shown in Figures 14(d), 15(d), and 16(d), respectively. The
overshoot and undershoot in DC bus voltage and AC 60 Hz
line voltage at different rotor speeds by using modified Elman

NN controllers as shown in Figures 14(b), 14(c), 15(b), 15(c),
16(b), and 16(c) are less magnitude and much improved by
using the PI controller shown in Figures 8(b), 8(c), 9(b), 9(c),
10(b), and 10(c) and by using the conventional NN controller
shown in Figures 11(b), 11(c), 12(b), 12(c), 13(b), and 13(c).
Moreover, compared with the PI control and the conventional
NN control, the proposed modified Elman NN control has
much improved for the tracking ability and obviously reduced
the oscillations in steady state.
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Figure 12: Experimental results of PMSM direct-driven PMSG
system using the conventional NN controller for the Δ connection
three-phase loads of 50 Ω with 𝜔𝑟 = 150 rad/s (𝑛𝑟 = 1500 rpm)
at case 2: (a) rotor speed 𝜔𝑟 (𝑛𝑟 ); (b) adjusting response of step
desired magnitude 𝑉𝑑∗ of the DC bus voltage and actual measured
magnitude 𝑉𝑑 of the DC bus voltage in output end of the rectifier;
(c) adjusting response of step desired root-mean-square magnitude
∗
of the AC 60 Hz line voltage and actual measured root-mean𝑉rms
square magnitude 𝑉rms of the AC 60 Hz line voltage in output end of
the inverter 𝑉rms ; (d) tracking response of the desired phase current
∗
and actual measured phase current 𝑖𝑎𝑖 in phase ai of the inverter.
𝑖𝑎𝑖

Figure 13: Experimental results of PMSM direct-driven PMSG
system using the conventional NN controller for the Δ connection
three-phase loads of 18 Ω with 𝜔𝑟 = 209.3 rad/s (𝑛𝑟 = 2000 rpm)
at case 3: (a) rotor speed 𝜔𝑟 (𝑛𝑟 ); (b) adjusting response of step
desired magnitude 𝑉𝑑∗ of the DC bus voltage and actual measured
magnitude 𝑉𝑑 of the DC bus voltage in output end of the rectifier;
(c) adjusting response of step desired root-mean-square magnitude
∗
of the AC 60 Hz line voltage and actual measured root-mean𝑉rms
square magnitude 𝑉rms of the AC 60 Hz line voltage in output end of
the inverter 𝑉rms ; (d) tracking response of the desired phase current
∗
and actual measured phase current 𝑖𝑎𝑖 in phase ai of the inverter.
𝑖𝑎𝑖

5. Conclusions
This study demonstrated the implementation of both the DC
bus voltage and AC 60 Hz line voltage adjustment of the
PMSG system direct-driven by PMSM based on wind turbine
emulator by using the two sets of the same modified Elman
NN controllers for stand alone power applications. Firstly,
the field-oriented control was implemented for the control
of the PMSG system direct-driven by PMSM based on wind
turbine emulator. Then, the proposed two sets of the same

modified Elman NN controllers were proposed to adjust the
DC bus voltage of the rectifier and the AC 60 Hz line voltage
of the inverter. In addition, the control performance of
the proposed modified Elman NN controlled PMSG system
direct-driven by PMSM is robust with regard to two operating
conditions of the PMSG. Because of the weak robustness
of the linear controller for the PI controlled PMSG system
direct-driven by PMSM, dull DC bus voltage and AC 60 Hz
line voltage adjusting responses are obviously obtained from
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Figure 14: Experimental results of PMSM direct-driven PMSG system using the modified Elman NN controller for the Δ connection
three-phase loads of 100 Ω with 𝜔𝑟 = 78.5 rad/s (𝑛𝑟 = 750 rpm)
at case 1: (a) rotor speed 𝜔𝑟 (𝑛𝑟 ); (b) adjusting response of step
desired magnitude 𝑉𝑑∗ of the DC bus voltage and actual measured
magnitude 𝑉𝑑 of the DC bus voltage in output end of the rectifier;
(c) adjusting response of step desired root-mean-square magnitude
∗
of the AC 60 Hz line voltage and actual measured root-mean𝑉rms
square magnitude 𝑉rms of the AC 60 Hz line voltage in output end of
the inverter 𝑉rms ; (d) tracking response of the desired phase current
∗
and actual measured phase current 𝑖𝑎𝑖 in phase ai of the inverter.
𝑖𝑎𝑖

Figure 15: Experimental results of PMSM direct-driven PMSG system using the modified Elman NN controller for the Δ connection
three-phase loads of 50 Ω with 𝜔𝑟 = 150 rad/s (𝑛𝑟 = 1500 rpm)
at case 2: (a) rotor speed 𝜔𝑟 (𝑛𝑟 ); (b) adjusting response of step
desired magnitude 𝑉𝑑∗ of the DC bus voltage and actual measured
magnitude 𝑉𝑑 of the DC bus voltage in output end of the rectifier;
(c) adjusting response of step desired root-mean-square magnitude
∗
of the AC 60 Hz line voltage and actual measured root-mean𝑉rms
square magnitude 𝑉rms of the AC 60 Hz line voltage in output end of
the inverter 𝑉rms ; (d) tracking response of the desired phase current
∗
and actual measured phase current 𝑖𝑎𝑖 in phase ai of the inverter.
𝑖𝑎𝑖

the experimental results. The important contribution of this
study is successful application of the two sets of the same
recurrent wavelet NN controllers on the PM synchronous
motor direct-driven PM synchronous generator system to
adjust the DC bus voltage of the rectifier and the AC 60 Hz
line voltage of the inverter with robust control performance.
Finally, control performance of the proposed modified Elman
NN controller shown in experimental results is superior to
the PI controller and the conventional NN controller for the

PMSG system direct-driven by PMSM based on wind turbine
emulator with a rectifier and an inverter for stand alone power
applications.
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Figure 16: Experimental results of PMSM direct-driven PMSG system using the modified Elman NN controller for the Δ connection
three-phase loads of 18 Ω with 𝜔𝑟 = 209.3 rad/s (𝑛𝑟 = 2000 rpm)
at case 3: (a) rotor speed 𝜔𝑟 (𝑛𝑟 ); (b) adjusting response of step
desired magnitude 𝑉𝑑∗ of the DC bus voltage and actual measured
magnitude 𝑉𝑑 of the DC bus voltage in output end of the rectifier;
(c) adjusting response of step desired root-mean-square magnitude
∗
of the AC 60 Hz line voltage and actual measured root-mean𝑉rms
square magnitude 𝑉rms of the AC 60 Hz line voltage in output end of
the inverter 𝑉rms ; (d) tracking response of the desired phase current
∗
and actual measured phase current 𝑖𝑎𝑖 in phase ai of the inverter.
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Localization is a fundamental research issue in wireless sensor networks (WSNs). In most existing localization schemes, several
beacons are used to determine the locations of sensor nodes. These localization mechanisms are frequently based on an assumption
that the locations of beacons are known. Nevertheless, for many WSN systems deployed in unstable environments, beacons may be
moved unexpectedly; that is, beacons are drifting, and their location information will no longer be reliable. As a result, the accuracy
of localization will be greatly affected. In this paper, we propose a distributed beacon drifting detection algorithm to locate those
accidentally moved beacons. In the proposed algorithm, we designed both beacon self-scoring and beacon-to-beacon negotiation
mechanisms to improve detection accuracy while keeping the algorithm lightweight. Experimental results show that the algorithm
achieves its designed goals.

1. Introduction
A wireless sensor network (WSN) [1, 2], which consists of a
large number of sensor nodes to sense, process, and transmit
monitored information in an environment cooperatively, has
changed the way people interact with the physical world.
Currently, WSN technologies have been widely adopted in
environmental monitoring systems [3] and are foreseen to
be used in more application fields, such as civil engineering
[4] and sustainable energy systems [5]. Localization [6] is
one of the most essential research issues in WSNs because
the position of the monitored information is frequently one
of our major concerns. Currently available localization algorithms typically use a small set of beacon nodes (or simply
beacons) which are aware of their positions to deduce sensor
nodes’ positions through trilateration [7] or other techniques
such as maximum likelihood estimation [8]. To mark the
positions of beacons, we can either equip beacons with GPS
receivers to let them calculate their locations automatically or
mark beacons’ positions manually in deployment. Because of
relatively high price and power consumption, GPS receivers
may not be available for many low-power WSN systems,
and the second method is frequently used. As a result, these

algorithms are frequently based on an assumption that the
beacons should be immobile and their position information
is accurate. Nevertheless, this assumption does not hold in
unstable environments. Because nodes in WSNs are typically
battery powered [9], we frequently deploy WSN systems in
unstable environments to perform monitoring tasks, and
beacons’ positions may be changed unexpectedly in this
case. For instance, topographic change can move one or
more beacons to other positions without being noticed. We
denote these unexpected movements of beacons as that the
beacons are drifting. The beacon drifting problem we discuss
here is different from the well-investigated mobile beacon
problem [10]. In the mobile beacon problem, beacons are
moving along specific tracks in the monitored area to reduce
the number of beacons required or to increase localization
accuracy. Therefore, the position information of beacons is
still accurate. But in the beacon drifting problem, beacons are
unaware of the accidental movements, and the preset position
information might be totally incorrect. In this occasion,
the localization result will be seriously affected if we use
inaccurate beacon position information.
In this paper, we focus on the beacon drifting detection
problem, in which we have to determine: (1) whether all

2
beacons are still at their original deployed positions; (2) if
not, which beacons have moved unexpectely. With this information, we can, for example, avoid using moved beacons in
localization to ensure localization accuracy. In this paper, we
introduce a distributed beacon drifting detection algorithm.
We chose to let each beacon keep monitoring the variance
of RSSI (received signal strength indication) measurement
value between itself and its neighboring beacons and the
beacon can use the monitored RSSI information to determine
if itself has moved. We based our detection algorithm on
RSSI measurement because it is available in almost all RF
receivers on the market. However, the unreliable nature of
RSSI measurement will cause serious fault detection problem.
As a result, we first analyzed different types of fault detections
and then designed beacon self-scoring and beacon-to-beacon
negotiation mechanisms to reduce the possibility of fault
detection while keeping low operating overhead.
The rest of the paper is organized as follows. Section 2
introduces the state of the art. Section 3 proposes the
design of the distributed beacon drifting detection algorithm. Section 4 provides evaluation results, and Section 5
concludes the paper.

2. Related Work
Localization algorithms can be roughly categorized into
range-based and range-free algorithms. Range-based algorithms require the distance information between beacons
and sensor nodes in deducing the sensor nodes’ positions.
Currently available range-based algorithms frequently use
RSSI [11] or TOA/TDOA (time of arrival/time difference of
arrival) [12, 13] to estimate the distance. Range-free algorithms do not need distance information and alternatively
use network connectivity information, such as hop counts
[14] from beacons to sensor nodes, to estimate the locations
of sensor nodes. Most currently available range-based and
range-free algorithms are based on one essential assumption:
beacons are immobile, and their position information is
known and accurate.
Some researchers have proposed a different solution
called “mobile beacon” for localization, in which one or more
beacons are travelling along specific tracks in the monitored
area [10, 15]. We can estimate one sensor node’s position
according to the distance measurement from the sensor node
to the beacons, and the position information of beacons at
that time. Through this “mobile beacon” method, it is possible
for us to improve the accuracy of localization and reduce the
number of beacons in the network. In these algorithms, the
position information and moving tracks of beacons must be
known and accurate. In this paper, we will focus on those
WSNs whose beacons are designed to be immobile because
the mobile beacon solution frequently requires additional
localization and driving components on beacons, which may
not be available for many low-cost, low-power WSN systems.
The “beacons are reliable” assumption frequently does
not hold for many WSN systems deployed in unstable
environments because beacons may be moved unexpectedly to other positions. In this occasion, the beacons will
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no longer be reliable and the localization result will be
seriously affected. Srirangarajan et al. considered the effect
of inaccurate beacon positions and proposed a distributed
localization algorithm based on second-order cone programming (SOCP) relaxation [16]. The proposed algorithm tries
to refine beacons’ positions by using the relative distance
information exchanged with their neighbors. Fan et al.
presented a centralized localization algorithm to deal with
both inaccurate TOA estimation and positioned beacons [17].
Vemula et al. developed a distributed localization mechanism
that incorporates beacon position uncertainty using iterative
and Monte Carlo sampling-based methods [18]. Lui et al.
devised a semidefinite programming (SDP) algorithm for
TOA-based localization in the presence of beacon positions and signal propagation speed uncertainties [19]. The
authors also presented a simplified form of the devised
algorithm based on the assumption that beacon position
errors are independently and identically distributed. Feng et
al. designed a robust multihop localization scheme based on
trust evaluation to alleviate the effect of inaccurate beacon
positions on localization accuracy [20]. In the proposed
algorithm, sensor nodes use the trust degrees of beacons as
weights in localization to achieve robust estimation of their
positions. In the above works, researchers tried to optimize
the performance of a specific localization method in case that
beacons’ positions are no longer reliable. As a comparison,
we focus on the beacon drifting detection problem in this
paper and try to investigate a distributed detection algorithm
that can be applied to existing localization mechanisms to
improve localization accuracy.
The most related work to ours is by Kuo et al. [21, 22], who
proposed beacon movement detection (BMD) algorithm to
detect the unexpected movements of beacons. The basic idea
of BMD algorithm is to let the beacons record the variance
of RSSI measurement results between each other and report
to a calculation center to determine the moved beacons.
Like all other centralized algorithms, BMD algorithm will
bring a heavy communication burden in collecting detection
information from beacons. At the same time, it is also difficult
to ensure the completeness of the detection information
collected along a long routing path. In order to alleviate the
problem, we propose a distributed algorithm to determine the
moved beacons in this paper.

3. Algorithm Design
We frequently use RSSI measurement value to estimate the
distance between nodes. Typically, greater variance of RSSI
measurement value over time indicates greater possibility
of relative movement between nodes. Thus, we can judge
if there is a beacon drifting event through monitoring the
variance of RSSI measurement value between beacons. In
this section, we will try to investigate a distributed beacon
drifting detection algorithm, in which the beacon itself will
determine if it has moved. This distributed algorithm does
not require a calculation center and, thus, will not bring heavy
communication burden in a large-scale network.
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Figure 1: An example of fault detection.

Nevertheless, using RSSI measurement value to distributedly deduce the beacon drifting event may cause serious fault
detection problem, which can be described as below:
(i) RSSI measurement value is not always trustable; it
may vary even if there is no relative movement
between two beacons.
(ii) Even if the variance of RSSI measurement value can
precisely describe the relative movement between
beacons, it is also difficult for us to determine exactly
which one moves or both of them move. Figure 1 gives
an example. In the figure, white dots indicate the original positions of beacons, and the black dots indicate
the new positions of beacons after movement. The
shadowed area indicates the communication range of
beacon 1. We can see that no movement occurred on
beacons 1, 3, and 4. Beacon 5 has moved, but is still
within the communication range of beacon 1. Beacon
2 moved outside the communication range of beacon
1. Beacon 6 moved into the communication range of
beacon 1 and became a new neighboring beacon of
beacon 1. Even if the RSSI measurement is accurate
(i.e., beacons can accurately detect that if there is
a relative movement between each other), different
beacons may have different conclusions on movement
detection. For instance, the relative distances between
beacon 1 and beacons 2, 5, and 6 have changed due to
the movements of beacons 2, 5, and 6. For beacon 1,
it will find that beacons 2, 5 and 6 have moved. But
for beacons 2, 5, and 6, they may find that beacon
1 has moved, but not themselves. This conflicting
conclusion will make it difficult for a distributed
algorithm to find the correct set of moved beacons.
In order to alleviate the fault detection problem, we designed a cooperative algorithm for beacons including the
self-scoring phase and negotiation phase. Generally, the
algorithm works as follows:

(1) each beacon calculates an initial score for itself.
This score indicates the movement possibility of the
beacon based on the RSSI monitoring results between
itself and neighboring beacons.
(2) Each beacon negotiates with neighboring beacons
by telling them its score and adjusts its score based
on the received neighboring beacons’ scores. This
score exchanging process can let beacons share their
monitoring results and determine who have moved
cooperatively.
(3) After several rounds of negotiation, each beacon gets
a final score. The beacon will determine if itself has
moved based on its final score.
3.1. Beacon Self-Scoring Algorithm. The beacon self-scoring
algorithm is designed based on the monitoring results of
RSSI measurement value variance over a period of time. The
basic principle of the designed algorithm is for a certain
beacon, if there is a large variance of the RSSI measurement
value between itself and its neighboring beacons, its position
information tends to be unreliable.
Given a network with 𝑁 beacons, beacon 𝑏𝑖 can record its
RSSI measurement value between itself and its neighboring
beacons in a RSSI vector 𝑂𝑖(𝑡) at time 𝑡, as shown in (1),
in which 𝑀𝑖 is the number of neighboring beacons of the
beacon 𝑏𝑖 , RSSI𝑖𝑗(𝑡) is the RSSI measurement value between
the beacons 𝑏𝑖 and 𝑏𝑗 at time 𝑡, 𝑠 is RF receiver sensitivity of
beacons, and 𝑜𝑖𝑗(𝑡) is the 𝑗th element in the RSSI vector 𝑂𝑖(𝑡) .
𝑜𝑖𝑗(𝑡) indicates the monitoring result between the beacon 𝑏𝑖
and beacon 𝑏𝑗 at time 𝑡:
RSSI𝑖𝑗(𝑡) ,
𝑜𝑖𝑗(𝑡) = {
𝑠,

if 𝑏𝑖 can hear 𝑏𝑗
otherwise

(0 < 𝑖 ≤ 𝑁, 0 < 𝑗 ≤ 𝑀𝑖 ) .
(1)

Beacons update their RSSI vectors periodically, and calculate changed RSSI vectors and unchanged RSSI vectors, as
shown in (2), in which 𝑃𝑖(𝑡) and 𝑄𝑖(𝑡) are the changed RSSI
vector and unchanged RSSI vector of beacon 𝑏𝑖 at time 𝑡,
respectively. 𝑝𝑖𝑗(𝑡) and 𝑞𝑖𝑗(𝑡) are the 𝑗th elements of 𝑃𝑖(𝑡) and
𝑄𝑖(𝑡) , respectively. 𝛿 is a threshold:


1, if 𝑜𝑖𝑗(𝑡) − 𝑜𝑖𝑗(0)  > 𝛿,
𝑝𝑖𝑗(𝑡) = {
0, otherwise,
𝑞𝑖𝑗(𝑡) = {



𝑠 or 𝑜𝑖𝑗(0) ≠
𝑠)
1, if 𝑜𝑖𝑗(𝑡) −𝑜𝑖𝑗(0)  ≤ 𝛿 (𝑜𝑖𝑗(𝑡) ≠
0, otherwise
(0 < 𝑖 ≤ 𝑁, 0 < 𝑗 ≤ 𝑀𝑖 ) .
(2)

We denote the number of “1” in 𝑃𝑖(𝑡) by 𝐶𝑃𝑖(𝑡) , and the
number of “1” in 𝑄𝑖(𝑡) by 𝐶𝑄𝑖(𝑡) .
Then, the score can be calculated according to (3), in
which the notation | ⋅ | means calculating the absolute value
of each element in the vector, 𝑆𝑟𝑖(𝑡) is the score of beacon 𝑏𝑖 at
time 𝑡, and 𝑘 is the weight of unmoved neighboring beacons:
 𝑇

(3)
− 𝑘𝐶𝑄𝑖(𝑡) (0 < 𝑖 ≤ 𝑁) .
𝑆𝑟𝑖(t) = 𝑂𝑖(0) − 𝑂𝑖(𝑡)  𝑃𝑖(𝑡)
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Figure 2: Beacon-to-beacon negotiation mechanism.

According to (3), for a certain beacon, if there is a larger
change in RSSI measurement value, or the number of its
neighboring beacons that are detected to have a large change
in RSSI measurement value increases, the score will be higher.
As a result, the score reflects the possibility of drifting from
the beacon’s point of view. A high score indicates that the
beacon has a high possibility of drifting.
3.2. Beacon-to-Beacon Negotiation Mechanism. The beacon
self-scoring algorithm calculates the possibility of drifting by
the beacon itself. Obviously, if there are more neighboring
beacons are drifting, the self-scoring result is more unreliable.
Thus, we designed a negotiation mechanism to alleviate the
problem, which can be described as below:
(1) each beacon broadcasts a negotiation notification
which contains its self-scoring result to its neighboring beacons.
(2) Each beacon that received negotiation notifications
from all its neighboring beacons repeats the selfscoring process but excludes those beacons whose
scores are larger than a threshold 𝜆. Through this
operation, a beacon can use the RSSI monitoring
results between itself and those neighboring beacons
which are more likely to be unmoved in calculating score, and thus the detection accuracy can be
increased.
(3) The above two steps can be repeated for several times.
If the iteration finished and the score of one beacon
is still above 𝜆, the beacon will determine itself as

a moved beacon, or it will determine itself as an
unmoved beacon.
Figure 2 describes the negotiation process. Higher iteration
times may further increase detection accuracy, but will also
bring a heavier communication and calculation burden. We
will discuss the iteration times selection in Section 4.
3.3. Determining Algorithm Parameters. The number of drifting beacons and their moving patterns (e.g., distance) might
be different in different networks. Figure 3 shows the simulation results of RSSI measurement value variances in different
networks, in which plus signs are the original positions of
beacons, circles are the positions of beacons after movement,
dotted lines are the directions of movements, and a solid line
indicates that there is a relative movement detected between
two beacons. It can be seen that when the number of moved
beacons is small and the number of all beacons is large,
moved beacons have much more connected solid lines than
unmoved beacons, and thus we can easily distinguish these
two sets of beacons. However, when the number of moved
beacons and the number of all beacons are close, it will be
difficult to distinguish moved and unmoved beacons. In the
discussion below, we will discuss how to choose parameters
in the proposed detection algorithm.
RSSI Variance Threshold (𝛿). Through adjusting the RSSI
variance threshold 𝛿, we aim to realize the following: (1)
if the distance between beacons does not change, minimize
the possibility of fault detection of beacon drifting; (2) if
the distance between beacons does change, minimize the
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Figure 3: The variances of RSSI measurement value in different networks.

possibility of failure to detect beacon drifting. According to
previous research results, RSSI measurement value follows
the distribution of 𝐸 ∼ 𝑁(𝐸0 − 10𝑛𝑝 lg(𝑑/𝑑0 ), 𝜎2 ), in which
𝐸 and 𝐸0 are the RSSI measurement values in case that the
distances between two beacons are respectively d and a short
reference distance 𝑑0 , and 𝑛𝑝 is the path loss exponent [23].
We chose the confidence interval as 95.4% and set the RSSI
variance threshold 𝛿 = 2𝜎. In this case, if there is no beacon
drifting event, the possibility of RSSI measurement value
variance caused by RSSI noise exceeding the threshold is only
about 5%.
Weight of Unmoved Neighboring Beacons (𝑘). Through adjusting the weight of unmoved neighboring beacons 𝑘, we aim to
be able to keep the score around threshold 𝜆 if it is difficult
to judge whether there is a beacon drifting event occurs.
For example, if half the neighboring beacons are moved
and the rest neighboring beacons are unmoved, it will be
difficult to judge if one beacon is moved. Considering (3),
when the number of moved beacons and unmoved beacons
are equal, the score should be around the threshold 𝜆. For
instance, if we use 0 as the threshold 𝜆, then 𝑘 should be equal
to the mathematical expectation of all elements of |𝑂𝑖(0) −
𝑂𝑖(𝑡) |. However, it is almost impossible to estimate the above
mathematical expectation in every deployment. Because the
change of RSSI vector over time largely depends on the
beacons’ receiver sensitivity, we can set 𝑘 to the absolute
value of 𝛼𝑠 in deployment, in which 𝑠 is the RF receiver
sensitivity. Our experimental exploration shows that 1/4 is an
appropriate value for 𝛼.

4. Evaluation Results
In evaluation, we assume that 𝑁 beacons are deployed
randomly in a 𝐿×𝐿 square region, and 𝑁𝑑 beacons are drifting
randomly within circular areas with radii of 𝐷. The maximum
communication distance between beacons is 20 m; 𝜆 is set
to 0.

We use success rate 𝑅𝑠 and error rate 𝑅𝑒 to evaluate the
detection performance. The calculation of 𝑅𝑠 and 𝑅𝑒 is given
in (4), in which 𝐵𝑑 is the set of actually moved beacons,
𝐵𝑑𝑔 is the set of moved beacons generated by the proposed
algorithm, and 𝐵 is the set of all beacons:
𝑅𝑠 =
𝑅𝑒 =

card (𝐵𝑑𝑔 ∩ 𝐵𝑑 )
card (𝐵𝑑 )

,

card (𝐵𝑑𝑔 ∩ (𝐵 − 𝐵𝑑 ))
card (𝐵𝑑 )

(4)
.

In the discussion below, we will base our evaluation
on simulation because it is frequently difficult to build an
accurate analytical model for a complex networked system
due to its traffic and topology dynamics [24].
4.1. Selection of the Iteration Times of Negotiation. In this
subsection, we will study the impact of different iteration
times of negotiation on the performance of the proposed
algorithm. In simulation, 𝐿 is set to 100 m, 𝑁 is set to 50, and
𝐷 is set to 40 m, and we tested the algorithm performance in
case that 𝑁𝑑 varies from 1 to 25. Figure 4 gives the test results.
From the figure, we can observe that the noniterative
version of the proposed algorithm (i.e., no negotiation is
executed in calculating score) gets a high success rate, and
at the same time, a relatively high error rate. The success
rate almost always keeps at 100%, but maximum error rate
also reaches about 60%. This is because that the self-scoring
algorithm actually tries to search for as many suspected
moved beacons as possible, and thus one beacon has a high
possibility of mistakenly judging itself as a moved beacon. We
will then check the performance of the proposed algorithm
with negotiation. We can see that if the negotiation process
iterates once, we can get a much lower error rate (although
at this time the success rate drops a little). When we increase
the iteration times, it does not bring any obvious performance
improvement, but causes a high communication burden. As
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shown in the figure, when we iterate the negotiation process
twice, the algorithm performs almost the same as that whose
iteration times is set to 1.
As a result, we typically choose to execute the negotiation
process once in detecting drifting beacons and will use this
setting in later discussions.

4.2. Algorithm Performance in Different Networking Scenarios.
In this subsection, we will study the performance of the
proposed algorithm in different networking scenarios. The
different networking scenarios we discuss here include (1)

different percentages of drifting beacons out of all beacons
in the network; (2) different beacon densities (the number
of beacons in a given size network coverage area). In the
simulation, 𝐿 is set to 100 m, 𝐷 is set to 40 m, and we compare
the algorithm performance in case that the percentage of
drifting beacons varies from 1% to 50%, and 𝑁 is respectively
set to 50, 75, 100, and 125. Figure 5 shows the simulation
results. It can be observed that if the percentage of drifting
beacons is low, we can get an ideal detection success rate
and error rate. With the increase of the percentage of drifting
beacons, both the success rate and error rate degenerate.
However, if there are no more than 30% beacons are drifting,
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the worst detection success rate is still higher than 0.8. At
the same time, the worst detection error rate is always within
0.1 even if there are 50% beacons are drifting. The simulation
results also show that the proposed algorithm performs better
in high-density networks. For instance, when 50% of beacons
are drifting, the success rate and error rate of the proposed
algorithm are about 0.65 and 0.08 if there are 50 beacons
in total in the network. As a comparison, if there are 125
beacons in the network, the success rate and error rate of the
proposed algorithm can be improved to about 0.83 and 0.01,
respectively.
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4.3. Algorithm Comparison. In this subsection, we compare
the detection performance and communication overhead
between the proposed algorithm and BMD algorithm.
Figure 6 provides the detection performance comparison
results, in which 𝐿 is set to 100 m, and 𝐷 is set to 40 m. In
Figure 6(a), 𝑁𝑑 is set to 15, and 𝑁 varies from 30 to 100. In
Figure 6(b), 𝑁 is set to 50, and 𝑁𝑑 varies from 1 to 25. It can be
seen that the proposed algorithm performs better than BMD
algorithm in both cases.
Figure 7 shows the communication overhead comparison
results, in which 𝐿 varies from 100 m to 200 m, 𝑁 is proportional to 𝐿2 to keep the beacon density constant, 𝐷 is
set to 40 m, and 𝑁𝑑 is set to 5. Here, the communication
overhead indicates the total number of delivered data packets
in performing drifting beacon detection. It can be seen that
the communication overhead of the proposed algorithm is
almost the same as that of BMD algorithm when the network
scale is small. With the increase of the network scale, the
communication overhead of BMD algorithm increases much
faster than that of the proposed algorithm. This is because
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Figure 7: Communication overhead comparison.

BMD algorithm is a centralized algorithm, and beacons
have to report monitored information to a calculation center
to perform detection. As a result, when the network scale
increases, the hop counts from beacons to the calculation
center increase, and the number of delivered data packets
increases fast. As a comparison, the proposed algorithm
performs detection in a distributed manner, one beacon
only needs to communicate with neighboring beacons to
determine if it has moved, and thus the communication
overhead increases much slower than centralized algorithms.
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5. Concluding Remarks
Beacon drifting (the unexpected movement of beacon)
greatly affects localization accuracy. In this paper, we proposed a distributed beacon drifting detection algorithm. The
proposed algorithm can be applied to existing localization
algorithms to avoid using moved beacons in calculating
the positions of sensor nodes, and thus the localization
accuracy can be improved. Both beacon self-scoring and
beacon-to-beacon negotiation mechanisms were designed to
achieve high detection accuracy, and at the same time, low
operating overhead. Evaluation results show that the proposed algorithm works well in different networking scenarios
and outperforms the existing centralized algorithm in both
detection accuracy and communication overhead.
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Green supply chain management (GSCM) has become a practical approach to develop environmental performance. Under strict
regulations and stakeholder pressures, enterprises need to enhance and improve GSCM practices, which are influenced by both
traditional and green factors. This study developed a causal evaluation model to guide selection of qualified suppliers by prioritizing
various criteria and mapping causal relationships to find effective criteria to improve green supply chain. The aim of the case study
was to model and examine the influential and important main GSCM practices, namely, green logistics, organizational performance,
green organizational activities, environmental protection, and green supplier evaluation. In the case study, decision-making trial
and evaluation laboratory technique is applied to test the developed model. The result of the case study shows only “green supplier
evaluation” and “green organizational activities” criteria of the model are in the cause group and the other criteria are in the effect
group.

1. Introduction
Environmental protection is becoming more and more
important for enterprises because of stronger public awareness, competitors and communities, and government regulations. For this purpose, some programs become more popular
for environmentally aware performing including total quality
environmental management, ISO 14000 standards, and green
supply chain management. Reducing the environmental
pollution from upstream to downstream during procuring
raw materials, producing, distribution, selling products, and
products depreciation is the most important goal of green
supply chain management (GSCM).
Indeed, there is no research that determines main factors
in a whole green supply chain system or specify their power
of influence on each other to find their role in a system. This
study fills this gap by presenting a model that consists of five
main practices to improve GSCM by selecting green supplier.
Supplier selection is a fundamental issue of supply
chain area which heavily contributes to the overall supply
chain performance [1]. Suppliers’ development is a critical
function within supply chain management. Green supplier

improvement is also essential for effective green supply chain
management.
Supply Chain managers could minimize the products’
environmental impact based on some related environmental
criteria. It harmonizes the economic, customer value, manufacturability, and other factors that may also be evaluated.
Additionally, buyer-supplier relations play an increasingly
important role in addressing environmental issues. The third
concern is that firms should change their environmental
performance methods in order to incorporate environmental
concerns of external sources. Therefore, a system analysis
is needed to integrate environmental management with the
greening of the supply chain. Supply c managers must
consider the complete environmental impact of a product
during its entire life cycle, including raw material, manufacturing/assembly processes, distribution, use, and disposal.
The environmental effects include material, energy, air, water,
and solid waste pollution [2].
The main and basic challenges in the green supply chain
are modeling a strategy to manage the resources and meet
the demands [3]. Select the green suppliers that will deliver
the goods and services that are required to manufacture the
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product, deliver the product to the customers environmentally, and arrange for return of the product for servicing
through customers, if there is any fault in the product. This
study concentrates mainly on the supplier selection problem.
Selecting suitable suppliers for purchasing the raw materials
is an important part of the operation [4, 5].
The decision of selecting the right supplier is prone to
errors. The right supplier is the one who will meet and
complement the organization’s needs from its corporate
culture to long-term future requirements [6, 7]. Today, buyers
are willing to purchase products and services from suppliers
that manage to provide them with high quality, low cost, and
short lead time with environmental responsibility at the same
time because of increasing environmental attentiveness. On
the contrary, a number of criteria are quantitative such as
“price of the product,” “lead time for delivery,” “transportation
cost,” and so forth [8]; whereas some, like “pollution control,”
“reducing the waste,” “quality of service,” and so forth,
are qualitative [9]. No single methodology appears to be
dominant in solving the supplier selection problem [10].
In the last century, the most important challenge for
enterprises has been integrating of social, environment, and
economic performance to obtain sustainable improvement
[11]; in other words, if firms want to survive in the global
market they cannot disregard environmental issues. In spite
of traditional supplier selection that focused on price, quality,
and delivery on time [12] or concentrated only on the
requirements of single organizations and lose to consider the
whole supply chain [13], green supplier selection processes
have to focus on improving environmental factors in whole
supply chain through organizational performance and activities, consumption, logistics, customer service, and financial
performance concurrently [14, 15].
One of the most obvious gaps by considering to previous
studies is the large number of mathematical and quantitative
models that have been applied for selecting green suppliers
such as AHP (Analytic Hierarchy Process) technique [16, 17],
fuzzy comprehensive evaluation [10], comprehensive grade
model [18]. grey widespread evaluation [9], and so forth.
In fact, the nature of supplier selection is both quantitative
and qualitative; therefore, the quantitative models could
not be reliable enough. On the other hand, some of these
quantitative methods have complicated calculation, while
others cannot avoid subjective presumption [8]. As well,
there is not any consideration to complex causal relationship
between criteria of the system along dependences and feedbacks among criteria and alternatives simultaneously [13].
Therefore, the DEMATEL technique is applied in this study
to examine both direct and indirect effects among green
practices and visualize the causal relationships among them.

and customers; these are all directly or indirectly helped in
customer request fulfillment [19]. Moreover, coordination
benefits were revealed by the partners of supply chain [20],
thus making SCM to become organizations critical strategy
to formulate competitive benefits [21].
The supply chain includes not only suppliers and manufacturers, but also warehouses, retailer’s transporters, and
consumers themselves. A supply chain is a distribution and
facility network that carries out the activities of material
procurement and its reformation into finished and intermediary products as well as the finished products distribution to
customers [22, 23]. The monitoring of environmental management programs of GSCM is reactive, proactive practices
including reverse logistics, recycling, and remanufacturing.
However, [24] believed that it is an innovative chain supply
management from green purchase, green packaging, green
manufacturing, and reverse logistics.
For the companies transfer to the “green” of their supply
chain, motivators should be different. Although some of the
motivators are unclear, according to, some of the organizations do this due to the fact that it is the right thing for the
environment. Although some are more radical for the change
of the environment while others may not [25], researchers
have reported that reduction in the cost and profitability are
some of the major business motivators to become “green” in
the supply chain [26, 27]

2. Literature Review

3.1. Green Supplier Evaluation Framework. The general view
of the proposed green supplier evaluation framework is
shown in Figure 1. Green supplier selection problem is a
sort of complex multiple criteria decision making problem
including both quantitative and qualitative factors, which
may be inconsistent and may also be uncertain. Due to the
nature of supplier selection, Multicriteria decision making

2.1. Supply Chain and Green Supply Chain Management. The
concepts of supply chain management (SCM) and supply
chain have been remarked as one major trend of the management. The Supply chain has been known to comprise of
suppliers, manufacturers, retailers, transporters, warehouses,

2.2. Importance of Supplier Selection. Suppliers are the sellers
that provide the raw material, services, or components which
an organization may not be able to provide for it. In the
present manufacturing environment for supply chain, the
supplier is the major part of an organization. A suitable
supplier is capable of offering the company the correct quality
products and quantity at affordable prices at the best time
[28]. The emergence of supply relationship has shown that
suppliers are needed for a set of competences that form
part of the supply system, which is capable of facing market
competition [29].

3. Material and Methods
This study proposes an evaluation framework based on
the DEMATEL methodologies to assist in GSCM strategic
decisions. Firstly, we identify the green supplier evaluation
criteria and present the proposed evaluation model in the
following subsections, and then we mention the proposed
techniques. According to previous researches, five main
concepts for improving green supply chain management have
been identified.
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Figure 1: Green supplier evaluation framework.

(MCDM) methods are required to handle and solve the problem effectively. The techniques of MCDM are comprehensibly
derived to manage this kind of problems [30].
3.2. Criteria for Green Supplier Evaluation. According to
review of previous researches, five main concepts for improving green supply chain management have been identified:
organizational performance (OP), green logistics (GL), green
organizational activities (GOA), environmental protection
(EP) and green supplier evaluation (GSE).
3.2.1. Organizational Performance. The requirements for
strategic performance may not be environmentally based
and are important to assist in identifying how well different
alternative factors can be performed. They are essential
because the selected alternative should not only support the
green supply chain, it is also sensible of the area of business
[31]. The adoption of OP measures was supported by many
thinkers [32, 33]. One characteristic about the performance
measure is that they are static. They are dynamic over time
and are influenced by the product lifecycle.
3.2.2. Green Logistics. GL is the management activities to
pursue customer satisfaction and social development goals,
connecting the main body of green supply and demand,
overcoming space and time obstacles to achieve efficient

and rapid movement of goods and services. It inhibited the
damage to environment to achieve the purification of the
logistics environment and the best use of logistics resources.
GL is a multilevel concept which includes both the green
logistics business activities and social activities for green
logistics management, standardization, and control [34].
3.2.3. Environmental Protection. Protection of the environment is a major area of green supply chain which compares
the system of environmental protection like controlling all
kinds of pollution and designs products according to green
image, ISO 14001, and so forth. Major indicators are engaged
in the recovery of resources conservation and resource
utilization and resource type, environmental governance,
environmental pollution, and reinvented ability. Moreover,
it is made up of packaging materials, transport, emissions,
garbage, and emissions [35, 36]. In the US Air pollution
Control Act and Water Pollution Control Act 1955 and 1948
were introduced by the Environmental Protection Agency
(EPA).
3.2.4. Green Organizational Activities. GOA consists of different subjects such as recycling, reducing all kind of waste,
reusing abilities, and so forth. In other words, managing of
recovered products has become an important business for
many firms. Used products from variable sources carried out
the covering process to gain sustainable effect in the supply
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chain for lower cost [7]. According to Theyel [37], collection
of schemes is classified according to material to sort and reuse
products to reduce manufacturing costs. The products are
obtained from the end users and returned to the factory for
disposal.
3.2.5. Green Supplier Evaluation Criteria. It includes several
concepts such as quality of services, new technologies, organization levels, and so forth that is, the level of relationship
cooperation and attitudes are the major factors for GSC
supplier suitability. The organizational cultural agreement
and level of fitness are the sum of the attributes desires [38].
Moreover, one major part of GSE has been green consumption, its services and related products use which responds
to the basic needs with better quality of life while natural
resources and toxic material are maximized preventing future
generation exposure to pollutants [39].
3.3. Green Supplier Evaluation Model. Based on criteria identification phase, direct and indirect effects and interactions
between criteria are detected and evaluation model for green
supplier selection is provided in Figure 2, a causal evaluation
model (CEM).
For determining the relation and concepts, in this phase,
five researchers from University Putra Malaysia (UPM), who
work on SCM, are consulted. As a result the CEM has been
proposed at the end of this phase.
In Figure 2 a straight line or an arc indicates the interactions between two criteria. For instance, when the factors
of a cluster “green logistics” depend on factors of another
“criteria”, this relation is represented by an arrow from
component “green logistics” to “Criteria.”
From a mathematical view, the CEM says:
CEM = f (GSE, EP, GOA, GL, OP)

(1)

subject to
GSE = f (EP, GOA, GL, OP) ,
EP = f (GSE, GOA, GL, OP) ,
GOA = f (GSE, EP, GL, OP) ,

(2)

GL = f (GSE, EP, GOA, OP) ,
OP = f (GSE, EP, GOA, GL) .

4. Application and Testing of the Model
For testing the model, a case study with expert interview
technique is applied for this research. The objects were
10 professional experts who are working in supply chain
departments of Iran Khodro Co. (SAPCO). Each interview
has been done individually by each expert and took time
between minimum 45 minutes to maximum 60 minutes
for each of them. During the interviews, questions did not
follow. First, the evaluation model along with all components
and interactions between criteria was described for each
of them. Next step in interview is determining relations

OP

GL

GOA

EP

GSE

Figure 2: Causal evaluation model (CEM).

between concepts according to loops and arcs. In this step,
consolation committee with experts determines the relations
among influential factors in evaluation model. Each expert
performs pairwise comparisons between each to factors and
gives the score from 0 to 4 according to their experiences
and believes that factor 𝑖 affects factor 𝑗. For this purpose,
a group of engineers is selected form SAPCO (Supplying
Automotive Parts Co.), the most important supplier and the
main subset for Khorasan Iran Khodro Company. In fact, to
apply DEMATEL technique, using expert’s opinion among
and within the elements to to paired comparison analysis is
required.

5. Case Analysis Method
Green supplier selection problem is a sort of complex multiple criteria decision making problem including both quantitative and qualitative factors, which may be inconsistent and
may be uncertain. Due to the nature of supplier selection,
MCDM methods are required to handle and solve the
problem effectively [40]. Multiple criteria decision making
(MCDM) using the decision making trial and evaluation
laboratory (DEMATEL) was proposed in this case analysis.
The method of DEMATEL was chosen to assess the inner
dependence level existence of green supply chain management, for selected practice indicators, and to build a network
relationship map (NRM) as well as structural complex causal
relationship visualization between the system criteria which
acquires the criteria influence levels. In DEMATEL structure,
each factor or part may exert on and obtain other higher
or lower level factors. One of excellence of this technique
rather than others decision making method in applying
feedback application. The entire factors establish worth and
importance of factors instead of considering only specific
factors [41–43].
For applying DEMATEL, there are 6 main steps:
(1) making the direct-influenced matrix,
(2) calculating the direct-influenced matrix normalization,
(3) achieving the total-relation matrix,
(4) producing a causal diagram,
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(5) obtaining the inner dependence matrix and impact
relationship map,
(6) obtaining the inner dependence matrix. In this step,
the sum of each column in total-relation 𝑛 × 𝑛 matrix
is equal to 1 by the normalization method, and then
the inner dependence matrix can be acquired.
5.1. The Procedures of the DEMATEL Technique. The procedures of the DEMATEL method can be expressed as follow.
Step 1 (finding the direct-relation (average) matrix). Four
scales determine the values of relationships among different
factors according to the experts’ opinion:
0 = no influence, 1 = low influence, 2 = high influence,
3 = very high influence.
In DEMATEL technique, 𝐻 experts and 𝑛 factor (criteria)
have to be considered. Each expert answers the certain
questions to demonstrate the degree of a criterion 𝑖 effect
criterion 𝑗 based on her or his beliefs. For now, 𝑎𝑖𝑗 donates
pair wise comparisons between any two criteria and it is
assigned integer score ranging from 0, 1, 2, 3, 4. The scores are
given by each expert and 𝑋1 𝑋2 ⋅ ⋅ ⋅ 𝑋𝐻 are answers to each of
them that make the 𝑛 × 𝑛 nonnegative matrix 𝑋𝑘 = [𝑥𝑖𝑗𝑘 ] ,
𝑛×𝑛
with 1 < 𝑘 < 𝐻. A high score indicates a belief that greater
improvement in 𝑖 is required to improve 𝑗. Then it is possible
to calculate the 𝑛 × 𝑛 average matrix 𝐴 on account of all
expert’s opinions by averaging the 𝐻 their scores as follows:
[𝑎𝑖𝑗 ]𝑛×𝑛 =

1 𝐻 𝑘
∑ [𝑥 ] .
𝐻 𝑘=1 𝑖𝑗 𝑛×𝑛

(3)

The initial direct effects that each criterion exerts on and
receives from other criteria are exposed in the average matrix
[𝑎𝑖𝑗 ]𝑛×𝑛 , which is also called the initial direct influenced.
Moreover, in this level, gaining the causal effect between each
pair of criteria in a system by drawing an influence map will
be possible, also as follows:
(1) If 𝑎𝑖𝑗 ≤ 1 (independent is identified among all criteria;
otherwise, nonindependent will be identified).
(2) The structural relations between the criteria of a
system are converted to intelligible and logical map
of the system. Figure 1 shows an example of such a
network influence map which helps to explain the
structure of the factors. 𝐶𝑖 represents a criterion in
the system. As an instance the arrow from 𝐶1 to 𝐶2
indicates the effect that 𝐶1 has on 𝐶2 and the power
of its effect is 3.
Step 2 (normalize the initial direct-relation matrix). Normalized initial direct relation matrix 𝐷 is obtained by normalizing the average matrix 𝐴, in the following formulas:
𝑛

𝑛

}
{
𝑆 = max {max ∑ 𝑎𝑖𝑗 , max ∑ 𝑎𝑖𝑗 } ,
𝑗=1
𝑖=1
}
{
𝐷=

𝐴
.
𝑆

Table 1
Organizational performance
Green logistics
Green organizational activities
Environmental protection
Green supplier evaluation

OP
0
3.7
0
0
3.8

GL
3.5
0
3.1
3
3.4

GOA
0
0
0
2.8
3.1

EP
0
3.4
3.2
0
3.3

GSE
0
0
0
0
0

EP

GSE

Table 2: Direct-relation matrix 𝐷.
Main criteria
OP GL
Organizational performance
(OP)
Green logistics (GL)
Green organizational activities
(GOA)
Environmental protection (EP)
Green supplier evaluation (GSE)

GOA

0.000 0.257 0.000 0.000 0.000
0.272 0.000 0.000 0.250 0.000
0.000 0.228 0.000 0.235 0.000
0.000 0.221 0.206 0.000 0.000
0.279 0.250 0.228 0.243 0.000

As a result total direct influences that criterion 𝑖 gives to the
other criteria are gained by sum of each row 𝑖 of matrix 𝐴 as
well as the sum of each column 𝑗 represent most direct effects
on others by total direct effects of the criterion. Likewise,
since the sum of each column 𝑗 of matrix 𝐴 represents
the total direct effects received to other criteria by criterion
𝑖, max ∑𝑛𝑖=1 𝑎𝑖𝑗 represents the total direct effects that the
criterion 𝑗 receives the most direct effects from other criteria
and the positive numerical 𝑠 takes the smaller of the two as
the upper bound, and the matrix 𝐷 is obtained by dividing
each element of 𝐴 by the scalar 𝑠. Each element 𝑑𝑖𝑗 of matrix
𝐷 is between zero and less than 1: 0 < 𝑑𝑖𝑗 < 1.
Step 3 (calculate the total-relation matrix). A continuous
reducing of the indirect effects of problems beside the powers
of matrix D, like to an engrossing Markov chain matrix,
guarantees convergent solutions to the matrix inversion.
Note that
𝐷2 , 𝐷3 , . . . , 𝐷∞ ,
lim 𝐷𝑚 = [0]𝑛×𝑛 ,

(5)

𝑚→∞

[0]𝑛×𝑛 is a (𝑛 × 𝑛) null matrix.
The total relation matrix 𝑇𝑛×𝑛 is achieved as follow:
∞

∑ 𝐷𝑖 = 𝐷 + 𝐷2 + 𝐷3 ⋅ ⋅ ⋅ 𝐷𝑚

𝑚=1

= 𝐷 (𝐼 + 𝐷 + 𝐷2 + ⋅ ⋅ ⋅ + 𝐷𝑚−1 )
−1

(6)
2

= 𝐷(𝐼 − 𝐷) (𝐼 − 𝐷) (𝐼 + 𝐷 + 𝐷 + ⋅ ⋅ ⋅ + 𝐷
(4)

= 𝐷(1 − 𝐷)−1 (𝐼 − 𝐷𝑚 ) = 𝐷(𝐼 − 𝐷)−1 .
𝐼: identity matrix, 𝑇: total-relation matrix ([𝑇]𝑛×𝑛 ).

𝑚−1

)
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Table 3: Total-relation matrix.
OP
0.081
0.316
0.093
0.089
0.423
1.002

Organizational performance (OP)
Green logistics (GL)
Green organizational activity (GOA)
Environmental protection (EP)
Green supplier evaluation (GSE)
𝐶

GL
0.299
0.163
0.342
0.327
0.532
1.663

Main criteria
GOA
0.016
0.063
0.069
0.234
0.321
0.703

The sum of rows and sum of columns of the total relation
matrix 𝑇 are computed as an 𝑟 and 𝑐𝑛×1 vectors, one has

GSE
0.000
0.000
0.000
0.000
0.000
0.000

[𝑟𝑖 ]𝑛×1 = ( ∑𝑡𝑖𝑗 )
𝑗=1

,
𝑛×1

𝑛

[𝑐𝑗 ]1×𝑛 = (∑𝑡𝑖𝑗 )

(7)

𝑅
0.475
0.848
0.841
0.787
1.728

𝑅+𝐶
1.477
2.511
1.544
2.098
1.728

𝑅−𝐶
−0.527
−0.815
0.138
−0.524
1.728

Table 4: Cause and effect group of environmental protection.
Cause group

𝑛

𝑖=1

EP
0.079
0.306
0.337
0.137
0.452
1.311

Effect group

.

Green supplier evaluation
Green organizational activities
Green logistics
Organizational performance
Environmental protection

1×𝑛

[𝑟𝑖 ]𝑛×1 demonstrates the total effects, both direct and indirect,
given by criterion 𝑖 to the other criteria 𝑗 = 1, 2, . . . , 𝑛;
similarly [𝑐𝑗 ]1×𝑛 represents total effects, direct and indirect,
received by criterion 𝑗 from the other criteria 𝑖 = 1, 2, . . . , 𝑛.
As a result, while 𝑖 = 𝑗 the sum(𝑟𝑖 + 𝑐𝑖 ) that is called “prominence” proves the degree of importance role of criterion 𝑖 in
system and also gives an index that shows the total effects
both given and received by criterion 𝑖. likewise, the (𝑟𝑖 − 𝑐𝑖 )
that in called “Relation” shows the net effect that criterion 𝑖
donates to the system. When (𝑟𝑖 −𝑐𝑖 ) is positive, criterion 𝑖 will
be to the cause group, and when (𝑟𝑖 − 𝑐𝑖 ) is negative, criterion
𝑖 is a net receiver.

6. Case Analysis, Result, and Discussion
In this phase, both direct and indirect influences will be
achieved by applying DEMATEL technique and finally criterions will be divided to cause and effect groups.
Step 1. At first, a committee was formed including the ten
experts from Supply Chain Department in an automotive
company named Iran Khordo, the biggest automotive company in the middle east.
Step 2. Finding the initial direct-relation (Average) matrix:
Table 2 illustrates the values of relationships between criteria
that are determined by pair wise comparisons between any
two criteria according to the experts’ opinion and they are
assigned integer score ranging from 0 to 4. The values in
Table 1 are calculated according to (3).
In addition, Figure 3 demonstrates the relations among
the influential main criteria. The numbers show the direct
effect that each cluster gives to other clusters or receives from
them.
Step 3. Normalized initial direct relation matrix 𝐷 is obtained
by normalizing the initial matrix 𝐴 according to (4); matrix
𝐷 is indicated in Table 2.

Table 5: The inner dependence of environmental protection.
OP
Organizational performance
(OP)
Green logistics (GL)
Green organizational activity
(GOA)
Environmental protection (EP)
Green supplier evaluation (GSE)

GL

GOA

EP

GSE

0.171 0.629 0.034 0.166 0.000
0.373 0.192 0.074 0.361 0.000
0.111 0.407 0.082 0.401 0.000
0.113 0.416 0.297 0.174 0.000
0.245 0.308 0.186 0.262 0.000

Step 4. Calculating the total-relationships matrix 𝑇 for causal
relation by achieving the 𝐷(𝐼 − 𝐷)−1 according (6). Table 3,
indicates the total-relation matrix 𝑇.
By considering proposed evaluation framework, green
supplier evaluation (GSE) has significant effect on other four
clusters and receives effects from none of them. In other
words, all criteria have been affected by GSE. Besides, green
organizational activities (GOA) receive and give influences
equally in spite of other three main criteria. It is clear that
GSE belongs to the cause group and also GOA can be part of
the cause group. Eventually, results show GSE by the greatest
(𝑅 − 𝐶) score with 1.728 is part of the cause group and GOA
are located in the second place of cause group with 0.138.
In addition green logistics (GL) has the maximum (𝑅 + 𝐶)
score that is showing it is the most important criteria for the
GSC improvement, but the (𝐷 − 𝑅) value of GL (−0.815) is
the smallest score among effect factor. Indeed, the degree of
influential impact 𝐷 and degree of influenced impact 𝐶 which
are 0.848 and 1.663, respectively, are the highest scores of
all factors. It means that GL is an effect factor; it noticeably
affects other aspects and on the entire system.
Unconformably with Table 4, all five criteria are divided
into the cause and effect groups. And with Figure 4, Impact
Relation Map for main criteria is shown.
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Table 6: Ranking dimensions evaluation model.

Ranking of important factors
Green logistics
Environmental protection
Green supplier evaluation
Green organizational activity
Organizational performance

1
2
3
4
5

Ranking of affected factors
Green logistics
Environmental protection
Organizational performance
Green organizational activity
Green supplier evaluation

0
0

0

0

3.4

3.5
OP

0

0

3.2

GL

0

GOA

3.7

3.1

EP
2.8

3.3

3

0

GSE

3.1
3.4

0
3.8

Figure 3: Graphical causal relation criteria.
2 R−C

(1.728, 1.728)

1.5

GSE

1
0.5
0
−0.5
−1

GOA
(1.544, 0.138)

0

0.5

1

(1.477, −0.527)

1.5

OP

2

2.5

3

R+C

(2.098, −0.524)
EP
(2.511, −0.815)

GL

Figure 4: Impact Relation Map for main criteria.

By considering Table 4, GSE and GOA belong to the case
group. It means that both of these criteria have significant
impacts on other criteria in the causal model. In other words
by improving GSE and GOA, a noticeable development will
be happened on other criteria and in a whole system.
According to Figure 4, GSE is the most influential factor
and GL is the most important factor in the whole system.
As in Table 5, by the normalization method, the sum of
each column in total-relation matrix is equal to 1 and then
the inner dependence matrix can be acquired. By considering
Table 5, the comparison between criteria becomes easier
because of the same scale.
By considering the result, all five factors of evaluation
model can be prioritized based on the most important,
most influential, and the most affected. Table 6 demonstrates
ranking of criteria on framework.

7. Conclusion
This study proposes the evaluation framework to improve
green supply chain by applying the DEMATEL method to
analyze and prioritize essential factors in green supplier

Ranking of influential factors
Green supplier evaluation
Green logistics
Environmental protection
Green organizational activity
Organizational performance

selection on automotive industries. As a conclusion, green
Logistics, organizational performance, green organizational
activities, environmental performance and green supplier
evaluation are ranked according to power of influence and
degree of importance in a whole green supply chain system;
therefore, manufacturers and suppliers will be able to develop
their activities according to the green image by adopting the
results of this study. In addition, there is not any research in
this area that presents the same result, so there is no way to
compare outcomes.
On one hand, the results of this research enable enterprises to find out which suppliers are suitable by considering
environmental and traditional practices in proposed model.
The proposed model can be applied in two purposes: first,
it would help enterprises to find out which factors are more
effective and important to select the best possible green
supplier with regard to both direct and indirect relations
between elements. On the other hand, if a company is
a supplier for other companies and wants to implement
environmental practices in own manufacturing system, it can
provide the model the whole system.
In fact, the case study of this research finds criteria that
influence green supplier selection and set up the strategy
map among these criteria by using DEMATEL technique. The
direct relationship map indicates interdependencies among
all criteria and their strengths in model. The current study
finds that both green supplier evaluation and green organizational activities have a considerable impact on the other
criteria; so by improving these 2 criterions, other criteria will
be improved automatically.
For further studies we suggest more case studies to
valid CEM in different industries and also to gain more
understanding of interrelationship effects of GSE, EP, GOA,
GL, and OP. The CEM can be modified by using hybrid fuzzy
DEMATEL.
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It is a currently dominant method to use wire saws for cutting silicon material because of its production efficiency and energy
efficiency. Diamond wire saws, or fixed abrasive wire saws, have attracted much attention to researchers and engineers due to many
advantages, including high cutting efficiency and low environmental pollution. This paper develops a novel diamond wire saw using
ultraviolet curing technology. High-strength piano wires and polyethylene wires are selected as wire cores, and photosensitive resin
is used as the binder. The problem of wire saw strength is mathematically formulated, and the effective parameters are analyzed.
The surface morphology is analyzed for the developed diamond wire saw. A series of cutting experiments with different saws of
varying manufacturing parameters are carried out. The slicing performance of such diamond wire saws is evaluated and compared.
The experimental results show that the developed saw using the photosensitive resin has a very good performance in slicing
silicon ingots. By the comparison between the developed diamond wire saw and the electroplated diamond wire saw, the surface
smoothness of the workpiece is better than that by the latter.

1. Introduction
For cutting silicon material, diamond wire saws or fixed
abrasive wire saws have been attracting much attention in
the community due to their many advantages [1–3]. For
example, their kerf loss is small, which can improve the
utilization of materials, and they are particularly attractive
for machining expensive, hard, and brittle materials. The key
technical challenge for diamond wire saw slicing of hard and
brittle materials is the machined material’s surface integrity,
including roughness and subsurface damage [4]. Further
study is very necessary in this area. In the past decade,
several major technical developments in diamond wire saw
machining have emerged. Recently, some researchers, for
example, Clark, Sugawara, Peng, and Furutani, have investigated diamond wire saws [5–9]. Three basic categories of
diamond wire saw can be distinguished according to the kind
of bonding material employed: metallic bonding materials,
organic bonding materials, and resin bonding materials.
This paper proposes a technology for developing diamond wire saw with photosensitive resin, based on our

previous research results [8, 9]. According to the characteristics of the photosensitive resin, we develop different bonding
agents for a diamond wire saw. High-strength piano wires and
polyethylene wires are selected as the core wire. According to
the manufacturing process of this new diamond wire saw, a
manufacturing machine has been designed. Some diamond
wire saws are produced using different raw materials. A
series of cutting experiments with different wire saws are
carried out. A novel diamond wire saw is developed by
using ultraviolet curing technology. High-strength piano
wires and polyethylene wires are selected as wire cores, and
photosensitive resin is used as the binder. The problem of
wire saw strength is mathematically formulated, and the
effective parameters are analyzed. Mathematical analysis and
optimization method are necessary in this issue [10, 11]. The
surface morphology is analyzed for the developed diamond
wire saw. A series of cutting experiments with different saws
of varying manufacturing parameters are carried out. The
slicing performance of such diamond wire saws is evaluated
and compared in this paper.

2

2. Ultraviolet Curing Process
2.1. Composition Materials. The main composition materials
for the manufacture of the new diamond wire saw are
photosensitive resin, core wire, and abrasive [12–23]. The
photosensitive resin plays a vital role in the performance
of the diamond wire saw. It is used as the binder of the
diamond wire saw and is composed of epoxy acrylate resin,
an appropriate quantity of preformed polymer, active diluent,
photoinitiator, and other additives. After referring to the vast
domestic and foreign technical literature on the manufacture
of wire saws, a lot of resin-modified experiments have been
done in order to improve its bond strength. Based on
performance testing of several resins, their softness, tensile
strength, and their film properties, two kinds of homemade
photosensitive resin, epoxy acrylate and modified epoxy
acrylate, were selected as the binder for the manufacture of
the new diamond wire saw.
Diamond is the best abrasive for grinding hard brittle
materials in general, for example, optical glass, ceramics,
gems, stones, and so forth. Nickel-plated diamond surfaces
have more roughness, and this can improve the bonding
strength with the resin. The reason is that the material wetting
performance between the diamond and the resin is changed
[24]. Basic adhesion experiments between the resin and three
types of diamonds were made. The diamonds are ordinary
RVG diamond without nickel plating and RVG diamond with
nickel plating, of weight gains 30% and 50%. The results show
that RVG diamond with nickel plating weight gain 50% has a
higher bonding strength with the resin [25, 26].
During the cutting process, the wire saw is always
maintained in a tension state, which is generally controlled
in 20∼30 N [5]. In order to meet the cutting conditions, the
tensile strength and toughness of the wire saw should be
higher. In the experiment, the piano wire and polyethylene
wire are selected as the core wire [27, 28].
2.2. Formulation of Diamond Wire Saws. For the experiments, the core wire diameter of the new diamond wire saw
is Φ = 0.2 mm. According to preliminary findings [25–28],
the abrasive layer theoretical thickness is approximately
0.04 mm, and thus the abrasive particle size is in the range
50∼40 𝜇m. Relative to the curing level and the height of
the abrasive protrusion, the abrasive concentration in the
abrasive layer was set at 100%, which means that if the
abrasive is ordinary RVG diamond, the diamond content per
unit volume is 0.88 g/cm3 .
2.3. Manufacturing Process. Automatic control is applied in
the manufacturing process of the fixed-abrasive diamond
wire saw, which is designed in a coating machine. The coating
machine is made up of a supply spool, a cleaning system, a
tensioning system, an abrasive supply system, a UV-curing
furnace, and a receiving spool. The manufacturing process
consists of the following steps. Firstly, an ultrafine diamond
abrasive plated with nickel, and the ultraviolet-curing resin
should be mixed and churned up well. Then, it is injected
into a coating cup by air pressure. Secondly, the core wire is
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Figure 1: The wire saw manufacturing process and curing oven.

pretreated in our home-made solution. Then the core wire is
installed on the coating machine. It goes through the supply
spool, tensioning system, abrasive supply system, UV-curing
furnace, and receiving spool. Thirdly, the core wire is coated
with the abrasive solution in the coating cup. In succession,
the abrasive layer is cured by ultraviolet light in a UV-curing
furnace. Finally, the diamond wire saw is executed in the
coating machine. Figure 1(a) shows the basic manufacturing
process of the coating technique. In order to ensure the
stability of the diamond wire saw production process, the
diamond wire saw manufacturing machine was designed and
manufactured according to the appropriate characteristics
and technical requirements of the wire saw manufacturing
process. Figure 1(b) is the curing oven for the new diamond
wire saw manufacturing. Figure 2 shows a photo of the new
diamond wire saw, with image contrast enhancement by
histogram smoothing [29].

3. Evaluation Parameters
Usually, to evaluate wire saw cutting performance, the parameters are its cutting efficiency, service life, and workpiece
machining quality. In certain conditions, the cutting efficiency and service life are the main factors that determine
the machining performance of wire saw. For the sake of
evaluating the machining properties of the new diamond
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Table 1: Experimental conditions in the slicing process.
Item
Wire sawing machine
Workpiece
Wire saw diameter (mm)
Wire saw line speed (m/min)
Wire saw feed speed (mm/min)
Workpiece rotate speed (rpm)
Wire tension (MPa)
Coolant

Value
WXD170
Φ 44 mm silicon ingot
Φ 0.28
2.5
0.375
3.5
0.2
tap water

Table 2: The experimental results.
Figure 2: Microvision of a diamond wire saw (×500).

Material removal rate
M [mm3 /min]

Wearing resistance
rate W [mm3 /g]

OOP
MOP
Diamond abrasives

395
538

6.89
7.19

MOP
MNP
Core wire

535
551

7.12
7.24

MNP
MNL

540
376

7.20
7.32

Wire saw type

wire saw, the material removal rate 𝑀 (MRR) and wearing
resistance rate 𝑊 (WRR) are redefined in this paper. The
material removal rate 𝑀 is defined as the average volume
of material removed from the workpiece per unit time and
reflects the efficiency of wire saw machining:
𝑀=

𝑉
,
𝑡

(1)

where 𝑉 is the total volume (mm3 ) of material removed
in the cutting process and 𝑡 is the cutting time (minute).
The wearing resistance rate 𝑊 is defined as the ratio of the
material removal volume to the weight loss of the wire saw. It
reflects the durability of the saw. A greater value of 𝑊 reflects
better wearing resistance of the wire saw and vice versa:
𝑊=

𝑉
𝑉
,
=
Δ𝑀 𝑚𝑖 − 𝑚𝑓

(2)

where 𝑉 is the total volume of workpiece material removed
(mm3 ) in the cutting process, Δ𝑀 is the weight loss of wire
saw (g), 𝑚𝑖 is the initial weight (g) of the wire saw, which is
weighed before the cutting process, and 𝑚𝑓 is the final weight
(g) of the wire saw which is weighed after the cutting process.

4. Impact of Ingredients
4.1. Experimental Conditions. The processing performance
of the wire saw is the ultimate test of whether the choice
of material is reasonable. For estimating the processing
performance of the newly developed diamond wire saw,
some slicing experiments were done. The slicing technology
conditions are showed in Table 1. The slicing experiment for
slicing workpiece, poly-silicon ingot, was carried out on the
WXD170 reciprocating cutting machine by using various new
diamond wire saws.
4.2. Photosensitive Resin. The properties of the photosensitive resin depend on the performance of the oligomers
and its composition. Adding a monomer can modify the
photosensitive resin, which can affect the performance of
the new diamond wire saw to a certain extent. In this

Photosensitive resin

experiment, epoxy acrylate and epoxy acrylate blended with
5% SR351 monomer were selected as the binder for the
manufacture of diamond wire saw the by with OOP and MOP,
respectively. Under the technological conditions described
above, the slicing experiments were carried out to investigate
the material removal rate 𝑀 and wearing resistance rate 𝑊
of the new diamond wire saw. The experimental results are
shown in Table 2.
It can be seen that the wearing resistance rate of wire
saw sample 2 is increased about 36%. Analyzed from the
perspective of materials science, the hardness of the resin
layer increases when the monomer is added. This improves
the wear resistance of the resin layer and then improves the
WRR of the diamond wire saw. When the resin layer hardness
increases, the abrasive inlaid in the resin layer does not come
off easily. From Table 2, we can see that the material removal
rate of workpiece cutting by MOP increases about 4.3%.
4.3. Diamond Abrasives. The cutting process of a wire saw is
a micropolishing process by the diamond abrasive which is
embedded in the resin layer. The bonding strength between
the diamond grit and the resin layer determines the cutting performance of a diamond wire saw. Based on these
experimental results, two kinds of diamond, that is, ordinary
RVG diamond without nickel plating and RVG diamond with
nickel plating weight gain 50%, are adopted for manufacturing the developed diamond wire saw and labeled by MOP
and MNP, respectively. Similarly, the slicing experiments
are carried out under the described above technological
conditions. The experimental results are shown in Table 2. It
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is seen that nickel plating on the diamond can increase the
bonding strength of the diamond and resin. Therefore, the
higher the bond strength of the resin and diamond, the higher
the cutting ability of the diamond wire saw gained during
cutting process.
The wear failure form of a diamond wire saw is that the
abrasive resin layer is broken and off the core wire. Figure 3
shows a typical microscope surface topography of a worn
diamond wire saw. It can be seen that the diamond abrasive
is broken (Figure 3(a)) and worn away from the resin layer
(Figure 3(b)).
(a)

4.4. Core Wire. During the cutting process, the wire saw is
always maintained in a state of tension. It will be bended
due to the workpiece feed force. So the strength of the wire
saw includes tensile strength and bending strength. The wire
tensile force can be calculated as follows:
𝐹1 = 𝐹0 + Δ𝐹,

(3)

where 𝐹1 is the wire tensile force, 𝐹0 is the wire initial tensile
force, and Δ𝐹 is the change amount of the wire tensile force,
which is calculated based on the following formula (4):
Δ𝐹 = 𝐸𝐴𝜀,

where 𝐴 is the cross-sectional area of wire, 𝐸 is the modulus
of elasticity, 𝜀 is the axial strain of wire.
The tensile stress of wire saw is defined as:
𝜎1 =

𝐹1
𝐹
= 0 + 𝐸 (√1 + 𝑡𝑔2 𝛼 − 1) ,
𝐴
𝐴

(5)

where 𝛼 is the angle of wire saw during the cutting process.
The bending stress of wire saw is defined as
𝜎2 = 𝐸

𝑑
,
𝐷

𝐹0
𝑑
+ √1 + 𝑡𝑔2 𝛼 + − 1) ,
𝐸𝐴
𝐷

Figure 3: The typical micrographs of worn wire saws.

Table 3: Choices of the core wire.
Core wire

Diameter Tensile stress
(mm)
(MPa)

Piano wire

Φ 0.2

2820 ± 100

Polyethylene
wire

Φ 0.2

3440 ± 100

Manufacturer
Korea Steel Ltd.
Ningbo Dacheng
Advanced Material Co.,
Ltd.

(6)

where 𝑑 is the diameter of wire and 𝐷 is the diameter of guide
pulley during the cutting process.
If we use comprehensive tensile stress to describe the
strength of the wire saw and take a safety factor in order to
ensure that the wire saw during the cutting process is not
pulled off, the comprehensive tensile stress is required to meet
the following relationship:
𝜎 > 𝑘 (𝜎1 + 𝜎2 ) = 𝑘𝐸 (

(b)

(4)

(7)

where 𝜎 is the comprehensive tensile stress, 𝜎1 is the tensile
stress, 𝜎2 is the bending stress, 𝑘 is the safety factor, here 1.1, 𝐹0
is the initial tension, here 35 N, 𝐸 is the modulus of elasticity,
here about 200 GP, 𝑑 is the diameter of the wire, here 0.2 mm,
and 𝐷 is the diameter of the guide pulley, here 250 mm.
The comprehensive tensile stress of wire is about
1230 Mpa by a calculation. As long as the material can meet
the strength requirements of the core wire, it can be theoretically used to make the wire saw. The material for a wire saw is
metal, generally. Beyond the conventional, we not only chose
metal materials but also selected nonmetallic materials to

make the core wire in the experiment. The core wire material
is illustrated in Table 3.
We manufacture the new diamond wire saw using piano
wire and polyethylene wire and label these two types by MNP
and MNL, respectively. Similarly, the slicing experiments are
carried out under the technological conditions described
above. The experimental results are shown in Table 2. The
results show that the wearing resistance rate of wire labeled
MNL is lower. The reason is that the elongation of polyethylene wire is higher than that of piano wire, which makes the
abrasive resin layer flake off the core wire easily. Since the
abrasive resin layer is so easy to flake off and its wearing
resistance rate is lower, the material removal rate of it is
higher. The reason may be that some of the abrasives flaked
from resin layer are involved in the cutting.

5. Comparative Experiments on
Surface Roughness
On the basis of these studies of the raw materials and
manufacturing processes of the diamond wire saw and the
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resin has a good performance in cutting poly-silicon ingots.
It demonstrates that the new method is feasible. For the
sake of evaluating the machining properties of the developed
diamond wire saw, the material removal rate and wearing
resistance rate were redefined. Surface roughness obtained by
the new diamond wire saw is better than that by the usual
electroplated wire saw.
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Figure 4: The MRR and average surface roughness Ra of workpiece.

new diamond wire saw was manufactured with piano wire,
diamond with nickel plating, and modified epoxy acrylate.
In order to compare the cutting performance of the new
diamond wire saw with other diamond wire saws, cutting
experiments were carried out under the conditions listed in
Table 1. The commercial electroplated diamond wire saw was
selected as the reference wire saw, labeled by CEP. Figure 4
shows the material removal rate and average surface roughness Ra. The surface roughness was measured by the Mahr
Perthometer S2 surface roughness measuring instrument. It
was measured along the radial direction of the workpiece.
The average surface roughness and the material removal rate
of the new diamond wire saw are lower than that of the
commercial diamond wire saw. In the slicing process, due
to the characteristics of the resin itself, its consolidation
capacity with the abrasive grit is weaker than that obtained
by electroplating, so the abrasive resin layer was broken to
pieces easily, which makes the slicing performance of the new
diamond wire saw lower. But on the other hand, this small
broken abrasive resin layer works as a microblade, cutting
on the surface of the workpiece because of the vibration of
the wire. It assists the polishing of the surface and makes the
surface roughness lower.

6. Conclusion
This paper has exploited the techniques of a diamond wire
saw based on an ultraviolet curing method. A wire saw
manufacturing machine was designed and manufactured
according to the characteristics and technical requirements
of the manufacturing process. We found that the characteristics of the photosensitive resin and abrasive grit affect
the performance of the new diamond wire saw. A modified
epoxy acrylate and diamond with nickel were applied for the
manufacture of this new wire saw. The cutting performance
is evaluated and compared. The experimental results show
that the diamond wire saw made with the photosensitive
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An efficient method is proposed in this paper for calculating lightning transient responses on wind turbine towers. In the proposed
method, the actual tower body is simplified as a multiconductor grid in the shape of cylinder. A set of formulas are given
for evaluating the circuit parameters of the branches in the multiconductor grid. On the basis of the circuit parameters, the
multiconductor grid is further converted into an equivalent circuit. The circuit equation is built in frequency-domain to take
into account the effect of the frequency-dependent characteristic of the resistances and inductances on lightning transients. The
lightning transient responses can be obtained by using the discrete Fourier transform with exponential sampling to take the inverse
transform of the frequency-domain solution of the circuit equation. A numerical example has been given for examining the
applicability of the proposed method.

1. Introduction
Lightning is a complex atmospheric discharge phenomenon.
The recorded lightning current has a highest peak value of
around 300 kA and a duration of a few hundred microseconds
[1]. In fact, this peak value rarely occurs in China. The
median peak value is 26 kA occurring with 50% probability
according to Chinese measured data [2]. With respect to
wind turbines (WTs), the lightning strokes can be classified
into two main types, downward flash and upward flash.
The WTs with the height exceeding 100 m are mostly struck
by upward flash. The impacts of lightning on WTs range
from disturbances on control electronics, damages to single
components, such as generator and sensor, to fires resulting
in a complete loss of the installation. The control system
frequently suffering from lightning transient overvoltages is
typically the electrical control cabinet in the bottom of the
WT tower. Its damage accounts for about 40% of all lightning
damage events of WTs in the west of China. Furthermore,
offshore WTs are often equipped with relatively advanced
equipment such as communication antenna, transponder,
GPS receiver, sea marking light, air traffic warning light,

fog-horns, and meteorological instrument, all of which are
especially susceptible to lightning damage. Since accessing
WTs offshore is not as easy as on land, lightning damage to
WTs offshore can result in significantly higher costs of repair
and maintenance. In view of the seriousness of lightning
stroke to WTs, the lightning protection design has been
regarded with more and more attention. In the lightning
protection design of WTs, the need exists for determining
the lightning transient responses on the WT tower since
the tower body is the longest conducting path of lightning
current in the WT structure. The previous methods usually
modeled the WT tower as a transmission line [3, 4] or a
capacitance chain [5]. Although the previous methods are
simple, they cannot give the lightning transient responses in
different parts on the tower body owing to their neglecting
the structural feature of the tower body. For an improvement
in the lightning transient calculation of WTs, a novel method
is proposed in this paper. The proposed method represents
the actual WT tower in the shape of the circular truncated cone as an equivalent cylindrical shell. The cylindrical
shell is further subdivided into a discrete multiconductor
grid. A set of analytic formulas are deduced for evaluating
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Figure 1: Geometric simplification of WT tower: (a) hollow circular truncated cone; (b) cylindrical shell.

the circuit parameters of the branches in the multiconductor
grid. Based on the circuit parameters, the multiconductor
grid is converted into an equivalent circuit. The hybrid
equation is built in the frequency-domain for the equivalent
circuit, and then the discrete Fourier transform with exponential sampling is used to obtain the lightning transient
responses in different parts on the tower body. As compared to the traditional time-domain method [6], the proposed method can give due consideration to the frequencydependent characteristic of the branch impedance directly
in the frequency-domain and present better applicability to
the lightning transient calculation. A numerical example has
also been given for checking the validity of the proposed
method.

this reason, the branch length 𝑙 has to respect the following
condition:
𝑙<

𝜉min
,
10

(1)

where 𝜉min is the minimum wavelength associated to the
maximum frequency of the spectrum [8]. The circuit parameters of the branches in the multiconductor grid are represented by the impedances and capacitances. For convenience of the parameter calculation, each transverse arc is
approximately replaced by its corresponding chord, as shown
in Figure 2(b), and all the branches are taken as cylindrical
conductors whose radii are estimated from their respective
average cross-sections.

2. Discretization Treatment of WT Tower
An actual WT tower is usually a hollow circular truncated
cone, as shown in Figure 1(a). Since ℎ ≫ 𝑟1 and 𝑟2 , and
𝑟2 is not much larger than 𝑟1 , the actual tower body may
be simplified as a cylindrical shell, as shown in Figure 1(b).
For the purpose of transient calculation, the continuous
cylindrical shell can be subdivided into a multiconductor
grid constituted by longitudinal and transverse branches
[6, 7], as shown in Figure 2(a). As the lightning current
flowing through the WT tower presents significant harmonic
components not exceeding a few MHz, the lightning transient
responses should be calculated by the distribution parameter circuit model. However, if the branch length is taken
as significantly small, an approximate calculation can be
conducted referring to lumped parameter circuit model. For

3. Derivation of Impedance and
Capacitance Formulas
In view of the electromagnetic couplings between the
branches, the impedances and capacitances are expressed as
the matrices Z and C, respectively. Z and C are symmetric
matrices according to the reciprocity principle [9]. The
formulas for evaluating Z and C are derived later.
3.1. Impedance. Consider two transverse branches in the
multiconductor grid shown in Figure 2(b). The earth is not
perfectly conducting in reality, and its resistivity 𝜌 has to be
taken into account in the impedance calculation. For this
purpose, a complex depth 𝑑 is introduced into the image
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Figure 2: Multiconductor grid: (a) cylinder; (b) prism.

The real branch 𝑗 and its image branch 𝑗 are considered to
be symmetric about a plane which is located at a distance 𝑑
below the earth surface. In terms of the Neumann’s integral
formula [10, 11], the mutual impedance between the branches
𝑗 and 𝑘 is expressed by

𝑌

𝑙ℎ
𝑑𝑥𝑗

𝑦1 + 𝑎

𝑠𝑗𝑘

2𝑟0

𝑧𝑗𝑘 (𝜔)

𝑎
𝑑𝑥𝑘

𝑦1
Earth surface

Branch 𝑗

𝑥1 𝑥𝑗 𝑥𝑗

𝑥𝑘

Complex depth 𝑂

= 𝑅𝑗𝑘 (𝜔) + j𝜔𝐿 𝑗𝑘 (𝜔)

Branch 𝑘
𝑥1 + 𝑙ℎ

𝑋

= j𝜔

𝑑

𝑥1 +𝑙ℎ 𝑥1 +𝑙ℎ d𝑥 d𝑥
𝑥1 +𝑙ℎ 𝑥1 +𝑙ℎ d𝑥 d𝑥
𝜇0
𝑘
𝑗
𝑘
𝑗
−∫
],
[∫
∫
∫

4𝜋 𝑥1
𝑠𝑗𝑘
𝑠𝑗𝑘
𝑥1
𝑥1
𝑥1
(3)

where


𝑠𝑗𝑘

2

𝑠𝑗𝑘 = √ (𝑥𝑗 − 𝑥𝑘 ) + 𝑎2 ,
(4)

−𝑦1 − 𝑎 − 2𝑑

𝑑𝑥𝑗

Branch 𝑗
(Image of branch 𝑗)

installation [10], as shown in Figure 3. The complex depth is
defined by
(2)

where j = √−1, 𝜔 is the angular frequency, 𝜌 the earth
resistivity, and 𝜇0 the space permeability (4𝜋 × 10−7 H/m).

= √ (𝑥𝑘 −

2
𝑥𝑗 )

2

+ (2𝑦1 + 𝑎 + 2𝑑) .

Evaluating the double integrals in (3) leads to
𝑧𝑗𝑘 (𝜔) = j𝜔

Figure 3: Two parallel transverse branches.

𝜌
,
𝑑=√
j𝜔𝜇0


𝑠𝑗𝑘

𝜇0
2𝜋

× [𝑙ℎ sinh−1

𝑙ℎ
− √𝑎2 + 𝑙ℎ2 𝑧
𝑎

+ 𝑎 − 𝑙ℎ sinh−1

𝑙ℎ
2𝑦1 + 𝑎 + 2𝑑
2

+√𝑙ℎ2 + (2𝑦1 + 𝑎 + 2𝑑) − (2𝑦1 + 𝑎 + 2𝑑) ] .
(5)
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The self-impedance 𝑍𝑗𝑗 (𝜔) of the transverse branch 𝑗 is
obtained by substituting 𝑎 = 𝑟0 into (5). In a similar way,
the mutual impedance between two longitudinal branches, as
shown in Figure 4, is given by

𝑌

𝑦1 + 𝑙
𝑦𝑚

𝑍𝑚𝑛 (𝜔)
= j𝜔

Branch 𝑚

Branch 𝑛

𝑑𝑦𝑚
𝑠mn

𝑦𝑛

𝜇0
2𝜋

2𝑟0

𝑦1

× [(2𝑦1 + 𝑙V + 2𝑑) sinh−1

2𝑦1 + 𝑙V + 2𝑑
𝑏

Complex depth

𝑏

𝑥1

Earth surface

𝑑𝑦𝑛

𝑙

𝑥1 + 𝑏

𝑂

𝑋
𝑑

2
+ √(2𝑦1 + 𝑙V + 2𝑑) + 𝑏2 − (𝑦1 + 𝑙V + 𝑑)
−1 2 (𝑦1

× sinh

+ 𝑙V + 𝑑) 1
2
− √4(𝑦1 + 𝑙V + 𝑑) + 𝑏2
𝑏
2

− (𝑦1 + 𝑑) sinh−1

2 (𝑦1 + 𝑑)
𝑏

In (6), letting 𝑏 = 𝑟0 gives the self-impedance 𝑍𝑚𝑚 (𝜔) of the
longitudinal branch 𝑚.
After the self and mutual impedances are calculated for
a coupled branch unit with 𝑁 transverse or longitudinal
branches by using (5) or (6), the impedance matrix Z can be
formed as
Z = [𝑅𝑗𝑘 (𝜔)]𝑁×𝑁 + j𝜔[𝐿 𝑗𝑘 (𝜔)]𝑁×𝑁 = [𝑧𝑗𝑘 (𝜔)]𝑁×𝑁 (7)
or
(8)

It is clear from (7) and (8) that the resistance and inductance
in the impedance exhibit a pronounced frequency-dependent
characteristic owing to introducing the complex depth 𝑑. If
the earth is assumed to be perfectly conducting (𝜌 = 0), the
complex depth 𝑑 is zero according to (2). Substitution of 𝑑 = 0
into (5) or (6) shows that the real part of the impedance is also
zero. As a result, the impedance matrix Z is further simplified
as
Z0 = j𝜔L0 ,

−𝑦1 − 2𝑑

𝑦𝑚

𝑙
1
2
+ √4(𝑦1 + 𝑑) + 𝑏2 + 𝑙V sinh−1 V − √𝑏2 + 𝑙V2 + 𝑏] .
2
𝑏
(6)

Z = [𝑅𝑚𝑛 (𝜔)]𝑁×𝑁 + j𝜔[𝐿 𝑚𝑛 (𝜔)]𝑁×𝑁 = [𝑧𝑚𝑛 (𝜔)]𝑁×𝑁.


𝑠mn

(9)

where L0 is the constant inductance matrix which is independent on the angular frequency 𝜔.
3.2. Capacitance. In the calculation of capacitances, the
frequency effect on the charge density distribution can be
significantly neglected since the charge attenuation constant
𝜏 = 𝜀𝜌 (𝜀 is the permittivity) is rather small in the frequency
range of lightning transient for both the branch conductor
and the earth [12]. Therefore, the capacitances of the branches
can still be calculated on the assumption that the earth is
perfectly conducting. On the basis of the electromagnetic


𝑑𝑦𝑚

Branch 𝑚
(Image of branch 𝑚)
−𝑦1 − 𝑙 − 2𝑑

Figure 4: Two parallel longitudinal branches.

analogy [9], the product of the impedance matrix Z0 = j𝜔L0
and the admittance matrix Y = j𝜔C of the coupled branches
becomes diagonal with negative elements determined from
space permeability 𝜇0 and permittivity 𝜀0 [10] as
Z0 ⋅ Y = (j𝜔L0 ) ⋅ (j𝜔C) = − (𝜔2 𝜀0 𝜇0 ) E,

(10)

where C is capacitance matrix of the coupled branches and E
is the unit matrix. Consequently, the capacitance matrix can
be obtained as
C = 𝜀0 𝜇0 Z0 .

(11)

4. Equivalent Circuit Model
During a lightning stroke, the lightning current is usually
injected to the tower body from its top and then dissipated
in the earth by the earthing system. This process can be
illustrated in Figure 5, where the earthing system is simply represented as the earthing resistances (𝑅𝑔 ). Once the
impedance and capacitance parameters are obtained using
the formulas given earlier, each coupled branch unit in
the multiconductor grid can equivalently be represented by
a 𝜋-circuit consisting of the series impedance and shunt
capacitance [6, 13]. Figures 6(a) and 6(b) show the 𝜋-circuit
representing three coupled branches. If the circuit parameters
are expressed in matrix form, Figure 6(b) can be further
depicted as a compact 𝜋-circuit, as shown in Figure 6(c).
With all the coupled branch units in the multiconductor
grid replaced by the 𝜋-circuits, Figure 5 is converted into
an equivalent circuit consisting of resistances, inductances,
and capacitances. The lightning current is modeled as a
current source and applied to the top node of the equivalent

Mathematical Problems in Engineering

5
Substituting 𝐴 𝐶Y𝐶𝐴𝑇𝐶U𝑛 (𝜔) for 𝐴 𝐶I𝐶(𝜔) in (14) gives

Lightning current

𝑖

𝐴 𝐶Y𝐶𝐴𝑇𝐶U𝑛 (𝜔) + 𝐴 im Iim (𝜔) + 𝐴 𝑆 𝐼𝑆 (𝜔) = 0,

···

where Y𝐶 is the shunt capacitive admittance matrix. Let
U𝑛 (𝜔) and Zim be the node voltage vector and series
impedance matrix, respectively. The branch equation of the
series impedance is given by
𝐴𝑇im U𝑛 (𝜔) − Zim Iim (𝜔) = 0.

(16)

···

Hence, the hybrid equation of the equivalent circuit can be
built by merging (15) and (16) as
..
.

..
.
···

..
. .
..

..
.

..
.

..
.

···

[

..
.

𝐴 𝐶Y𝐶𝐴𝑇𝐶 𝐴 im
𝐴𝑇im

−Zim

][

U𝑛 (𝜔)
Iim (𝜔)

]=[

−𝐴 𝑆 𝐼𝑆 (𝜔)

].

0

(17)

On the right hand of (17), lightning current source 𝐼𝑆 (𝜔) is
the Fourier transform of the injected lightning current 𝑖 (see
Figure 5). 𝑖 is usually expressed by the double exponential
function [14]

···

𝑅𝑔

(15)

𝑅𝑔

𝑖 = 𝐼 (𝑒−𝛼𝑡 − 𝑒−𝛽𝑡 ) .

𝑅𝑔

Figure 5: Injection of lightning current to tower body.

circuit. The lightning transient responses in different parts on
the tower body can be obtained by performing a transient
calculation for the equivalent circuit.

5. Circuit Equation and Its Numerical Solution
In order to take into account the frequency-dependent
characteristic of the resistances and inductances in series
impedances on lightning transients, the circuit equation is
built in frequency-domain. The circuit components of the
equivalent circuit are numbered in the sequence of shunt
capacitance, series impedance, and lightning current source.
In accordance with the component number, the incidence
matrix of the equivalent circuit is written as
𝐴 = [𝐴 𝐶, 𝐴 im , 𝐴 𝑆 ] ,

(12)

and the relevant current vector is
𝑇

I (𝜔) = [I𝐶 (𝜔) , Iim (𝜔) , 𝐼𝑆 (𝜔)] ,

(13)

where the subscripts 𝐶, im, and 𝑆 denote shunt capacitance,
series impedance, and lightning current source, respectively.
From Kirchhoff ’s current law, the node current equation is
derived from (12) and (13) as
𝐴I (𝜔) = 𝐴 𝐶I𝐶 (𝜔) + 𝐴 im Iim (𝜔) + 𝐴 𝑆 𝐼𝑆 (𝜔) = 0.

(14)

(18)

In accordance with the Chinese national standard [2], the
waveform parameter of 𝑖 is 2.6/50 𝜇s. This gives 𝛼 = 1.5 ×
10−2 𝜇s−1 and 𝛽 = 1.86 𝜇s−1 by using the least square fitting
method [15]. The peak current 𝐼 takes the value of 100 kA in
light of the severe lightning stroke condition. Thus, finding
the Fourier transform of (18) gives
𝐼𝑆 (𝜔) =

(𝛽 − 𝛼) 𝐼
.
(𝛼 + 𝑗𝜔) (𝛽 + 𝑗𝜔)

(19)

By taking the 𝐼𝑆 (𝜔) as the excitation, the frequency responses
U𝑛 (𝜔) and Iim (𝜔) can be obtained by solving (17). For each
given angular frequency 𝜔, (17) is a system of complex linear
algebraic equations and can be generally written as
ΛX (𝜔) = b,

(20)

where
𝐴 𝐶Y𝐶𝐴𝑇𝐶 𝐴 im
]
,
Λ = [Λ 𝑗𝑘 ]𝑀×𝑀 = [
𝐴𝑇im
−Zim 𝑀×𝑀
X (𝜔) = [𝑋𝑗 (𝜔)]𝑀×1 = [

U𝑛 (𝜔)
Iim (𝜔)

]

,

(21)

𝑀×1

−𝐴 𝑆 𝐼𝑆 (𝜔)
b = [𝑏𝑗 ]𝑀×1 = [
,
]
0
𝑀×1
where 𝑀 is the order of the coefficient matrix in (17).
The Gauss elimination with column pivoting is employed
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Figure 6: 𝜋-circuit of three branches: (a) three coupled branches, (b) coupled 𝜋-circuit, and (c) compact 𝜋-circuit expressed in matrix.
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The detailed elimination procedure has been stated in [16, 17].
Subsequently, the solution of vector X(𝜔) is obtained by the
back substitution operations

..
.

P11,5
P11,2

(1)
Λ(1)
11 Λ 12
[
[
[ 0 Λ(2)
22
[
[
[ ..
..
[ .
.
[
[
[ 0
0
[
[
[
[ ..
..
[ .
.
0
[ 0
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P11,4

Figure 7: Multiconductor grid of a 1.5 MW WT tower.

𝑋𝑘 (𝜔) =

(𝑀)
𝑏𝑀

Λ(𝑀)
𝑀𝑀

,

(𝑘)
(𝑏𝑘(𝑘) − ∑𝑀
𝑗=𝑘+1 Λ 𝑗𝑘 )

(23)

Λ(𝑘)
𝑘𝑘

(𝑘 = 𝑀 − 1, 𝑀 − 2, . . . , 2, 1) .
to solve (20). It consists of two main phases: the forward
elimination and the back substitution. After performing 𝑀−1
step elimination operations, the original matrix Λ in (20) is
converted into an upper triangular matrix

An element of vector X(𝜔), 𝑋𝑗 (𝜔) (𝑗 = 1, 2, . . . , 𝑀), is the
frequency response and needs to be transformed into timedomain to give the corresponding time response. The inverse
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Figure 8: Current and potential waveforms: (a) current waveform on branch 𝑃2,1 − 𝑃3,1 and (b) potential waveform of node 𝑃1,1 .

Fourier transform with exponential sampling is chosen for
this purpose [18, 19]. The inverse transform method takes the
sampling frequency in an exponential manner, that is,
𝛾Δ𝜔, 𝛾2 Δ𝜔, 𝛾3 Δ𝜔, . . . , 𝛾𝑗 Δ𝜔, . . . , 𝛾𝜆 𝑚 Δ𝜔,

(24)

where Δ𝜔 (= 2𝜋Δ𝑓) is the angular frequency step, 𝜆 𝑚 the
total number of frequency samples, and 𝛾 the frequency ratio
between two neighbor sampling points. The value of 𝛾 is
experientially chosen in range of 1.03 to 1.05 for solution
of the fast electrical transients [20]. In (24), the maximum
sampling frequency 𝑓𝑚 (= 𝛾𝜆𝑚 Δ𝜔/2𝜋) is determined from
the frequency spectrum of lightning current and may be of
the order (0.5∼5) MHz [19], depending on the waveform of
lightning current. The total number of frequency samples 𝜆 𝑚
is evaluated by
𝜆𝑚 =

ln (𝑓𝑚 /Δ𝑓)
.
ln 𝛾

(25)

Therefore, for a frequency response 𝑋𝑗 (𝜔), its time response
𝑥𝑗 (𝑡) can be obtained by
𝜆

𝑥𝑗 (𝑡) =

1 𝑚
∑ 𝑋 [(𝛾2𝑘−1 − 1) Δ𝜔]
𝜋 𝑘=1 𝑗
× exp [j (𝛾2𝑘−1 − 1) Δ𝜔𝑡] 𝜎𝛾2(𝑘−1) (𝛾2 − 1) Δ𝜔,
(26)

where 𝜎 is the standard smoothing factor
𝜎=

sin [(𝜆2𝑘−1 − 1) 𝜋/ (𝛾2𝜆 𝑚 − 1)]
(𝛾2𝑘−1 − 1) 𝜋/ (𝛾2𝜆 𝑚 − 1)

.

Owing to a high accuracy and long observation time with
a small number of sampling steps, (26) is suitable for the
lightning transient calculation.

(27)

6. A Numerical Example
A typical Chinese-built WT with 1.5 MW is considered here
for practical application purpose. The dimensions of the
WT tower are and ℎ = 82 m, 𝑟1 = 2.7 m, 𝑟2 = 4.3 m,
and 𝑤 = 0.025 m (see Figure 1(a)). The relevant discrete
multiconductor grid is shown in Figure 7, where 𝑟0 = 3.5 m.
The earthing resistance 𝑅𝑔 is 3.5Ω. The transient responses
on the tower body are calculated by using the proposed
method. The waveforms of current on branch 𝑃2,1 − 𝑃3,1 and
potential at node 𝑃1,1 are shown in Figure 8, where the corresponding waveforms excluding the frequency-dependent
characteristic of the resistances and inductances (see (9)) are
also given for comparison. As seen from Figure 8 that the
waveforms excluding the frequency-dependency contain the
obvious numerical oscillations, while the waveforms including frequency-dependency are relatively smooth. This indicates that inclusion of the frequency-dependency can give
a higher accuracy for the lightning transient calculation. In
order to check the validity of the proposed method, the peak
potentials at different nodes on the tower body are calculated
by the PSCAD/EMTDC software, the time-domain method
[6], and the proposed method, respectively. The calculated
results are shown in Figure 9. The PSCAD/EMTDC software
used here has been specifically developed by Manitoboa
HVDC.
Research Centre for electromagnetic transient simulation
and widely applied in electric power systems. It is clear from
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Figure 9: Peak potentials at different nodes on the tower body.

[8]

Figure 9 that a close agreement appears between the potential
values obtained from the proposed method and those from
the PSCAD/EMTDC software and the time-domain method.

[9]
[10]

7. Conclusions
The lightning transient calculation has been performed in
this paper for obtaining the transient responses on WT
towers. Discretization representation of the actual tower body
in the shape of circular truncated cone as a cylindrical
multiconductor grid makes a significant simplification to the
transient calculation. A set of analytical formulas have been
given for evaluation of the circuit parameters of the coupled
branches in the multiconductor grid, and the discrete Fourier
transform with exponential sampling has been employed
to calculate the transient responses on the WT tower. This
calculation procedure can take into account the effect of
frequency-dependent characteristic of resistances and inductances on lightning transients. The practical applicability of
the proposed method has been examined by a numerical
example of 1.5 MW WT tower, which shows that proposed
method is useful in lightning transient calculation of WT
towers.

[11]
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[14]
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The paper deals with nonlinear modeling and identification of an electrohydraulic control system for improving its tracking
performance. We build the nonlinear state space model for analyzing the highly nonlinear system and then develop a HammersteinWiener (H-W) model which consists of a static input nonlinear block with two-segment polynomial nonlinearities, a linear timeinvariant dynamic block, and a static output nonlinear block with single polynomial nonlinearity to describe it. We simplify the
H-W model into a linear-in-parameters structure by using the key term separation principle and then use a modified recursive least
square method with iterative estimation of internal variables to identify all the unknown parameters simultaneously. It is found that
the proposed H-W model approximates the actual system better than the independent Hammerstein, Wiener, and ARX models. The
prediction error of the H-W model is about 13%, 54%, and 58% less than the Hammerstein, Wiener, and ARX models, respectively.

1. Introduction
Electrohydraulic control systems are widely used in industry,
due to their unique features of small size to power ratio, high
nature frequency, high position stiffness, and low position
error [1]. However, the dynamics of hydraulic systems is
highly nonlinear in nature. The systems may be subjected
to nonsmooth nonlinearities due to control input saturation,
friction, valve overlapping, and directional changes of valve
opening. A number of robust and adaptive control strategies
have been proposed to deal with such problems [2–4], but
modeling and identification of control systems remain an
important and difficult issue in most real-world applications.
Linear models of electrohydraulic control systems are
simple and widely used, but they assume that the hydraulic
actuator always moves around an operating point [5, 6],
which does not accord with most real-world cases where the
actuator moves in a wide range with hard nonlinearities. In
the literature, Wang et al. [7] analyzed the nonlinear dynamic
characteristics of hydraulic cylinder, such as nonlinear gain,
nonlinear spring, and nonlinear friction force. Jelali and
Schwarz [8] identified the nonlinear models in observer
canonical form of hydraulic servodrives. Kleinsteuber and
Sepehri [9] used a polynomial abductive network modeling

technique to describe a class of hydraulic actuation systems
which were used in heavy-duty mobile machines. Yousefi
et al. [10] proposed the Differential Evolution algorithm to
identify the nonlinear model of a servohydraulic system with
flexible load. Yao et al. [2] also pointed out that there were
many considerable model uncertainties, such as parametric
uncertainties and uncertain nonlinearities. As we can see,
modeling and identifying the electrohydraulic control system
as a flexible nonlinear black-box or grey-box are more
appropriate for real-world applications.
In the field of nonlinear system identification, the Hammerstein and Wiener (H-W) models are widely used [11].
Kwak et al. [12] proposed two Hammerstein-type models to identify hydraulic actuator friction dynamics. The
Hammerstein-type models are built by linear time-invariant
(LTI) dynamic subsystems and static nonlinear (SN) elements
in a cascade structure; they are able to approximate most of
the nonlinear dynamics with an arbitrarily high accuracy, and
can generate both physical insights and flexible structures.
Generally, the Wiener model is supposed to represent the
output nonlinearities and sensor nonlinearities, while the
Hammerstein model is supposed to represent the input nonlinearities and actuator nonlinearities. The HammersteinWiener (H-W) model, which is defined as a static nonlinear
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element in cascade with a linear dynamic system followed by
another static nonlinear element, is adopted in this paper.
The H-W model is a parameterized nonlinear model in
black-box term. There are two advantages of the H-W model.
The first one is that only the input and output singles are
used for identification of all the unknown parameters; that
is, no information on the internal states is needed, which can
simplify the identification process and improve the prediction
accuracy by less sensors and noise. The second one is that
it has a physical insight into the nonlinear characteristics of
the actual system, which is important in system analyzing,
monitoring, diagnosis, and controller design.
The rest of this paper is organized as follows. Section 2
presents the theoretic modeling of an electrohydraulic control system. Section 3 describes our H-W model in detail.
Section 4 proposes the iterative identification algorithm for
the H-W model. Section 5 presents the experimental tests as
well as the identification results. Finally, Section 6 concludes
the paper.

2. Theoretic Modeling
A general electrohydraulic control system is mainly comprised of an electrohydraulic proportional valve and a valve
controlled asymmetric cylinder. In this paper, we study a
proportional relief valve controlled valve-cylinder system as
shown in Figure 1, where ℎ is the displacement of piston,
𝑀 is the equivalent load mass, 𝐴 1 and 𝐴 2 are the areas of
piston in the head and rod sides of cylinder, 𝑃1 and 𝑃2 are the
pressures inside the two chambers of the cylinder, 𝑃𝑠 is the
supply pressure, 𝑃𝑟 is the pressure of return oil, 𝑄1 and 𝑄2
are the flows in and out of the cylinder, 𝑥V is displacement
of the spool valve, 𝐵𝑝 is the viscous damping coefficient, 𝐹𝑓
represents nonlinear friction, 𝐹𝑠 represents nonlinear spring

200

Area of
bypassed way

150
𝑐

Figure 1: Valve controlled asymmetric cylinder system.
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(b) Dead band of the main valve

Figure 2: Dead band of the electrohydraulic proportional system.

force, 𝐹𝑐 represents viscous force, and 𝐹𝑙 represents uncertain
load.
Modeling the system by physical laws gives us a particular
insight into the system’s properties, which allows us to
seek the parameterized models that are flexible enough to
capture all dynamic behavior of the system [13, 14]. The
electrohydraulic proportional valve is controlled directly by
the digital controller. It can be modeled as a first order transfer
function [9]:
𝐺𝑙 =

𝑘V
𝑥V (𝑠)
=
,
𝐼V (𝑠) 1 + 𝜏V 𝑠

(1)

where 𝑘V is the gain of the electrohydraulic proportional
valve, 𝜏V is the time constant of the first order system,
𝐼V = 𝐼 − 𝐼𝑑 is the effective current, 𝐼 and 𝐼𝑑 are the practical
input current of the proportional relief valve and the current
to overcome dead band of the valve, respectively. The dead
bands mainly due to the pilot relief valve and the main valve
are depicted in Figure 2.
The valve controlled asymmetric cylinder is shown in
Figure 1. Generally, its model is constructed by combining
the flow equation of spool valve, the continuity equation
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of hydraulic cylinder, and the force equilibrium equation of
hydraulic cylinder [2]. Define the state variables as
𝑇
𝑇
[𝑥1 𝑥2 𝑥3 𝑥4 𝑥5 ] ≜ [ℎ ℎ̇
𝑝1 𝑝2 𝑥V ] .

𝑥(𝑘)

𝐿(𝑧)

𝑁2 (∙)

𝑦(𝑘)

𝜈(𝑘)
𝐿(𝑧)

𝑥(𝑘)

𝑁2 (∙)

𝑦(𝑘)

(c) Hammerstein-Wiener model

𝛽𝑒 𝐴 1 𝑥2 𝛽𝑒 (𝐶𝑖 + 𝐶𝑒 ) 𝑥3 𝛽𝑒 𝐶𝑖 𝑥4 𝛽𝑒 𝑔1 (𝑥)
−
+
+
𝑥5 ,
𝑥̇
3 =−
𝑉1
𝑉1
𝑉1
𝑉1
𝛽𝑒 𝐴 2 𝑥2 𝛽𝑒 𝐶𝑖 𝑥3 𝛽𝑒 (𝐶𝑖 + 𝐶𝑒 ) 𝑥4 𝛽𝑒 𝑔2 (𝑥)
+
−
−
𝑥5 ,
𝑉2
𝑉2
𝑉2
𝑉2

(3)

𝑝𝑠
− sgn (𝑥5 ) 𝑥3 )
2

𝑝
2
× 𝐶𝑑1 𝑊√ ((1 + sgn (𝑥5 )) 𝑠 − sgn (𝑥5 ) 𝑥3 ),
𝜌
2
𝑔2 (𝑥) = sgn ((1−sgn (𝑥5 ))

𝜈(𝑘)
𝑢(𝑘)

𝑢(𝑘) 𝑁 (∙) 𝑤(𝑘)
1

𝐹 (𝑥 ) 𝐹 (𝑥 ) 𝐹
− 𝑠 1 − 𝑐 2 − 𝑙,
𝑀
𝑀
𝑀

𝑔1 (𝑥) = sgn ((1 + sgn (𝑥5 ))

𝑦(𝑘)

𝐿(𝑧)

(b) Wiener model

𝐴 1 𝑥3 𝐴 2 𝑥4 𝐹𝑓 (𝑥2 )
−
−
𝑥̇
2 =
𝑀
𝑀
𝑀

𝑘V
𝑥
𝐼 − 5,
𝜏V V 𝜏V

𝑁1 (∙)

(a) Hammerstein model

𝑥̇
1 = 𝑥2 ,

𝑥̇
5 =

𝑤(𝑘)

(2)

The entire system can be modeled as the following
nonlinear state space model [15]:

𝑥̇
4 =

𝜈(𝑘)
𝑢(𝑘)

𝑝𝑠
+sgn (𝑥5 ) 𝑥4 )
2

𝑝
2
× 𝐶𝑑2 𝑊√ ((1−sgn (𝑥5 )) 𝑠 +sgn (𝑥5 ) 𝑥4 ),
𝜌
2
(4)
where 𝛽𝑒 is the effective bulk modulus, 𝑉1 and 𝑉2 are effective
volumes of the two chambers, 𝐶𝑖 and 𝐶𝑒 are internal and
external leakage coefficients, 𝑊 is the area gradient of the
valve orifice, and 𝐶𝑑1 and 𝐶𝑑2 are flow discharge coefficients
of the spool valve.
Several physical phenomena have been taken into consideration in the above model, for example, nonlinear friction
𝐹𝑓 , nonlinear spring force 𝐹𝑠 , viscous force 𝐹𝑐 , uncertain load
𝐹𝑙 , discontinuous flow discharge 𝑔𝑖 , oil compliance, internal
leakage, and external leakage. From the theoretic modeling
of the electrohydraulic control system, we can see that the
system is a highly nonlinear system containing complex
features, such as the dead band nonlinearity, saturation,
squared pressure drop, and asymmetric response property.
There are also some hard-to-model nonlinearities in
(3), such as nonlinear friction, nonlinear spring force, and
uncertain external disturbances. So, modeling this system
just by physical laws fails to approximate the actual system.
Furthermore, identification of the unknown parameters in
(3) is hard due to its demand on internal states measurement.
In the following, we adopt an H-W model to model this highly

Figure 3: Hammerstein and Wiener models.

nonlinear dynamic system. The H-W model is a flexible
black-box model based on the physical insight into the
actual system. We identify the parameters of the H-W model
using the input and output signals, which can simplify the
identification process and improve the prediction accuracy by
less sensors and noise.

3. Hammerstein-Wiener Model
The “universal” nonlinear black-box methods, such as neural
networks, Volterra series, and fuzzy models, are widely used
to model complex nonlinear systems. Most of these methods can avoid unmodeled dynamics in the aforementioned
mathematical model [16, 17]. However, these models do not
provide deep insight into the nonlinear characteristics of
the actual system, which is important in system analyzing,
monitoring, diagnosis, and controller design. In comparison,
the Hammerstein-Wiener (H-W) model possesses the flexibility to capture all relevant nonlinear phenomena as well as
the physical insight into the actual system. In this section,
we develop an H-W model to describe the electrohydraulic
control system.
The H-W model is composed of an internal linear
dynamic block and two static nonlinear blocks; it is the
combination of Hammerstein and Wiener model. The Hammerstein model is a nonlinear model with a static nonlinear
block followed by a linear dynamic block, as shown in
Figure 3(a), and this N-L type of model may account for
actuator nonlinearities and other input nonlinear effects.
The Wiener model has linear dynamic block followed by
a nonlinear block, as shown in Figure 3(b), and this L-N
type of model mainly accounts for sensor nonlinearities
and output nonlinear effects. A series combination of a
Hammerstein and a Wiener model yields the H-W model,
as shown in Figure 3(c), and this N-L-N type of model has
both characteristics of the Hammerstein and Wiener models.
Moreover, all of the three models have proved to be able to
accurately describe a wide variety of nonlinear systems in [9].
According to the nonlinearities of the abovementioned
electrohydraulic control system, for example, dead band,
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saturation, nonlinear friction, nonlinear spring force, and
asymmetric dynamics of the cylinder, we describe the input
nonlinearity (𝑁1 ) block of the models in Figure 3 by a
two-segment polynomial nonlinearities. The two-segment
polynomial nonlinearities have the advantage of describing
a system whose dynamic properties differ significantly at the
positive and negative directions [18]; it has less parameters to
be estimated than a single polynomial and piecewise linear
models [19]. It can be written as
𝑟1

𝑙

{
∑ 𝑓𝑙 𝑢 (𝑘) , 𝑢 (𝑘) ≥ 0,
{
{𝑓 (𝑢 (𝑘)) = 𝑙=0
𝑤 (𝑘) = {
𝑟1
{
{𝑔 (𝑢 (𝑘)) = ∑ 𝑔𝑙 𝑢𝑙 (𝑘) , 𝑢 (𝑘) < 0,
{
𝑙=0

(5)

where 𝑓𝑙 and 𝑔𝑙 are parameters of the polynomial function,
𝑢(𝑘) is the input, 𝑤(𝑘) is the output of static nonlinear
function 𝑁1 , and 𝑟1 is the degree of the polynomial function.
Define the switching function as
0,
ℎ (𝑢) = {
1,

𝑢 ≥ 0,
𝑢 < 0.

(6)

Then the relation between inputs {𝑢(𝑘)} and outputs
{𝑤(𝑘)} of the input nonlinear block can be written as
𝑤 (𝑘) = 𝑓 (𝑢 (𝑘)) + (𝑔 (𝑢 (𝑘)) − 𝑓 (𝑢 (𝑘))) ℎ (𝑢 (𝑘))
𝑟1

𝑟1

𝑙=0

𝑙=0

= ∑𝑓𝑙 𝑢𝑙 (𝑘) + ∑𝑝𝑙 𝑢𝑙 (𝑘) ℎ (𝑢 (𝑘)) ,

(7)

𝐵 (𝑧−1 ) = 𝑏0 + 𝑏1 𝑧−1 + ⋅ ⋅ ⋅ + 𝑏𝑛𝑏 𝑧−𝑛𝑏 .

(8)

(9)

The output nonlinear block 𝑁2 is described by a single
polynomials:

ARX

𝑥(𝑘)

𝑦(𝑘)

Figure 4: Schematic diagram of the H-W model.

4. Iterative Identification Algorithm
As we know, the cascade mode of the models depicted in
Figure 3 leads to composite mappings, for example, Hammerstein model: 𝐿(𝑁1 (𝑢(𝑘))), Wiener model: 𝑁2 (𝐿(𝑢(𝑘))),
H-W model: 𝑁2 (𝐿(𝑁1 (𝑢(𝑘)))). Substituting the mathematic
models of each block (i.e., (7), (8), and (10)) into the composite mappings directly leads to complex models which are
strongly nonlinear in both of the variables and the unknown
parameters. It is not appropriate for parameter estimation
[20]. In the following, we apply the so-called key term
separation principle to simplify the H-W model into a linearin-parameters structure and then adopt a modified recursive
least square algorithm with internal variable estimation to
estimate both of the linear and nonlinear block parameters
simultaneously.
4.1. Key Term Separation Principle. Let 𝑓, 𝑔, and ℎ be one-toone mappings defined on nonempty sets 𝑈, 𝑋, and 𝑌 as

𝑔 : 𝑋 → 𝑌,

(11)

Then the composite mapping ℎ can be given by
𝑦 (𝑡) = 𝑔 [𝑥 (𝑡)] = 𝑔 [𝑓 [𝑢 (𝑡)]] = ℎ [𝑢 (𝑡)] .

(10)

𝑚=1

where 𝑞𝑚 is unknown parameter, 𝑟2 is the degree of the
polynomial function 𝑁2 , and 𝑦(𝑘) is output of the entire
system, and in this paper, it represents the output velocity.
The H-W model of the system is depicted in Figure 4.

(12)

The basic idea of key term separation principle is a form of
half-substitution suggested in [21]. Suppose 𝑔 be an analytic
nonlinear mapping which can be rewritten into the following
additive form:
𝑦 (𝑡) = 𝑥 (𝑡) + 𝐺 [𝑥 (𝑡)] ,

(13)

Which consists of the key term 𝑥(𝑡), plus the remainder of
the original mapping assigned as 𝐺(⋅). Rewrite the one-to-one
mapping 𝑓
𝑥 (𝑡) = 𝑓 [𝑢 (𝑡)] .

(14)

We substitute (13) only into the first term in the right side
of (14) and then obtain the following mapping:
𝑦 (𝑡) = 𝑓 [𝑢 (𝑡)] + 𝐺 [𝑥 (𝑡)] .

𝑟2

𝑦 (𝑘) = 𝑞 (𝑥 (𝑘)) = ∑ 𝑞𝑚 𝑥𝑚 (𝑘) ,

𝑤(𝑘)

ℎ = 𝑔 ∘ 𝑓 : 𝑈 → 𝑌.

where 𝑤(𝑘) and 𝑥(𝑘) are the input and output of the linear
dynamic block, respectively, V(𝑘) is white noise, 𝑛𝑘 represents
the pure delay of the system, and 𝐴(𝑧−1 ) and 𝐵(𝑧−1 ) are scalar
polynomials in the unit delay operator 𝑧−1 :
𝐴 (𝑧−1 ) = 1 + 𝑎1 𝑧−1 + ⋅ ⋅ ⋅ + 𝑎𝑛𝑎 𝑧−𝑛𝑎 ,

𝑢(𝑘)

𝑁2

𝐿(𝑧)

𝑓 : 𝑈 → 𝑋,

where 𝑝𝑙 = 𝑔𝑙 − 𝑓𝑙 .
The difference equation model 𝐿(𝑧) of the linear dynamic
block is described by an extended autoregressive (ARX)
model as
𝐴 (𝑧−1 ) 𝑥 (𝑘) = 𝑧−𝑛𝑘 𝐵 (𝑧−1 ) 𝑤 (𝑘) + V (𝑘) ,

𝑁1

(15)

Equations (14) and (15) describe the mapping function
ℎ in a compositional way. This makes the inner mapping
appears both explicitly and implicitly in the outer one, which
may be helpful for parameter identification. Note that, this
decomposition technique can easily be extended to a more
multilayer composite mapping.
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4.2. Modified Least Square Algorithm. In this section, we
decompose the H-W model into a linear-in-parameters
structure by the key term separation principle and develop
a modified iterative least square algorithm with internal
variables estimation to identify all the unknown parameters
of the H-W model. We also apply this method to the
Hammerstein and Wiener models.
According to the key term separation principle, we
rewrite the output nonlinear block 𝑁2 , that is, (10) as
𝑟2

where the internal variables 𝑤(𝑘) and 𝑥(𝑘) are estimated by
(7) and (17) using the preceding estimated parameters during
each iterative process and
Φ𝑇 = [1, 𝑢 (𝑘−𝑛𝑘 ) , . . . , 𝑢𝑟1 (𝑘−𝑛𝑘 ) ,
ℎ (𝑢 (𝑘−𝑛𝑘 )) , 𝑢 (𝑘−𝑛𝑘 ) ℎ (𝑢 (𝑘−𝑛𝑘 )) , . . . ,
𝑢𝑟1 (𝑘−𝑛𝑘 ) ℎ (𝑢 (𝑘−𝑛𝑘 )) , 𝑤 (𝑘−𝑛𝑘 −1) , . . . ,
𝑤 (𝑘 − 𝑛𝑘 − 𝑖) , −𝑥 (𝑘−1) , . . . , −𝑥 (𝑘−𝑗) ,

𝑚

𝑦 (𝑘) = 𝑞1 𝑥 (𝑘) + ∑ 𝑞𝑚 𝑥 (𝑘) ,

(16)

𝑚=2

where the internal variable 𝑥(𝑘) is separated. The dynamic
linear block 𝐿(𝑧), that is, (8) can be rewritten as
𝑥 (𝑘) = 𝑏0 𝑤 (𝑘) 𝑧−𝑛𝑘 + 𝑧−𝑛𝑘 [𝐵 (𝑧−1 ) − 𝑏0 ] 𝑤 (𝑘)
+ [1 − 𝐴 (𝑧−1 )] 𝑥 (𝑘) ,

(17)

𝑥2 (𝑘) , . . . , 𝑥𝑟2 (𝑘)] ,
𝜃 = [𝑓0 , 𝑓1 , . . . , 𝑓𝑟1 , 𝑝0 , 𝑝1 , . . . , 𝑝𝑟1 , 𝑏1 , . . . , 𝑏𝑛𝑏 ,
𝑎1 , . . . , 𝑎𝑛𝑎 , 𝑞2 , . . . , 𝑞𝑟2 ] .

𝑇

Now, we apply the modified recursive least square method
with iterative estimation of the internal variable to (20) [17].
Minimizing the following least square criterion [12]:
2

𝑛

where the internal variable 𝑤(𝑘) is separated. Now, to complete the sequential decomposition, first, we substitute (7)
into (17) only for 𝑤(𝑘) in the first term and then substitute
the new equation (17) into (16) only for 𝑥(𝑘) in the first term
again. The final output equation of the H-W model will be

(21)

̂ 𝑇 (𝑘) 𝜃] ,
𝜃̂ = arg min ∑ 𝜆𝑛−𝑘 [𝑦 (𝑘) − Φ
𝜃

(22)

𝑘=1

where 𝜆 ≦ 1 is the forgetting factor, the formulas of
the recursive identification algorithm supplemented with
internal variable estimation are as follows:
𝑇

𝑦 (𝑘) = 𝑞1 {𝑏0 (𝑓 (𝑢 (𝑘)) + 𝑝 (𝑢 (𝑘)) ℎ (𝑢 (𝑘))) 𝑧−𝑛𝑘
+ 𝑧−𝑛𝑘 [𝐵 (𝑧−1 ) − 𝑏0 ] 𝑤 (𝑘)

𝜃̂ (𝑘) = 𝜃̂ (𝑘 − 1) +

As the H-W model depicted in Figure 4 consists of three
subsystems in series, the parameterization of the model is
not unique because many combinations of parameters can be
found [22]. Therefore, one parameter in at least two blocks has
to be fixed in (18). Evidently, the choices 𝑞1 = 1 and 𝑏0 = 1 will
simplify the model description. Then, the H-W model can be
written as

𝑖=1

𝑗=1

𝑚=2

𝑙=0

𝑙=0

(25)
𝑛𝑏

̂ (𝑘) = 𝑤
̂ (𝑘 − 𝑛𝑘 ) + ∑̂𝑏𝑖 (𝑘 − 1) 𝑤
̂ (𝑘 − 𝑛𝑘 − 𝑖)
𝑥
𝑖=1

𝑛𝑎

(26)

̂ (𝑘) = [1, 𝑢 (𝑘 − 𝑛𝑘 ) , . . . , 𝑢𝑟1 (𝑘 − 𝑛𝑘 ) , ℎ (𝑢 (𝑘 − 𝑛𝑘 )) ,
Φ

+ ∑𝑏𝑖 𝑤 (𝑘 − 𝑛𝑘 − 𝑖) + ∑𝑎𝑗 𝑥 (𝑘 − 𝑗) + ∑ 𝑞𝑚 𝑥𝑚 (𝑘) .
(19)
Equation (19) is linear-in-parameters for given 𝑢(𝑘), 𝑥(𝑘),
and 𝑤(𝑘); it can be written in the following least square
format:
𝑦 (𝑘) = Φ𝑇 (𝑘, 𝜃) 𝜃,

𝑟1

𝑗=1

𝑙=0

𝑟2

𝑟1

̂ (𝑘 − 1) 𝑢𝑙 (𝑘) + ∑𝑝
̂ 𝑙 (𝑘 − 1) 𝑢𝑙 (𝑘) ℎ (𝑢 (𝑘)) ,
̂ (𝑘) = ∑𝑓
𝑤
𝑙

− ∑𝑎̂𝑗 (𝑘 − 1) 𝑥 (𝑘 − 𝑗) ,

𝑟1

𝑦 (𝑘) = ∑𝑓𝑙 𝑢𝑙 (𝑘 − 𝑛𝑘 ) + ∑𝑝𝑙 𝑢𝑙 (𝑘 − 𝑛𝑘 ) ℎ (𝑢 (𝑘 − 𝑛𝑘 ))
𝑛𝑎

(23)

̂ (𝑘) Φ
̂ (𝑘) P (𝑘 − 1)
P (𝑘 − 1) P (𝑘 − 1) Φ
P (𝑘) =
, (24)
−
𝑇
𝜆
̂ (𝑘) /𝜆
̂ (𝑘) P (𝑘 − 1) Φ
1+Φ

𝑚=2

𝑛𝑏

,

𝑇

𝑟2

𝑙=0

𝑇

̂ (𝑘)
̂ (𝑘) P (𝑘 − 1) Φ
𝜆+Φ

(18)

+ [1 − 𝐴 (𝑧−1 )] 𝑥 (𝑘) } + ∑ 𝑞𝑚 𝑥𝑚 (𝑘) .

𝑟1

̂ (𝑘) [𝑦 (𝑘) − Φ
̂ (𝑘) 𝜃̂ (𝑘 − 1)]
P (𝑘 − 1) Φ

(20)

𝑢 (𝑘 − 𝑛𝑘 ) ℎ (𝑢 (𝑘 − 𝑛𝑘 )) , . . . ,
𝑢𝑟1 (𝑘 − 𝑛𝑘 ) ℎ (𝑢 (𝑘 − 𝑛𝑘 )) ,
̂ (𝑘 − 𝑛𝑘 − 𝑖) ,
̂ (𝑘 − 𝑛𝑘 − 1) , . . . , 𝑤
𝑤
𝑇

̂ 𝑟2 (𝑘)] ,
̂ 2 (𝑘) , . . . , 𝑥
−̂
𝑥 (𝑘 − 1) , . . . , −̂
𝑥 (𝑘 − 𝑗) , 𝑥
(27)
where P(0) = 𝜇I, I is unit matrix, and 0 < 𝜇 < ∞.
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Figure 5: Experimental prototype machine.
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Figure 6: Electrohydraulic position servocontrol system.

In conclusion, the iterative identification algorithm can
be presented as follwos.

for position and force servocontrol. Schematic diagram of the
electrohydraulic servosystem is shown in Figure 6.

Step 1. Set the initial values of 𝑥(0), 𝑤(0), 𝑢(0), and P(0).
̂
Step 2. Estimate the parameter 𝜃(𝑘)
by algorithm (23) and
calculate P(𝑘) by (24).
̂(𝑘) and 𝑥
̂ (𝑘) by (25)
Step 3. Estimate the internal variables 𝑤
̂
and (26) using the recent estimates of model parameters 𝜃(𝑘).
̂ by (27).
Step 4. Update the values of Φ(𝑘)
Step 5. Return to Step 2 until the parameter estimates converge to constant values.

5. Experiment
5.1. Experimental Environment. A hydraulic excavator was
retrofitted to be controlled by computer in our laboratory
[23]. Figure 5 shows the prototype machine, whose manual
pilot hydraulic control system was replaced by electrohydraulic proportional control system; inclinometers and pressure transducers were also installed on the excavator arms

5.2. Experimental Results. In order to obtain the nonlinear
characteristics of the system when changing the directions
and to obtain sufficient excitation, we adopted a multisine
input signal which contained the frequency of 0.05 Hz, 0.1 Hz,
0.2 Hz, 0.4 Hz, and 0.5 Hz to the identification experiments.
The sample rate was chosen to be 20 Hz on the machine.
The input signal and angle output were obtained from the
computer of the experiment machine. Ten groups of input
and output signals with time duration of 55 seconds were
sampled in the repeated experiments; the averaged measurement results are shown in Figure 7. Finally, we calculate the
output angle velocity by numerical differentiation.
We set the parameters 𝑛𝑎 = 3, 𝑛𝑏 = 2, 𝑛𝑘 = 8, 𝑟1 = 𝑟2 = 3,
𝑥(0) = 0, 𝑤(0) = 0, 𝑢(0) = 0, and P(0) = 106 I. Note that
lower forgetting factor 𝜆 is useful for reducing the influences
of old date, while a value of 𝜆 close to 1 is less sensitive to
disturbance. Therefore, we chose the forgetting factor to be
𝜆 = 0.98 during the first 200 samples, and 𝜆 = 1 otherwise.
Compiling the developed iterative least square algorithm in
MATLAB to identify the ARX model containing only the 𝐿(𝑧)
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Figure 7: Input and output signals of the identification experiment.
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Figure 8: Comparison results of the identified models.

block, Hammerstein model consisting of 𝑁1 and 𝐿(𝑧), Wiener
model consisting of 𝐿(𝑧) and 𝑁2 , and H-W model consisting
of 𝑁1 , 𝐿(𝑧), and 𝑁2 , respectively, we obtain the identification
results shown in Table 1.
We use the identified models to predict the tracking
velocity of a general trajectory. The comparative results are
shown in Figures 8 and 9. They demonstrate that the H-W
and Hammerstein models which contain the input nonlinear
block with two-segment polynomial nonlinearities capture
the actual system well, while the Wiener and ARX models
cannot approximate the actual system well. The mean-square
errors (MSE) of the identified models in Table 2 show that the

prediction error of the H-W model is about 13%, 54%, and
58% less than the Hammerstein, Wiener, and ARX models,
respectively.

6. Conclusion
This paper investigates the nonlinear modeling and identification of an electrohydraulic control system. We develop a
theoretic state space model for system analysis, propose an HW model for the highly nonlinear system based on a deeply
physical insight into the actual system, and apply a modified
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error of the H-W model is about 13%, 54%, and 58% less than
the Hammerstein, Wiener, and ARX models, respectively.
The results provide a physical insight into the nonlinear
characteristics of the actual system, which is important for
system analyzing, monitoring, and diagnosis. Future work
includes addressing uncertain and fuzzy properties of the
system [24, 25] and extending the model for a wider range
of equipment [26].
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Figure 9: Comparison of the estimation residua.
Table 1: The identification results.
Parameters
𝑏0
𝑏1
𝑏2
𝑎1
𝑎2
𝑎3
𝑓0
𝑓1
𝑓2
𝑓3
𝑝0
𝑝1
𝑝2
𝑝3
𝑞1
𝑞2
𝑞3

Model type
H-W
Hammerstein
Wiener
1
1
−0.0358
0.0349
0.0105
0.0151
0.0617
0.0147
−0.0069
−0.0309
−0.0596
0.0069
−0.0598
−0.0613
−0.0075
−0.0897
−0.0610
−0.0081
0.0109
0.0027
—
−1.4619 × 10−5
0.0012
—
−0.0050
−0.0012
—
0.0052
0.0045
—
−0.0165
−0.0055
—
0.0033
0.0013
—
0.0104
0.0036
—
−0.0010
−8.6858 × 10−4
—
1
—
1
0.0050
—
0.0013
6.3562 × 10−4
—
2.6895 × 10−4

ARX
−0.0276
0.0124
0.0514
−0.0661
−0.0653
−0.0619
—
—
—
—
—
—
—
—
—
—
—

Table 2: MSE of the identified models.
Errors
𝛿/r ⋅ s

−1

H-W
0.0321

Model type
Hammerstein
Wiener
0.0417
0.1081

ARX
0.1218

recursive least square method with internal variables estimation to identify its parameters. The main findings of the
paper include the follwoing: (1) the proposed H-W model
simplifies the identification procedure because it only uses the
input and output signals to identify all the parameters. (2) The
H-W model containing the input nonlinear block with twosegment polynomial nonlinearities captures the actual system
very well. As shown by the comparative results, the prediction

This work was supported in part by grants from National Natural Science Foundation (Grant nos. 51175511 and 61105073)
of China.
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Smart wireless sensors have been recognized as a promising technology to overcome many inherent difficulties and limitations
associated with traditional wired structural health monitoring (SHM) systems. Despite the advances in smart sensor technologies,
on-board computing capability of smart sensors has been considered as one of the most difficult challenges in the application of
the smart sensors in SHM. Taking the advantage of recent developments in microprocessor which provides powerful on-board
computing functionality for smart sensors, this paper presents a new decentralized data processing approach for modal identification using the Hilbert-Huang transform (HHT) algorithm, which is based on signal decomposition technique. It is shown that this
method is suitable for implementation in the intrinsically distributed computing environment found in wireless smart sensor networks (WSSNs). The HHT-based decentralized data processing is, then, programmed and implemented on the Crossbow IRIS mote
sensor platform. The effectiveness of the proposed techniques is demonstrated through a set of numerical studies and experimental
validations on an in-house cable-stayed bridge model in terms of the accuracy of identified dynamic properties.

1. Introduction
Vibration-based structural health monitoring (SHM) provides valuable information regarding the dynamic characteristics of structures. The identification process consists of measuring vibration responses from structures and analyzing the
measured data to build a numerical model of the structure.
Traditionally, the vibration responses are obtained using
centralized data acquisition systems with wired sensors.
However, wired sensors have proven to be difficult to implement, particularly for dense deployment of sensors on largescale civil infrastructures due to the long setup time, the
difficulties in cabling, and the high cost in equipments.
Smart wireless sensors are more flexible than traditional
wired sensors in communication, and their performance
in data processing is also better [1–3]. A smart sensor is
equipped with an independent on-board microprocessor that
can be used for digital signal processing, self-diagnosis,

self-identification, and self-adaptation, and the smart sensor
platform is battery powered with reliable wireless communication technology.
Smart sensors provide a promising alternative to the traditional wired sensor systems, and there have been many successful applications. Spencer et al. [4] defined smart sensors
with mainly four features: (i) on-board computing capability,
(ii) small size, (iii) wireless communication, and (iv) low
cost. Lynch and Loh [5] reviewed over 150 papers on wireless
sensors for SHM with research conducted at more than 50
institutes worldwide. SHM applications with smart sensors
have been studied using both scale models and full-scale
structures, respectively. Recent studies [6–11] have demonstrated the potential of applying smart sensors to monitor
large-scale civil infrastructure using a dense array of sensors.
However, the power consumption and long-term reliability
of smart sensors are still expected to be improved. Many
different methods have been proposed for power harvesting
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Table 1: IRIS features.

Processor

Clock speed
(MHz)

Memory
(KB)

SRAM
(KB)

Program flash
(KB)

Radio
(Hz)

Data rate
(kbp/sec)

ADC
(bit)

ATMegal1
281V

8

128

8

512

2.4 G

250

10

of sensors, for example, solar power and vibration power
[6, 12–14], but the system development is too complicated.
One way to alleviate this problem is to reduce the number
of communication cycles, since, in statistics, communication
consumes most of the battery energy.
The performance of data communication in wireless
smart sensor networks (WSSNs) is based on the data acquisition and processing schemes within the WSSNs. A singlesensor node which generates 16-bit vibration data along three
axes at 500 samples per second can easily consume onefourth of the nominal data rate of the IEEE 802.15.4 lowpower radio. A large structure typically comprises hundreds
of members and will require at least two triaxial sensors measuring accelerations at each end of every member, so that the
damaged members can be detected. Clearly, transferring raw
sensor data in a continuous mode for a traditional central data
repository is not an efficient way for the WSSNs. Therefore,
decentralized approaches have been introduced to process
the sensor data within the network before transmitting it to a
central computer [15]. The key challenge here is how to adapt
the existing SHM signal-processing techniques to perform as
much data reduction within the network as possible.
The extraction of the modal information, such as modal
frequencies and mode shapes from sensor data is very important for the assessment of the structural performance and the
calibration of the analytical design model [16]. In an attempt
to merge the modal identification methods into a state-ofthe-art wireless sensing paradigm, the Peak Picking (PP)
method and the Frequency Domain Decomposition (FDD)
technique [17] are modified for use within a distributed (i.e.,
decentralized) wireless sensing network [18]. While the
amount of data wirelessly transferred in the network is significantly reduced when using these independent processing
approach, modal identification methods have been addressed
with some drawbacks in terms of their sensitivity to environmental effects such as temperature and moisture and
nonlinearities [19].
A time-series analysis, known as the Hilbert-Huang
transform (HHT), is recently introduced by Huang et al. [20]
and has received considerable attention in structural health
monitoring applications. The HHT is an adaptive signalprocessing technique that produces signal decomposition in
both time and frequency domains, providing instantaneous
frequencies, phase, and damping for extracting damage sensitive features from the processed and decomposed data [21–
24].
In order to realize data aggregation and modal identification based on HHT, this paper proposes a new distributed
SHM scheme for the implementation in the intrinsically
decentralized computing environment in WSSNs. In this

study, a laboratory bridge model is built and tested on a commercial off-the-shelf WSN platform. The identification of the
modal properties for vibration signals using the embedded
HHT method on smart sensors is examined. The results from
both simulation and experiments show that the proposed
method achieves higher accuracy for identifying modal characteristics. The on-board computing features of the proposed
system are also proven to be tolerant to environmental
fluctuations in temperature and noise levels.
In the next section of this paper, the distributed SHM
scheme will be introduced, and the simulation and experimental results will be shown in Sections 3 and 4. Finally, a
conclusion will be made.

2. Background
2.1. Wireless Smart Sensor Node. As it is shown in Figure 1, the
IRIS mote wireless sensor was developed by the researchers
at the University of California, Berkeley [25], and it is a smart
sensor platform designed for data intensive applications. The
IRIS is an open hardware and software platform for smart
sensing, and it consists of a plug-in sensor boards, a processor,
a transceiver, and an AA battery pack. The specifications are
shown in Table 1. The processor speed may be scaled based
on the application requirement, and thereby maintaining its
power usage efficiency.
A variety of sensor boards for the mote are available in the
market. MTS400 sensor board from Crossbow Technology
is one of the most popular sensors used in research [26],
and it is implemented with acceleration, light, pressure, and
temperature sensors, as shown in Table 2. In this paper, an
IRIS with an MTS400 sensor board will be used in the
decentralized SHM system.
The operating system used on the IRIS for this research is
TinyOS, which is a distributed, open-source operating system
[27]. TinyOS supports large-scale, self-configuring sensor
networks, and its functions include radio messaging, message
hopping from mote to mote, low-power modes, sensor
measurements, and signal processing. NesC is used as the
programming language for TinyOS. This operating system
has a small memory footprint and is, therefore, suitable for
smart sensors with limited resource. TinyOS also has a large
user community and many successful smart sensor applications.
2.2. Hilbert-Huang Transform Algorithm. In 1998, Huang
et al. [20] introduced a new adaptive signal-processing
method, referred to as the Hilbert-Huang transform (HHT),
suitable for the requirements for processing linear, nonlinear,
stationary, and nonstationary signals. The HHT consists of
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Table 2: Sensors on MTS400.

Sensor
Acceleration
Pressure
Light
Temperature

Type
Analog devices ADXL202JE
Intersema MS5534AM
TAOSTSL2550D
Sensirion SHT11

Measurement range
±2 (g)
300–1100 mbar
400–1000 nm
0–100% RH;

(a)

Resolution
2 mg (60 Hz)
0.1 mbar
None
0.03% RH

(b)

Figure 1: IRIS mote with MTS400 board (a) and its components (b).

two main parts: (i) EMD and (ii) Hilbert transform. The
EMD method decomposes a real signal into a collection of
simpler modes or intrinsic mode functions (IMFs), which are
basically associated with the energy of the signal at different
timescales and contain important data characteristics [20].
The Hilbert transform, when applied to IMFs, will produce
an energy-frequency-time distribution of the data, known as
a Hilbert spectrum. In general, the decomposition resulting
from HHT is well localized in the time-frequency domain
and reveals important information within data.
The EMD extracts the IMFs by applying a sifting process
to a given time signal, and two cubic splines are fitted through
the signal’s local maxima and minima in order to produce an
upper and lower envelope, respectively. The average of these
two splines is then subtracted from the original signal. The
resultant signal is subsequently treated and repeated as the
original time signal. The first IMF component contains the
shortest period component of the signal. In order to derive
other IMFs, the first IMF is removed from the signal, the
residue is considered as the new signal, and the sifting process
is performed to obtain the second IMF component. This
procedure is repeated for all subsequent residues to derive
the longer period components. After extracting all IMFs, the
original signal is decomposed into 𝑛 empirical modes, 𝑐𝑖 , and
a residue, 𝑟𝑛 , which can either be the mean trend or a constant.
This can be represented by the following equation:
𝑛

𝑥 (𝑡) = ∑𝐶𝑖 (𝑡) + 𝑟𝑛 (𝑡) .

(1)

𝑖=1

After extraction of IMFs through the sifting process, the
Hilbert transform can be applied to each IMF in order to
obtain the amplitude, phase, and frequency information,

respectively. For a given IMF 𝐶𝑖 (𝑡) ≡ 𝑥(𝑡), the Hilbert transform 𝑦(𝑡) is defined as the convolution of 𝑥(𝑡) and 1/(𝜋𝑡). The
mathematical form of Hilbert transform is expressed as
𝐻 [𝑥 (𝑡)] = 𝑦 (𝑡) =

+∞
1
𝑥 (𝜏)
𝑃∫
𝑑𝜏,
𝜋 −∞ 𝑡 − 𝜏

(2)

where 𝑃 indicates that the integral is to be considered as a
Cauchy principal value, which prevents a possible singularity
at 𝑡 = 𝜏 and ±∞. When the Hilbert transform is applied
to 𝑥(𝑡), the magnitude is kept unchanged but the phase
of all frequency components is shifted by 𝜋/2. Using the
Hilbert transform, an analytic signal 𝑧(𝑡) can be defined as
the complex conjugate of 𝑥(𝑡) and its Hilbert transform 𝑦(𝑡)
[20],
𝑧 (𝑡) = 𝑥 (𝑡) + 𝑖𝑦 (𝑡) = 𝑎 (𝑡) 𝑒𝑖𝜃(𝑡) ,
𝑎 (𝑡) = √𝑥2 (𝑡) + 𝑦2 (𝑡),
𝜃 (𝑡) = arctan (

(3)

𝑦 (𝑡)
),
𝑥 (𝑡)

where 𝑎(𝑡) and 𝜃(𝑡) are called the amplitude and the instantaneous phase function of 𝑥(𝑡), respectively. Mathematically,
the above polar expression provides the best local fit for any
signal 𝑥(𝑡) with varying amplitude and phase [20]. Because
the IMFs are symmetric with respect to zero mean, the
instantaneous phase increases monotonically as a function of
time.
In summary, the processing of vibration signals by EMD
coupled with the Hilbert transform reveals significant fundamental information hidden in the signals for detecting
damage sensitive features in structural health monitoring.
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Table 3: Modal frequencies obtained from on-board and offline computing in numerical example.

Mode
First order
Second order

Frequency of on-board result
1.91 Hz
3.82 Hz

Frequency of offline result
1.98 Hz
3.76 Hz

Error
3.60%
1.50%

Table 4: Experimental cable-stayed bridge model mechanical characteristics.
Element
Middle tower
Side tower
Deck
Cable

Cross section
Material
Box ◻
Aluminum alloy
Box ◻
Aluminum alloy
Separate box
Aluminum alloy
Circle ⃝ High-strength steel wire

Density (kg/m3 )
2700
2700
2700
7850

Depending on the structure being studied, there are various
types of data extracted from the HHT and EMD. This data
include intrinsic mode functions, instantaneous frequency,
phase, amplitude, and damping. The next section discusses
the implementation of this strategy on smart sensor platform.
2.3. Smart Sensor System Realization. The implementation of
the decentralized approach is composed of a modal identification algorithm and middleware services. Major numerical
routines utilized in this approach include empirical modal
decomposition (EMD), quick sort, and Hilbert transform.
These functions are either developed from scratch or adapted
from functions previously written in C language. The performance of these functions is examined on the IRIS system.
Middleware services for the SHM include data aggregation,
reliable communication, and synchronized sensing. These
techniques are coded as C functions and compatible with
TinyOS.
The time synchronization and reliable data delivery
mechanisms in the framework can be implemented, respectively, by using suitable existing techniques; however, this
issue is beyond the scope of this paper. The main focus of
this paper is on the design of distributed algorithms for
WSN-based SHM. When the synchronized sensing is completed, the data acquired will be processed immediately. The
measured acceleration time histories and the intermediate
processed results, such as the structural modal parameters,
are sent back to the back-end server, where damage alarm or
other applications will be executed.

3. Numerical Studies
The objective of the numerical studies in this section is
to investigate the performance of the proposed distributed
modal identification method for structural health monitoring
based on the embedded processing capability of smart sensors. An original sine function signal, 𝑦 = 100 ∗ sin(24 ∗ 𝑡) +
100 ∗ sin(12 ∗ 𝑡), for simulation is selected in order to identify
its dominant frequencies.
Cheraghi et al. [28, 29] suggested a band-pass filtering
scheme in order to retain the interested frequencies only. In
the present study, the signal is filtered with various bands
according to the former Fourier transformation results. The

Modulus (GP)
68.6
68.6
68.6
200

Poisson ratio
0.34
0.34
0.34
0.30

Dimension (m)
3.1 × 0.1375 × 0.095
1.9 × 0.12 × 0.075
15.2 × 0.82 × 0.07
varies

first range is from 1 to 1.5 Hz, and the second range is from 3.5
to 5 Hz. The amplitudes at other frequency ranges are much
lower than the bands mentioned before.
Figure 2 illustrates the IMF and phase angle obtained
from on-board computing and offline computing, respectively, for the first frequency case. From Figure 2 it can be seen
that for all frequency cases, the IMF and phase calculated on
IRIS sensor have very good agreement with those obtained by
offline calculation method. After resolving the phase by the
least square method, the frequencies in this example as listed
in Table 3 can be obtained. The first and second frequencies
measured from the on-board computing are 1.91 Hz and
3.82 Hz, respectively. In contrast to 1.98 Hz and 3.76 Hz from
the offline computing, the errors are 3.6% and 1.5% for the
first and second frequency, respectively. The major influencing factors resulting in these errors may be due to the limited
CPU power, accumulated errors, and data package lagging in
numerical processing. However, these errors are small and
ignorable in engineering applications. In general, it can be
concluded that the on-board computing technique of smart
sensor based on HHT algorithm is reliable, and the smart
characteristics of wireless sensor could be used for the SHM
purpose.

4. Validation Test and Result Analysis
In an attempt to further investigate the onboard computing capabilities in smart sensors, the same methodology is
applied to examine an in-house cable-stayed bridge model
built in a laboratory. The vertical vibration signals of the
bridge model in the tests is measured by the IRIS installed
along the bridge deck. White noise loads are applied through
two magnetic vibration generators underneath the bridge
deck. The same test is carried out for 15 times with the sampling frequency of 50 Hz, and the duration of each record is
about 1 sec.
4.1. Test Structure. The test structure represents a reducedscale model of Shandong Binzhou Yellow River cable-stayed
Bridge (see Figure 3). The two-span bridge model is mainly
made of aluminum. Effective stiffness criterion is utilized
in the reduced-scale dynamic-elastic bridge model design.
Additional masses are added so the bridge model which gives
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Figure 2: Continued.
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Figure 2: Numerical HHT algorithm evaluated from on-board computing and offline computing for the first frequency case.

Figure 3: Photo of Binzhou Yellow River cable-stayed bridge.
Figure 4: Photo of the reduced-scale laboratory bridge model.

similar dynamic characteristics within the range of the prototype bridge. The bridge model is eventually built in a ratio of
1 : 40 to the prototype bridge considering lab conditions and
costs (see Figure 4). Table 4 lists the specific mechanical
parameters of the bridge model. Several experiments have
been previously done with various configurations of this
structure [30] based on the similarity theory, in order to show
that the reduced-scale bridge model with added masses has a
good degree of similarity with the prototype bridge.
4.2. Finite Element Analysis. In order to verify the accuracy of
testing results and provide dominant frequency ranges, a full
three-dimensional finite element model is developed using
ANSYS. The geometry and member details of the model are
based on the design data of the laboratory test bridge model.
The main structural members are composed of stay cables,
floor beams, and towers, all of which are discreterized by
different finite element types.
The modeling of stay cable can be realized in ANSYS
by employing the 3D tension-only truss elements (LINK8)
and utilizing its stress-stiffening capability. Each stay cable

is modeled by one element, which results in 60 tension-only
truss elements in the model. Two steel main girders are modeled as the 3D elastic beam elements (BEAM4) for simplicity,
since they are the structural members possibly subjected
to tension, compression, bending, and torsion. There are
in total 508 elements of this type. Towers consist of both
equivalent and variable sections so that they are discreterized
by BEAM188 elements with a total number of 140. All piers
and platforms are modeled by the solid elements (SOLID45),
of which there are 852 elements. The diaphragms are modeled
by 80 beam elements (BEAM44). In addition, 210 concentrated mass elements (MASS21) are used to include the mass
of equilibrium blocks, parapet, and anchors that are nonstructural members.
The complete model consists of 1371 nodes and 1500
elements resulting in 8202 active degrees of freedom (DOFs).
The model represents the bridge in its current as-built configuration and structural properties. The first three vertical
bending modal shapes of bridge model from FEA are shown
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Table 5: On-board computing, offline computing, and FE results.
Mode
First order
Second order
Third order

Frequency from on-board computing
4.64 Hz
8.69 Hz
10.47 Hz

(a) 1st Vertical Bending

Frequency from offline computing
4.52 Hz
8.66 Hz
10.52 Hz

(b) 2nd Vertical Bending

Errors
2.6%
0.27%
0.49%

FE result
4.23 Hz
10.92 Hz
12.16 Hz

(c) 3rd Vertical Bending

Figure 5: The operational deflection shapes for the first three fundamental modes of vibration.
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1

computing for the first natural frequency case. It can be found
that the estimated IMF obtained by the on-board computing
method is in excellent agreement with the offline computing
counterpart. Based on the IMF and phase values, we can
calculate the natural frequency based on the least square
method. Similar to the first natural frequency, the second and
third natural frequency can be obtained using the same procedure. The natural frequencies obtained from the on-board
computing are shown in Table 5, and they are compared with
the results from the offline computation and FE analysis. For
all three cases, the largest relative error of natural frequency
obtained from the on-board computing to that from the
offline computing is only 2.6% (in the first case). It can be
seen that the proposed embedded method has achieved the
modal parameters comparable with those obtained using the
traditional method, but the energy consumption has greatly
been reduced.

Figure 6: Typical acceleration signal of wireless sensor from testing.

5. Conclusions
in Figure 5, and their corresponding natural frequencies are
listed in Table 5.
4.3. Testing Results. After obtaining the encouraging results
from FE analysis, the application of the proposed approach is
examined experimentally on the cable-stayed bridge model.
The band-pass filtering used in this experimental test should
be carefully implemented in order to take into account
the frequency components that are only sensitive to the
bridge model. According to the afore mentioned FE analysis,
it is concluded that band-pass filters with the band-pass
frequency of 3.5–5.0 Hz, 8.0–9.5 Hz, and 10.0-11.0 Hz (corresponding to the first three bridge vibration modes), respectively, can give rise to the best resolution for modal parameter
identification.
Typical experimental results of this investigation are presented in Figures 6 and 7 for the first natural frequency case,
respectively. Figure 6 shows the original experimental acceleration signal from a typical wireless sensor node. Figure 7
shows the band-pass filtered signal and the IMF along with
phase obtained both by on-board computing and offline

In this study, an application of the HHT-based decentralized
data processing approach is proposed based on smart wireless
sensors, and it has been verified with both simulation and
experiment. The basic concept is to analyze the structural
vibration signals through the EMD and HHT, taking advantage of on-board computing capability of smart sensor. The
proposed approach is programmed and embedded into the
data processing module of a smart sensor. The performance
of decentralized HHT is assessed in terms of accuracy of the
identified modal properties of the test structure.
A laboratory cable-stayed bridge model is employed to
investigate the performance of decentralized HHT on the
IRIS wireless sensor platform. The offline data processing
approach is selected as a reference for numerical comparison,
and finite element analysis has been introduced to provide
necessary modal information of the structure. Results from
both simulation and experiment show that in all dominant
frequency cases the smart sensor implemented with on-board
HHT algorithm can identify the modal parameters such as
the natural frequency at the same resolution as the traditional
offline approach. More importantly, the proposed method
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Figure 7: Experimental HHT algorithm evaluated from on-board computing and offline computing for the first frequency case.

could locally compute these coefficients and transmit them to
the central location, instead of transmitting the entire data.
Therefore, this method increases the efficiency in wireless
communication for real applications of SHM.
Overall, the proposed modal identification technique in
this study is a low cost and effective tool for SHM. Based

on the experimental results, we can see that there is a
great potential to develop a practical and reliable modal
identification procedure for WSN-based structural health
monitoring. Despite the successful implementation of the
HHT and EMD methods on the laboratory scale, some issues
must yet be taken into account when considering real-world
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applications, where a large number of sensors will be densely
deployed over a large structure.
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The need to address climate change caused by greenhouse gas emissions attaches great importance to research aimed at using
renewable energy. Geothermal energy is an interesting alternative concerning the production of energy for air conditioning of
buildings (heating and cooling), through the use of geothermal heat pumps. In this work a model has been developed in order to
simulate an air conditioning system with geothermal heat pump. A ground source heat pump (GSHP) uses the shallow ground as a
source of heat, thus taking advantage of its seasonally moderate temperatures. GSHP must be coupled with geothermal exchangers.
The model leads to design optimization of geothermal heat exchangers and to verify the operation of the geothermal plant.

1. Introduction
The increasing energy demands the fact that fossil fuels are
finite resouces and the problem of pollutant emissions has
allowed renewable energy sources (RES) to be considered and
developed, including geothermal [1].
Geothermal energy is used in order to generate electricity
or for direct uses, especially for heating [2]. Direct use
of geothermal energy is the oldest and the most common
utilization of this energy source.
There are many possibilities for these uses: geothermal
heat pumps or ground source heat pumps (GSHPs), space
heating, greenhouse and covered ground heating, aquaculture pond and raceway heating, agricultural crops drying,
industrial process heat, snow melting and space cooling,
bathing, and swimming [3].
The GSHP systems for heating and cooling are considered
one of the most energy-efficient and cost-effective renewable
energy technology [4]. Moreover these systems allow to
reduce the greenhouse gases (GHGs) emissions [5].
Geothermal heat pumps systems use the subsoil (the
interior of the earth) as a source and extract heat at low deep
[6].
Heat pumps are devices that allow to transfer heat from
a lower temperature system to a higher temperature system.

Geothermal heat pump or ground source heat pump (GSHP)
is a heating and/or cooling system that pumps heat to or
from the ground. The GSHP uses earth as a heat source
(during winter time) or a heat sink (during summer time).
This design takes advantage of the moderate temperatures
in the ground to boost efficiency and reduce the operational
costs of heating and cooling systems [7]. The major advantage
of GSHPs derives from their better performance if compared
with traditional system because they takes advantage of a
more stable temperature of the heat source during the whole
year, thus the coefficient of performance (COP) is increased,
and the operational costs of heating and cooling are reduced
[8].
The GSHPs systems can be classified as follows:
(i) open systems: if groundwater is used as heat transfer
fluid,
(ii) closed systems: if there are some heat exchangers in
the underground, and the groundwater is not the heat
transfer fluid [9].
Among the closer systems there are many different
configurations: horizontal, spiral, and vertical loop [10].
An air conditioning system with geothermal heat pumps
consists of three parts [11]:
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(i) geothermal heat exchangers,
(ii) heat pump,
(iii) heat distribution system (radiant floors are particularly suitable because they have the great advantage
of working with lower temperature gradients if compared to conventional systems [12]).
The operating mechanism for heating is as follows:
(i) the fluid (antifreeze added water), flowing in geothermal heat exchangers, exchanges heat with the ground
and comes back heated to surface;
(ii) fluid transmits its heat to the heat pump and back in
the heat exchangers with lower temperature;
(iii) heat pump transmits its heat to the fluid flowing in
radiant floors;
(iv) radiant floors heat the building.
GSHP must have a heat exchanger in contact with the
ground or groundwater in order to extract or dissipate
heat. Several major design options are available for these,
which are classified according to layout and fluid: direct
exchange systems circulate refrigerant underground, closed
loop systems use a mixture of antifreeze and water, and
open loop systems use natural groundwater. Direct exchange
geothermal heat pump is the oldest type of geothermal heat
pump technology.
In this work a GSHP system with vertical heat exchangers
has been studied.

The growth of GSHPs technology was slower than other
RES or conventional technologies due to many factors:
nonstandardized system designs, significant capital costs if
compared with other systems, and limited individuals knowledgeable in the installation of GSHP systems. Nevertheless
these problems have been resolved on an ongoing basis, and
the acceptance of the GSHP technology is increasing [1].
GSHP systems COP is higher than COP of other heat
pump systems: it usually varies from 3 to 6, depending on the
earth connection setups, system sized earth characteristics,
installation depths, and climate of the area. Instead, for
example, for an air source heat pump system the COP range
is from 2,3 to 3,5 [1].
GSHP systems have higher initial costs than conventional ones because of the costs of the heat pump unit and
the connection with the ground, specially drilling, but the
operating costs are lower than conventional systems because
of their high efficiency. Therefore the economic feasibility
of GSHP systems depends on location, due to the price of
electricity, natural gas, and other heating fuel. If these are not
expensive, GSHP system may not be the cheapest option. On
the contrary when there are low electricity costs, the GSHP
systems are economically advantageous [1].
In particular, for example, if electricity is produced by
a photovoltaic system the operating costs and the GHG
emissions become remarkably low.
Therefore in order to increase the efficiency of the GSHP
system and to reduce the costs, the optimal sizing of the plant
is needful. The TRNSYS 17 software can be used for the system
simulation in order to refine the sizing.

2. Methods
2.1. Presizing. The studied building is part of a building
complex and consists of 14 apartments located over 4 floors.
The building was planned to include a central heating
system, for heating and domestic hot water, that uses one
heat pump and vertical geothermal heat exchangers. During
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Table 2: Features of vertical heat exchangers.

Figure 5: Average ground temperature varying exchangers length.

Table 1: Data for calculation of thermal load.
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summer time, the system works in natural cooling operative
mode.
The thermal load of the building is 43,2 kW for heating
(Table 1).
We choose one geothermal heat pump with a power of
47,2 kW, whose fluid consists of water and ethylene glycol
(25%), with freezing temperature of −13∘ C.

Features of vertical exchangers
Number
Length
Distance
Type
External diameter U
Internal diameter U
Bore diameter
Distance by centers of U

12
100 m
8m
single U
32 mm
29 mm
12 cm
5 cm

Geothermal heat exchangers have been presized according to the procedure described in VDI4640 German law
[9]. The procedure of VDI4640 is strictly applied for small
sized systems (<30 kW), but we used this procedure for an
approximate sizing only. Then the final size has been obtained
by the approximate one, by simulation with software TRNSYS
17.
The presizing procedure of VDI4640 is the following [13]:
(1) calculation of heating load 𝑃𝑡 (= 43, 2 kW);
(2) definition of temperature of radiant floor (= 35∘ C);
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(natural cooling).

(3) choice of heat pump and definition of the COP (coefficient of performance) with the operating condition
B0/W35, COP = 4,33;
(4) calculation of the power exchanged with the ground
𝑃ev [= (COP − 1)𝑃𝑡 /COP = 33, 22 kW];
(5) extraction from VDI4640 of the specific power
extraction 𝑃ter (= 30 W/m);
(6) calculation of total length of vertical geothermal heat
exchangers 𝐿 (= 𝑃ev /𝑃ter = 1107 m);
(7) oversized (15%) 𝐿 = 1273 m;
(8) assumption of 12 vertical heat exchangers (each one
100 m long) (Table 2).
2.2. Simulation. The software TRNSYS 17 has been used in
order to simulate the operations system.
TRNSYS is a complete and extensible simulation environment for the transient simulation of systems, including
multizone buildings.
TRNSYS consists of a suite of programs: the TRNSYS
Simulation Studio, the Simulation Engine (TRNDll.dll) with
its executable (TRNExe.exe), the Building input data visual
interface (TRNBuild.exe), and the Editor used to create
stand-alone redistributable programs, known as TRNSED
applications (TRNEdit.exe) [14].
The main visual interface is the TRNSYS Simulation
Studio. Here, we can create projects by drag-and-dropping
components to the workspace, connecting them together and

setting the global simulation parameters. When you run a
simulation, the Studio also creates a TRNSYS input file (a text
file, that contains all simulation information but no graphical
information).
The Simulation Studio also includes an output manager,
by which you control which variables are integrated, printed,
and/or plotted, and a log/error manager that allows you to
study in detail what happened during the simulation [15].
The system has been represented in TRNSYS Simulation
Studio and the Building has been created in TRNBuild.
The Building has been modeled in TRNBuild by dividing
it into 16 thermal zones (14 apartments, 1 zone of stairs, and 1
garage) [16].
The simulation with TRNSYS 17 allows the calculation
and displays one or more variables on interval of time. Most
of variables are studied within annual simulation, but average
ground temperature is studied in five-year simulation.
We studied the following variables:
(1) thermal loads;
(2) air temperature in thermal zones;
(3) fluid temperature in input and output from radiant
floors;
(4) fluid temperature in input and output from geothermal heat exchanger;
(5) average ground temperature;
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(6) COP of heat pump;
(7) optimal time step for simulations.
Optimal time step has been studied observing building
thermal loads varying with time steps.

3. Results
The results of the simulation are represented in Table 3 and in
Figure 1.
The optimal time step for simulation is 1 minute.
The study of average ground temperature is very important because this variable must not change more than 2∘ C over
long period. Simulations are carried out for more conditions
(12, 13, and 14 exchangers; distance between exchangers of 8,
9, and 10 m; arrangement of exchangers in series and parallel;
length of exchanger of 90, 100, and 110 m).
We have chosen the following as target for the average
ground temperature:
(1) ensure no overexploitation of the ground;
(2) achieve a new balance for the ground average temperature.
Changes in ground temperature varying with number of
exchangers are shown in Figure 2.
The average ground temperature change after 20 years is
shown in Figure 3, and it is equal to 1,7∘ C, below the threshold
of 2∘ C, necessary not to have an overexploitation.
Changes in average ground temperature as a function of
distance between exchanger are shown in Figure 4.
Changes in average ground temperature varying with
exchangers length are shown in Figure 5.
We obtained that the configuration which gives the best
performance has the following characteristics: 14 vertical
exchangers in series with distance of 10 m and length of 100 m
(Table 4).
The temperature of fluid in output from exchangers is
represented in Figure 6.
It can be seen in Figure 6 that during the first year
the minimum temperature of the fluid in output from the
exchangers is 6∘ C. In Figure 7 we can see that the same
temperature at five years is 5∘ C.
The temperature of fluid in input in the heat pump is in
the allowable range (−5, +25∘ C).
The COP of the heat pump is represented in Figure 8. Note
that the performance is good because COP is always more
than 4.
Moreover, it resulted that the minimum temperature of
the fluid in output from the heat pump is 1,5∘ C. The heating
due to the ground is 4,5∘ C.
Air temperature in the apartments (represented in
Figure 9) ensure comfort conditions.
The fluid temperature in input in the radiant floors
resulted 19∘ C at the end of the summer, while fluid temperature in output at the end of the summer was 22∘ C as shown
in Figures 10 and 11.

5
Table 3: Thermal load varying time step simulation.
Time-step
1 hour
30 minutes
20 minutes
10 minutes
5 minutes
4 minutes
3 minutes
2 minutes
1 minute

Total thermal load [kWh]
68535,845218584532
68677,478548530451
68469,790308356302
65833,167347961783
68533,186713158425
68678,316559261531
68680,138881754820
68676,275556369017
68677,942675267512

Table 4: Configuration of exchangers that gives the best performance.
Number of vertical exchangers
Distance
Length
Configuration

14
10 m
100 m
14 exchangers in series

4. Conclusion
In order to refine the sizing of the system, the TRNSYS 17
software is used.
The simulation of the system over a period of 5 years
shows the best configuration for the exchangers: 14 vertical
heat exchangers in series with distance of 10 m and length of
100 m.
The results show that the system works properly, because
(1) the temperature in the apartments ensures comfort
conditions;
(2) the ground is not subject to overexploiting;
(3) high heat pump efficiency.
Simulation with software TRNSYS allows to refine the
sizing of the system and accordingly to reduce the initial
costs for the ground connection—in particular for drilling
and probes that are about the 35% of the total costs—and the
operating costs.
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Ant colony optimization is developed to determine optimum cross sections of tunnel structures. Tunnel structures are expensive
infrastructures in terms of material, construction, and maintenance and the application of optimization methods has a great role
in minimizing their costs. This paper presents the formulation of objective function and constraints of the problem for the first
time, and the ant colony optimization, as a developed metaheuristic approach, has been used to solve the problem. The results and
comparisons based on numerical examples show the efficiency of the algorithm.

1. Introduction
In general, the optimization techniques can be categorized
into classical and metaheuristic search methods. Classical
optimization methods often require substantial gradient
information, the final results depend on the initially selected
points, and many engineering problems are too complex to be
handled with classical methods [1–3]. However, metaheuristic methods do not require the gradient data and perform
better global search abilities [4–8].
Among many exiting metaheuristics, there are few algorithms that present many results (instead of only one best
result). The ant colony optimization (ACO) was one of them.
In the design of tunnel, engineers need to have many different
designs to combine/select/improve them as the final result.
Therefore, we select ACO in this paper. Previously, ACO
has been applied to water distribution system optimization
[9], optimal design of open channels [10], optimization of
soil hydraulic parameters [11], identifying optimal sampling
networks that minimize the number of monitoring locations
in groundwater design optimization [12], and deterring the
optimum design of skeletal structures with optimum weight
[2], among many others. The advantages of applying ACO
to engineering problems are similar to those of other evolutionary algorithms. It is a multiagent randomized search

technique in which in each cycle a number of search space
points are selected and tested. The random selection and the
information obtained in each cycle are used to choose new
design vectors in subsequent cycles.
On the other hand, the necessity for tunnels and the
benefits they bring cannot be overestimated. Tunnels improve
connections and shorten lifelines. The utilization of underground space for storage, power and water treatment plants
civil defense, and other activities is often a must in view of
limited space, safe operation, environmental protection, and
energy saving [13]. Of course, the construction of tunnels is
risky and expensive and requires a high level of technical skill
[13]. There are many methods proposed in the community
for the modeling of the complex problem and geometrical
structures [14–16]. For the first time, this paper presents the
formulation of tunnel cross-sectional design problems and
utilizes ant colony optimization to determine the optimum
section of tunnels.

2. Formulation of the Optimization Problem
2.1. Problem Statement. There are different shapes or profiles
for a tunnel cross section. The choice of the profile aims at
accommodating the performance requirements of the tunnel.
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Figure 1: The different profiles of tunnel cross sections.

Moreover, it tries to minimize bending moments in the lining
(or displacements) as well as costs for excavation and lining
[13]. Therefore, the objective function can be defined as
minimize 𝐴 + 𝜑𝑑,

(1)

where 𝐴 is the area of the profile, and 𝑑 is the maximum value
of displacements. Also, 𝜑 is a constant parameter.
A typical problem of tunnel design is to fit two rectangles
(one is required as a traffic space, and the other is required
as air conductor space) into a mouth profile as shown in
Figure 1. The figure shows two types of cross sections: in
Figure 1(a), for a determined height (𝐻𝑑 ), a vertical wall
is considered, while in Figure 1(b), the vertical wall is not
utilized. For both types, the design functions of crown should
be determined. Based on the kind of the selected function
for crown, different shapes of profiles will be achieved. Here,
we utilized the polynomial functions. As a result, the aim
of optimization problem is to determine the parameters of
the crown polynomial functions. The value of 𝐻𝑑 for profile
type I should be also considered as a variable. The geometry
constraints of a such problem can be summarized as follows.
For the profile with vertical wall (type I):
𝐻𝑑min ≤ 𝐻𝑑 ≤ 𝐻𝑑max ,
𝐻req ≤ 𝐻1 ,
𝐵req ≤ 𝐵1 ,

(2)

𝐻req > 𝐻1 ⇒ Φ𝐻 =

𝐻1 − 𝐻req
𝐻req

,

𝐵req ≤ 𝐵1 ⇒ Φ𝐵 = 0,
𝐵req > 𝐵1 ⇒ Φ𝐵 =

𝐵1 − 𝐵req
𝐵req

,

𝐴 𝑠 + 𝐵req × 𝐻req ≤ 𝐴 ⇒ Φ𝐴 = 0,
𝐴 𝑠 + 𝐵req × 𝐻req > 𝐴 1 ⇒ Φ𝐴 =

𝐴 − (𝐴 𝑠 + 𝐵req × 𝐻req )
𝐴 𝑠 + 𝐵req × 𝐻req

,

(4)

Φ = Φ𝐻 + Φ 𝐵 + Φ 𝐴 .

(5)

3. Ant Colony Optimization

For the profile without vertical wall (type II):

𝐴 𝑠 + 𝐵req × 𝐻req ≤ 𝐴,

𝐻req ≤ 𝐻1 ⇒ Φ𝐻 = 0,

and the total value of the penalty functions equals

𝐴 𝑠 + 𝐵req × 𝐻req ≤ 𝐴.
𝐵req ≤ 𝐵1 ,

2.2. Constraint Handling Approach. There are different methods to handle the constraints [16–18]. One of well known
approaches to handle constraints is to employ a penalty
function. In utilizing penalty functions, if the constraints are
between the allowable limits, the penalty is zero; otherwise,
the amount of penalty is obtained by dividing the violation of
allowable limit to the limit itself, as

(3)

where 𝐻req and 𝐵req are the required height and width of
traffic space, respectively. min and max denote lower and
upper bounds, respectively. 𝐴 𝑠 is the required space for the
air conductor.

3.1. General Aspects. Ant colony optimization (ACO) is a
cooperative search technique that mimics the foraging behavior of real life ant colonies [19]. The ant algorithms mimic
the techniques employed by real ants to rapidly establish the
shortest route from food source to their nest and vice versa.
Ethologists observed that ants can construct the shortest path
from their colony to the feeding source and back through the
use of pheromone trails [19]. When an isolated ant comes
across some food source in its random sojourn, it deposits
a quantity of pheromone on that location. Other randomly
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Figure 2: The optimum profiles of tunnel cross sections (type I); the order of functions is as follows: (a) 7, (b) 8, (c) 9, (d) 10, and (e) 20.

moving ants in the neighborhood can detect this marked
pheromone trail. Further, they follow this trail with a very
high degree of probability and simultaneously enhance the
trail by depositing their own pheromone. More and more
ants follow the pheromone-rich trail, and the probability of
the trail being followed by other ants is further enhanced
by the increased trail deposition. This is an autocatalytic

(positive feedback) process which favors the path along which
more ants previously traversed [19]. The ant algorithms were
based on the indirect communication capabilities of the ants.
Artificial ants in ACO algorithms are deputed to generate
rules by using heuristic information or visibility and by
using the principle of indirect pheromone communication
capabilities for iterative improvement of rules [2].
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Figure 3: The optimum profiles of tunnel cross sections (type II); the order of functions is as follows: (a) 7, (b) 8, (c) 9, (d) 10, and (e) 20.

3.2. Pseudocode. The general procedure of the ACO algorithm manages the scheduling of four activities [2].
Step 1 (initialization). The initialization of the ACO consists
of the initialization of the pheromone trail, the number of ants
randomly and the required constant parameters.

Step 2 (solution construction). In the iteration step, each ant
constructs a complete solution to the problem according to a
state transition rule. The state transition rule depends mainly
on the state of the pheromone and visibility of ant. Visibility is
an additional ability used to make this method more efficient.
In engineering problems, the visibility for allowable value
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where 𝐿+ is the length of the solution found by the elitist ant.
At the end of each movement, local trail updating rule
reduces the level of trail on values selected by the ant colony
during the preceding iteration. When an ant selects the value
𝑗 for variable 𝑖, the local update rule adjusts the intensity of
trail by
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𝜏𝑖𝑗 (𝑡 + 1) = 𝜉 ⋅ 𝜏𝑖𝑗 (𝑡) ,

(10)

where 𝜉 is the adjustable parameter between 0 and 1 representing the persistence of the trail.

Without vertical wall
With vertical wall

Figure 4: Comparison of final optimum results of types I and II.

Step 4 (stopping control level). This process is repeated until
a stopping criterion is fulfilled.

number 𝑗, in variable 𝑖, equals the reverse of its real value,
as

3.3. Improved Ant Colony Optimization. Kaveh and Talatahari [2] suggested an improved ACO, using sub-optimization
mechanism which divides the search space into smaller parts
and deletes the infeasible parts, and then the remaining space
is divided into smaller parts again for more investigation
in the next stage. So, the algorithm can be summarized as
follows.

𝜂𝑖𝑗 =

1
.
𝑥𝑖𝑗

(6)

For the 𝑘th ant, the selection of allowable value 𝑗 of variable 𝑖
is according to the transition probability function as
𝛼

𝑃𝑖𝑗𝑘

(𝑡) =

[𝜏𝑖𝑗 (𝑡)] ⋅ [𝜂𝑖𝑗 ]
𝛼

𝛽

∑𝑙∈𝑁𝑖 [𝜏𝑖𝑙 (𝑡)] ⋅ [𝜂𝑖𝑙 ]

𝛽

,

∀𝑗 ∈ 𝑁𝑖 ,

(7)

where 𝜏𝑖𝑗 (𝑡) is the intensity of pheromone on variable 𝑖 and
allowable value 𝑗, 𝑁𝑖 is the list of allowable values that are
available to variable 𝑖, and the 𝛼 and 𝛽 are control parameters.
The intensity of pheromone reflecting the previous experiences of the ants is a shared memory which provides an
indirect communication between ants. Pheromone information stored in the trail matrix provides a global view about
the selection of the edge based on a quality measure of
the solution constructed afterward. On the other hand, the
value of visibility is determined by a greedy heuristic for the
original problem which considers only the local information
on allowable values.
Step 3 (pheromone updating rule). When every ant has
constructed a solution, the intensity of pheromone trails on
selected values is updated by the pheromone updating rule
(global pheromone updating rule). The global pheromone
updating rule is applied in two phases: first, an evaporation
phase where a fraction of the pheromone evaporates, second,
a reinforcement phase where the elitist ant, which has
constructed the best solution in that iteration, deposits an
amount of pheromone
𝜏𝑖𝑗 (𝑡 + 𝑛𝑔) = (1 − 𝜌) ⋅ 𝜏𝑖𝑗 (𝑡) + 𝜌 ⋅ Δ𝜏𝑖𝑗+ ,

(8)

where 𝜌 (0 < 𝜌 < 1) represents the persistence of pheromone
trails ((1 − 𝜌) is the evaporation rate), 𝑛𝑔 is the number of

Step 1. Calculating cross-sectional area boundaries for each
variable.
Step 2. Creating the series of the allowable cross-sectional
areas.
Step 3. Determining the optimum solution of the stage by
using ACO algorithm.
Step 4. Repeating Steps 1–3 for definite times.

4. Numerical Examples
A numerical investigation is performed in this section. The
required height and width are 4 and 6.5 meters, respectively.
𝐴 𝑠 is set to 1.8 × 1.8 meters. The proposed algorithm is
coded in MATLAB and structures are analyzed using a finite
element method. In fact, by using the constant properties for
the utilized materials, a detailed model of tunnel sections is
provided.
The values of constants 𝛼 and 𝛽 are set to 1.0 and 0.4,
respectively. The local update coefficient, 𝜉, is taken as 0.25,
and the global update coefficient, 𝜌, is set to 0.2, [2]. Our
research results show that the number of 20 ants is sufficient
to reach the desirable solution.
Figure 2 shows the obtained optimum profiles of tunnel
cross sections (type I) when the order of polynomial functions is changed from 7 to 20. For type II, Figure 3. Presents
the obtained results of tunnel cross sections. Due to the
symmetry of the section, only one half of the tunnel is shown
in these figures.
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Figure 5: Comparison of final optimum results obtained by ACO and GA; (a) type I and (b) type II.

A comparison of final optimum results is performed as
shown in Figure 4. The profile of type II (without vertical
wall) is known as the best results when the degree of the
function is set to 20. Another important result is that the
differences between the functions with order 10 and 20 are
small, and therefore, due to the existence of more variables
for the function with degree 20, one may be satisfied to use
a function with order of 10. Also, Figure 5 compares the final
results obtained by the ACO and GA. The differences between
the final results obtained by the ACO and GA are small;
however, almost in all cases, the ACO can find better results.

5. Concluding Remarks
The choice of the profile aims at accommodating the performance requirements of the tunnel. Optimum cross section
tries to minimize displacements as well as costs for excavation
and lining. For the first time, this paper utilizes ant colony
optimization (ACO) to determine optimum cross section of
tunnels. ACO, a metaheuristic method, is inspired from natural phenomena which do not require an explicit relationship
between the objective function and constraints, and it is not
necessary for a given function to be derivable. The proposed
method is tested on a numerical example. A section without
vertical wall is found as the best design when the degree of
the function is set to 20. The investigation shows that using
a function with order 10 can reduce the computational costs
while the final results do not change considerable. The result
comparisons with genetic algorithm prove the robustness of
the proposed method.
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Due to the environmental degradation and depletion of conventional energy, much attention has been devoted to wind energy in
many countries. The intermittent nature of wind power has had a great impact on power grid security. Accurate forecasting of wind
speed plays a vital role in power system stability. This paper presents a comparison of three wavelet neural networks for short-term
forecasting of wind speed. The first two combined models are two types of basic combinations of wavelet transform and neural
network, namely, compact wavelet neural network (CWNN) and loose wavelet neural network (LWNN) in this study, and the third
model is a new hybrid method based on the CWNN and LWNN models. The efficiency of the combined models has been evaluated
by using actual wind speed from two test stations in North China. The results show that the forecasting performances of the CWNN
and LWNN models are unstable and are affected by the test stations selected; the third model is far more accurate than the other
forecasting models in spite of the drawback of lower computational efficiency.

1. Introduction
Utilization of renewable energy has been paid increasing
attention to around the world. Wind energy is one of the most
promising energy resources, and wind power generation has
been growing rapidly in many countries [1–3]. Wind power
generation has rapidly developed over the last decade and
global wind power installations reached 240 GW in 2011,
accounting for about 5% of global power installed capacity;
global wind power generation will increase to about 450 GW
by the year 2020 [4]. However, the randomness of wind in
speed and direction leads to the fluctuation of wind power.
The large-scale wind power generation integrated in electrical
power systems may cause some problems, including power
quality, stability, and especially power dispatching [5]. The
accurate forecasting of wind speed has an important effect
on solving the instability of wind power generation and
increasing wind power penetration [6].
Recently, some researchers have proposed a number of
methods to forecast wind speed and wind power, which
can be classified as physical methods, spatial correlation
methods, conventional statistical methods (i.e., persistence

method, ARMA), and artificial intelligence methods [7–
14]. In the last two decades, artificial intelligence methods,
including artificial neural network (ANN) [15–18], fuzzy
logic, support vector machine [19, 20], are applied widely
in energy engineering area [21, 22]. Among the methods,
ANN is one of the most widely used models and a promising
technology in wind speed forecast [3, 15–18].
However, ANN methods have limitations with nonstationary data, which may not be able to handle nonstationary
data if the preprocessing of the input data is not done
[23]. Wind speed is influenced by many factors, and its
change displays a strong stochastic and intermittent feature.
A single forecasting model cannot fully approximate the
characteristics of wind speed.
Wavelet transform has been applied to a number of
disciplines outside of the power system, and it has been
found to be very effective to analyze nonstationary time series
[24]. Wavelet transform not only has the multiresolution
characteristics but also can capture the local feature of signal
in both time and frequency domains [25]. The wavelettransformed data can improve the ability of a forecasting

2
model by capturing useful information on various resolution
levels.
Recently, some hybrid prediction techniques using the
combination of wavelet transform and ANN have been
developed for wind speed prediction. There are two types
of basic combination forms based on wavelet transform and
ANN. The first combination method uses discrete wavelet
transform (DWT) as a preprocessing tool to decompose
the original time series signal into some subsequences with
different frequency bands. Then ANN models are used as
forecasting modules to predict these subsequences, respectively. The combination method, namely, loose wavelet neural
network (LWNN) in this study has been applied in energy
and power systems [26, 27]. The second combination method
is similar to back propagation neural networks (BPNN) and
uses a kind of wavelet basis function to replace sigmoidal
activation function of the hidden layer nodes of BPNN.
This combination network is presented firstly by Zhang and
Benveniste [28], namely, compact wavelet neural network
(CWNN) in this study. At present, this method has been
widely applied to various fields [29, 30]. Other combination
methods are rarely reported in the literature [31–35].
In this study, we are interested in combined models based
on the wavelet transform and neural network for wind speed
forecasting. This paper presents three types of short-term
wind speed forecasting models, including the preceding two
wavelet neural networks (CWNN and LWNN). The third
model is a new hybrid method based on a combination of the
preceding two types of wavelet neural networks. The aim of
this paper is to investigate the three models and compare the
forecasting performance for wind speed by using the actual
wind speed data in two different wind farms.
The remainder parts of the paper are organized as
follows. In Section 2, three models based on the combination
of wavelet and neural network are outlined. In Section 3,
the model parameters are described, and some evaluating
indexes used in this study are presented. In Section 4,
obtained numerical results and discussion from these methods are presented. In Section 5, some relevant conclusions
about the performance achieved by comparing CWNN,
LWNN, and LCWNN models are provided.

2. Three Types of Wavelet Neural
Network Models
2.1. The CWNN Model. The architecture of the CWNN model
is based on the topology of BPNN. In this method, a kind
of continuous wavelet basis function (i.e., Morlet wavelet
or Mexican hat wavelet) is employed to replace sigmoidal
activation function of the hidden layer nodes, and the scaling
and shifting parameters of wavelet basis functions are used to
replace the corresponding connection weights and thresholds
from the input to the hidden layer. Wavelet function is a
local function and influences the output of the hidden layer
only in some local range [36]. The CWNN method may solve
the conventional problems of poor convergence or trapping
in local optima encountered in BPNN. The structure of the
CWNN model is shown in Figure 1(a).
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In Figure 1(a), 𝑥1 , 𝑥2 , . . . , 𝑥𝑘 and 𝑦1 , 𝑦2 , . . . , 𝑦𝑚 are the
input and the output variables of the model, respectively; 𝜔𝑖𝑗
is the weight for the connection between the 𝑖th node of the
input layer and the 𝑗th node of the hidden layer; 𝜔𝑗𝑘 is the
weight for the connection between the 𝑗th node of the hidden
layer and the 𝑘th node of the output layer. The output of each
hidden layer neuron is calculated with the following formula:
ℎ (𝑗) = 𝜓𝑗 (

∑𝑘𝑖=1 𝜔𝑖𝑗 𝑥𝑖 − 𝑏𝑗
𝑎𝑗

),

𝑗 = 1, 2, . . . , 𝑙,

(1)

where ℎ(𝑗) is the output of the 𝑗th node in the hidden layer; 𝜓𝑗
denotes wavelet basis function of the 𝑗th node in the hidden
layer; 𝑎𝑗 and 𝑏𝑗 are the scaling and shifting parameters of
wavelet function; 𝑙 defines the number of hidden layer nodes.
The output of the network is given by
𝑙

𝑦𝑘 = ∑𝜔𝑖𝑘 ℎ (𝑖) ,

𝑘 = 1, 2, . . . , 𝑚,

(2)

𝑖=1

where 𝜔𝑖𝑘 is the weight for the connection between the
hidden and the output layer. ℎ(𝑖) is the output of the 𝑖th node
in hidden layer. 𝑚 is the number of the output layer nodes.
Similar to the training algorithm of BPNN, the model
adopts gradient descent rule to correct the connection
weights and the parameters of wavelet basis function.
2.2. The LWNN and LCWNN Models. Both of the LWNN and
LCWNN models consist of two parts: the preprocessing module based on discrete wavelet transform and the prediction
module based on neural network.
Figures 1(b) and 1(c) show the architecture of the LWNN
and LCWNN models, respectively. Their structures are similar. In the preprocessing modules, both models take discrete wavelet transform as preprocessing tools to decompose
original wind speed time series 𝑥(𝑛) into a set of wavelet
coefficients, then reconstruct these coefficients into the time
subseries. In the prediction modules, both models take neural
networks as forecasting methods to predict the subseries.
However, the difference between the two prediction modules
is that the LWNN model uses the conversional BP neural
networks to forecast the decomposed subseries, and the
LCWNN model uses the CWNN model to predict them.
In Figures 1(b) and 1(c), 𝑐𝑎𝑗 , 𝑐𝑑𝑗 , 𝑐𝑑𝑗−1 , . . . , 𝑐𝑑1 (𝑗 is the
scaling factor) are wavelet coefficients and 𝑎𝑗 (𝑛), 𝑑𝑗 (𝑛),
𝑑𝑗−1 (𝑛), . . . , 𝑑1 (𝑛) are the reconstructed time subseries. 𝑐𝑎𝑖
and 𝑎𝑖 (𝑛) denote low-frequency component or approximation of original wind speed signal; 𝑑𝑗 (𝑛), 𝑑𝑗−1 (𝑛), . . . , 𝑑1 (𝑛)
and 𝑑𝑖 (𝑛) represent high-frequency components or details of
original wind speed signal.
The modeling steps of the two methods are described as
follows:
(1) Use discrete wavelet transform to decompose original
time series 𝑥(𝑛) into a set of wavelet coefficients at
scaling factor 𝑗, including low-frequency coefficients,
𝑗 high-frequency coefficients, and then separately
reconstruct these coefficient series into a set of time
subseries that is equal to the length of original wind
speed time series.
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(2) Establish the BPNN and CWNN prediction models
for these subseries, respectively, and make the shortterm prediction for each subseries.
(3) Calculate the sum of forecasting results of all subseries
to obtain the final forecasting for original time series.

3. Wind Speed Prediction Based on
the Three Models
3.1. Wind Speed Data. Two stations (test station 1 and test
station 2) located in Inner Mongolia Autonomous Region of
China are used in this study. The hourly wind speed data
are recorded from two wind farms in March 2010. Monitors
on site sampled the wind speed data for every five-minute
interval, which are collected 12 times in an hour. These
measured data have been averaged to obtain the hourly mean
wind speed (720 samplings). These samplings are divided into
two groups. The first group of the samplings (1st–600th) is
used for training and establishing models, and the second
group of the samplings (601st–720th) is used for testing the
validity of the prediction models.
3.2. Forecasting Model Parameters. For purpose of analyzing
and assessing the forecasting performances of the combined
models, two sets of wind speed data in two test stations are
input into CWNN, LWNN, LCWNN, and the conventional
BPNN models, respectively.
Wavelet transform is used in the LCWNN model as
well as the CWNN and LWNN models. In the LWNN and
LCWNN models, their preprocessing modules both apply
discrete wavelet transform, and the wind speed series of test
station 1 is decomposed discretely using db4 (Daubechies
wavelet family) at scaling factor 3, respectively; the wind
speed series in test station 2 is decomposed discretely using
db3 at scaling factor 2, respectively.
In the forecasting modules of CWNN and LCWNN
for every test station, the transfer functions both apply
continuous Morlet mother wavelet function. The neurons in
the input and the hidden layer in the forecasting modules
are chosen by trial and error. The model parameters of the
three wavelet neural networks and BP network with a single
algorithm are shown in Table 1.
3.3. Evaluation Criteria. To compare the efficiency of the
three wavelet neural networks for the prediction of wind
speed, some error criteria are employed in this study. The
mean absolute error (MAE), the root mean squared error
(RMSE), and the mean absolute percentage error (MAPE) are
defined as follows:
MAE =

1 𝑛
2
RMSE = √ ∑(𝑦̂𝑖 − 𝑦𝑖 ) ,
𝑛 𝑖=1

(c) LCWNN model

Figure 1: Structures of the three types of wavelet neural network
models.

1 𝑛 

∑ 𝑦̂ − 𝑦𝑖  ,
𝑛 𝑖=1  𝑖

MAPE =

100 𝑛  𝑦̂𝑖 − 𝑦𝑖 
∑
,
𝑛 𝑖=1  𝑦𝑖 

(3)

4
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Table 1: Model parameters of the three wavelet neural networks and BP networks.

Test station

Wavelet preprocessing module
Wavelet
Decomposition
function
coefficients

Model

Structure of
network

Training
algorithm

BPNN

4-12-1∗

tansig

purelin

trainlm

CWNN

4-9-1

Morlet

purelin

trainlm

LWNN

db4

Test station 1

LCWNN

db4

𝑐𝑎3 , 𝑐𝑑3 , 𝑐𝑑2 , 𝑐𝑑1

𝑐𝑎3 , 𝑐𝑑3 , 𝑐𝑑2 , 𝑐𝑑1

BPNN
CWNN
Test station 2 LWNN

LCWNN
∗

Neural network prediction module
Transfer function of Transfer function of
hidden layer
output layer

𝑐𝑎3 : 3-11-1

tansig

purelin

trainlm

𝑐𝑑3 : 4-7-1
𝑐𝑑2 : 4-12-1

tansig
tansig

purelin
purelin

trainlm
trainlm

𝑐𝑑1 : 4-12-1

tansig

purelin

trainlm

𝑐𝑎3 : 3-9-1

tansig

purelin

trainlm

𝑐𝑑3 : 4-7-1
𝑐𝑑2 : 4-7-1

tansig
tansig

purelin
purelin

trainlm
trainlm

𝑐𝑑1 : 4-12-1

tansig

purelin

trainlm

4-11-1

tansig

purelin

trainlm

3-8-1

Morlet

purelin

trainlm

tansig

purelin

trainlm

db3

𝑐𝑎2 , 𝑐𝑑2 , 𝑐𝑑1

𝑐𝑎2 : 3-8-1
𝑐𝑑2 : 4-7-1
𝑐𝑑1 : 4-12-1

tansig
tansig

purelin
purelin

trainlm
trainlm

tansig

purelin

trainlm

𝑐𝑎2 , 𝑐𝑑2 , 𝑐𝑑1

𝑐𝑎2 : 3-9-1

db3

𝑐𝑑2 : 3-10-1
𝑐𝑑1 : 4-11-1

tansig
tansig

purelin
purelin

trainlm
trainlm

m-n-p denotes structure pattern of neural network. m, n, p are the numbers of the input, the hidden, and the output layer nodes, respectively.

Table 2: MAE, RMSE, and MAPE by deferent models for test station
1.
MAE
(m/s)

RMSE
(m/s)

MAPE
(%)

Average computation
time (s)

Persistence 1.279
BPNN
1.186
CWNN
1.015
LWNN
0.475
LCWNN
0.426

1.432
1.338
1.296
0.522
0.468

36.65
30.19
29.44
13.17
11.82

0.12
3.36
5.73
9.69
19.74

Model

where 𝑛 is the number of testing wind speed values; 𝑦𝑖
and 𝑦̂𝑖 are the actual and predicted wind speed at time 𝑖,
respectively.

4. Comparative Analysis
In the study, the persistence method and the conventional
BPNN model are adopted as the benchmark for testing the
performances of the three wavelet neural networks. These
models are used for forecasting wind speed in two wind
farms. Figure 2 and Tables 2 and 3 are the forecasting results
for these prediction models.
Figures 2(a) and 2(b) show the forecasting results of wind
speed made in two test stations, respectively. The subfigures,
respectively, show the measured and the forecasted wind
speed values obtained by the persistence method, BPNN,
CWNN, LWNN, and LCNN.

Table 3: MAE, RMSE, and MAPE by deferent models for test station
2.
Model

MAE
(m/s)

RMSE
(m/s)

MAPE
(%)

Average computation
time (s)

Persistence
BPNN
CWNN
LWNN
LCWNN

1.382
1.343
0.879
0.808
0.549

1.593
1.584
0.984
0.958
0.621

16.71
16.26
10.65
9.78
6.64

0.10
3.49
6.26
11.70
22.35

Tables 2 and 3 give the comparative MAE, RMSE and
MAPE error results obtained by the three types of wavelet
network models (CWNN, LWNN and LCWNN) along with
the persistence method and BPNN according to the error
criteria in (3). The computation time of each algorithm is also
shown in Tables 2 and 3.
Table 2 presents the results in test station 1. It can be
seen that the MSE, RMSE, and MAPE values for the three
combination wavelet neural network models are all smaller
than those obtained by the persistence method and BPNN.
For example, the MSE values for the CWNN, LWNN, and
LCWNN are 1.015 m/s, 0.475 m/s, and 0.426 m/s, respectively,
which are reduced by 20.6%, 62.9%, and 66.7% compared
with those of the persistence method, and 14.4%, 59.9%,
and 64.1% compared with those of BPNN. Among the three
combination models, the LCWNN method presents better
forecasting accuracy. The MAE, RMSE, and MAPE values
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Figure 2: Forecasting results of wind speed series made by different models.

of the LCWNN model are 0.426 m/s, 0.468 m/s, and 11.82%,
respectively. Improvements in the errors of the LCWNN
model as against the CWNN model are 49.7%, 63.9%, and
59.9%. But the errors of the LWNN model are close to those
of the LCWNN model.
Table 3 also lists the simulation results where these forecasting models are applied in test station 2. Table 3 shows that
the prediction accuracy of the three wavelet neural network
models also outperforms that of the persistence method
and BPNN. But for the wavelet neural network models, the
prediction accuracy of CWNN are close to that of LWNN,
and both are much lower than that of the LCWW method.

From Tables 2 and 3, the error values of the LCWNN
model are the smallest in two test stations. In test station 1,
the error values of CWNN are worse than those of LWNN;
whereas in test station 2, the comparison between CWNN
and LWNN shows that the two models yield similar results,
and it is difficult to definitively conclude which model is
better.
Besides, it can also be observed that the prediction performance of the persistence method is the weakest compared
with the other four models based on neural networks. The
persistence method assumes the current measured value
as the prediction value of the next wind speed, and its
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forecasting accuracy depends on the similarity of adjacent
wind speed data. Some research shows the models based
on neural networks generally outperform the persistence
method [18].
Additionally, simulation results also exhibit that the
prediction performance of BPNN model is weaker than the
other three models based on the combination of wavelet
transform and neural network, which can be explained by the
fact that BP algorithm is not a global optimization method
and easy to fall into local optimum, and its approximation and
generalization abilities relay on the learning sample selected.
The prediction accuracy can be improved by CWNN, LWNN,
and LCWNN approaches because the wavelet transform can
produce a good local representation of wind speed signals in
both time and frequency domains. However, the prediction
accuracy by CWNN and LWNN is unstable, easily influenced
by geographical conditions, and the LCWNN model based
on the combination of CWNN and LWNN can capture the
complex features of wind speed and overcome the instability
occurred in CWNN and LWNN models.
Unfortunately, the wavelet neural network methods
spend more computation time than the persistence method
and BPNN. Among the combined methods, the computational efficiency of the LWNN and the LCWNN methods
is lower than CWNN and BPNN, because the prediction modules of the two methods both consist of several
other models (i.e., BPNN and CWNN) in Figure 1. As
shown in Tables 2 and 3, the average computation time
of LCWNN is much longer than the other models using
MATLAB on a PC with 2 GB of RAM and a 2.8 GHz based
processor.

5. Conclusions
In this paper, three types of forecasting methods for wind
speed based on the combinations of wavelet transform and
neural networks were proposed. These combined methods
were investigated by using two sets of wind speed data from
different test stations in North China and compared with
the persistence method and the conventional single BPNN.
Due to the ability of wavelet transform for revealing the
local characteristics of nonlinear time series and of neural network for self-learning and nonlinear approximation
properties, the three wavelet neural network models have
better forecasting accuracy than the persistence method and
BPNN. The comparative result of different wavelet neural
networks shows that the CWNN and the LCNN methods are
unstable, easily influenced by different wind data sets; the
LCWNN method combines the advantages of the CWNN
and the LCWW models, and can reduce the prediction errors
and improve the uncertainty. However, the operation time
of the LCWNN method is much longer than other models
because its prediction module consists of several CWNN
models. In spite of its lower computational efficiency, it can
be recommended that the LCWNN model could be a robust
method for wind speed forecasting.

Mathematical Problems in Engineering

Acknowledgments
The research was supported in part by Science and Technology Development entitled “Research on remote monitoring
technology of hybrid wind-photovoltaic system” from the
Department of Science and Technology in Henan province
of China (Grant no. 122102210128) and the Key Laboratory
of Zhengzhou for agricultural testing technology and instrumentation (Grant no. 121PYFZX184).

References
[1] O. Carranza, E. Figueres, G. Garcerá, and L. G. Gonzalez,
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Sustainable energy development always involves complex optimization problems of design, planning, and control, which are often
computationally difficult for conventional optimization methods. Fortunately, the continuous advances in artificial intelligence
have resulted in an increasing number of heuristic optimization methods for effectively handling those complicated problems.
Particularly, algorithms that are inspired by the principles of natural biological evolution and/or collective behavior of social colonies
have shown a promising performance and are becoming more and more popular nowadays. In this paper we summarize the recent
advances in bio-inspired optimization methods, including artificial neural networks, evolutionary algorithms, swarm intelligence,
and their hybridizations, which are applied to the field of sustainable energy development. Literature reviewed in this paper shows
the current state of the art and discusses the potential future research trends.

1. Introduction
The demand for energy supply is increasing rapidly in recent
years and will probably continue to grow in the future. The
realization that fossil fuel resources are becoming scarce and
that climate change is related to carbon emissions has stimulated interest in sustainable energy development [1]. In general, sustainable energy development strategies involve three
major technological changes: energy savings on the demand
side, efficiency improvements in the energy production, and
replacement of fossil fuels by various sources of renewable
energy [2]. In particular, due to its multifold advantages
including inexhaustibility, safety, decrease in external energy
dependence, decrease in impact of electricity production
and transformation, increase in the level of services for the
rural population, and so forth [3], renewable energy is now
considered an important resource around the world and
regarded as a key component in obtaining a sustainable
development of our society.
The implementation of sustainable energy development
strategies involves a wide range of design, planning, and
control optimization problems. Various conventional optimization methods, such as linear programming [4–6], integer

programming [7, 8], mixed integer linear programming [9–
12], nonlinear programming [13–16], dynamic programming
(DP) [17–20], constrained programming [21, 22], and so
forth, have been applied for solving these problems. Nevertheless, current optimization problems in sustainable energy
systems become more and more complex, especially when
they include the integration of renewable sources in coherent
energy systems. This is because most of such problems
are nonlinear, nonconvex, with multiple local optima, and
included in the category of NP-hard problems [23]. In consequence, those conventional methods might need exponential
computation time in the worst case to obtain the optimum,
which leads to computation time that is too high for practical
purposes [24]. In recent years, modern heuristic optimization
techniques, which are stochastic search methods inspired
by the concepts and principles of artificial intelligence, have
gained popularity in the optimization of sustainable energy
systems.
In this paper, we give an overview of the latest research
advances in bio-inspired solution methods for sustainable
energy development. We particularly focus on the bioinspired optimization algorithms that have been applied to
the design, planning, and control problems in the field of
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renewable and sustainable energy systems. We roughly group
those methods into three categories, which are artificial
neural networks (ANNs), evolutionary algorithms (EAs),
and swarm intelligence. Besides, we also describe the recent
work about the hybridization of individual methods. These
heuristic methods usually do not require deep mathematical
knowledge and have been demonstrated to be quite useful
and efficient in optimization search for complex optimization
problems in science and engineering. We believe that this
paper can help researchers to gain knowledge about the
major developments emerged throughout the years and find
valuable approaches that can be applied in the practice of
implementing sustainable energy systems.
The rest of the paper is synthesized as follows: Section 2
reviews the application of ANNs in sustainable energy development, Section 3 summarizes the work about EAs applied to
different types of optimization problems in energy, Section 4
presents the recent advances in swarm-based methods used
in the field, Section 5 introduces the hybrid techniques
combining two or more of above methods, and Section 6
concludes with discussion.

2. Artificial Neural Networks
An ANN is a collection of neuron-like processing units with
weighted connections between the units, which is inspired
by our present understanding of biological nervous systems.
Roughly speaking, ANNs use processing elements connected
by links of variable weights to form a black box representation
of systems [25]. ANNs can be trained by adjusting the weights
so as to be able to predict or classify new patterns, and they
provide some of the human characteristics of problem solving
that are difficult to simulate using other computational technologies. Advantages of ANN include their high tolerance of
noisy data, their ability to process patterns on which they have
not been trained, as well as that they can be used without
much preliminary knowledge about the problem domain.
However, ANNs typically involve long training times and
have been criticized for their poor interpretability [26].
ANNs are popular for prediction and forecasting nonlinear physical series (such as wind [27] and water lever [28])
which are beyond the capability of linear predictors such as
autoregressive (AR), moving average (MA), and autoregressive moving average (ARMA), [29–31]. Since 1990s, various
studies have been reported on the applications of ANN
in predicting electric loads and energy demands. An early
work of Kawashima [32] developed an ANN backpropagation
model with three-phase annealing for the first building
energy prediction competition held by the American Society
of Heating, Refrigerating- and Air-Conditioning Engineers
in 1993. Islam et al. [33] proposed an ANN-based weatherload and weather-energy models, where a set of weather
and other variables are identified for both models together
with their correlations and contribution to the forecasted
variables. They applied the models to historical energy, load,
and weather data available for the Muscat power system from
1986 to 1990, and the forecast results for 1991-1992 show that
monthly electric energy and load can be predicted within
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a maximum error of 6% and 10%. Al-Shehri [34] used an
ANN model for forecasting the residential electrical energy
in the Eastern Province of Saudi Arabia, the forecasting
result of which is shown to be closer to the real data than
that predicted by the polynomial fit model. Azadeh et al.
[35] developed a simulated-based ANN and applied it in
forecasting monthly electrical energy consumption in Iran
from March 1994 to February 2005 (131 months), and the
result shows that the ANN model always provides the best
solutions and estimation in comparison with other models
such as time series.
ANNs have also been applied in midterm and long-term
energy forecasting in different industrial sectors, areas, and
countries and demonstrated their superiorities in comparison with conventional prediction models [36–41]. In [42]
Ermis et al. presented an ANN model which is trained based
on world energy consumption data from 1965 to 2004 and
applied for forecasting world green energy consumption to
the year 2050. It is estimated that world green energy and
natural gas consumption will continue increasing after 2050,
while world oil and coal consumption are expected to remain
relatively stable after 2025 and 2045, respectively.
In recent years, ANN-based models have also been widely
used in design and implementation of different kinds of
renewable energy systems. For example, in the design of solar
energy systems the estimation and calculation of radiation
data are very important. Bosch et al. [43] presented an ANN
approach for calculating solar radiation levels over complex
mountain terrains using data from only one radiometric
station. Cao and Lin [44] proposed a diagonal recurrent
wavelet neural network which uses historical information of
cloud cover to sample data sets for network training and
applied their approach in hourly irradiance forecasting in
Shanghai, China. Zervas et al. [45] developed an ANNbased prediction model of global solar irradiance distribution on horizontal surfaces, which has been applied to
the meteorological database of NTUA, Zografou Campus,
Athens.
In the same manner, the prediction of water level is
fundamental for ocean energy generation. Huang et al. [46]
developed an ANN for water level predictions, which has
been applied to coastal inlets taking into account long-term
water level observations. Kazeminezhad et al. [47] studied
an ANN-based fuzzy inference system for predicting wave
parameters, with an application to the data set comprising of
fetch-limited wave data and over water wind data gathered
from deep-water location in Lake Ontario.
The performance of photovoltaic system heavily depends
on the meteorological conditions, and sizing represents an
important part of photovoltaic systems design, that is, the
optimal selection of the number of solar, cell panels, the size of
the storage battery, and the size of wind generator to be used
for certain hybrid applications [48]. ANNs have the capability
to model complex, nonlinear processes without having to
assume the form of the relationship between input and output
variables, and thus ANN-based models, including adaptive
ANN [49, 50], recurrent ANN [51], radial basis function
network (RBFN) [52], have been successfully applied for
sizing of photovoltaic systems.
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3. Evolutionary Algorithms
Evolutionary algorithms (EAs) are stochastic search methods
inspired by the principles of natural biological evolution for
computationally difficult problems. They are very suitable
for complex engineering optimization problems which may
be multimodal, nondifferentiable, or discontinuous and thus
cannot be solved by conventional gradient-based methods.
In general, An EA simultaneously evolves a population of
possible solutions and also returns a population of solutions.
Typical EAs include genetic algorithms (GAs) [53], evolutionary programming (EP) [54], evolution strategies (ES) [55],
differential evolution (DE) [56], and biogeography-based
optimization (BBO) [57]. The advantages of EAs include
their relative simplicity of implementation, inherent parallel
architecture, and scalability to high-dimensional solution
spaces.
Moreover, in real-world applications there are a large
number of multiobjective optimization problems, that is,
problems requiring the simultaneous optimization of several
objectives which are often conflicted. For most of such
problems, there is no single optimal solution and thus a
solution method should search for a set of nondominated
(Pareto optimal) solutions, that is, all the solutions such that
there exists no other individual better in all the objectives.
EAs are capable of finding several members of the Pareto
optimal set in a single run of the algorithm, instead of
having to perform a series of separate runs as in the case
of the traditional mathematical programming techniques
[58] and thus are very suitable for tackling with complex
multiobjective optimization problems.
3.1. Genetic Algorithms. Genetic algorithms (GAs) are of the
famous evolutionary algorithms which simulate the Darwinian principle of natural selection and the survival of the
fittest in optimization [53]. A GA typically works with a fixedsize population of solutions and uses three genetic operations,
namely selection, crossover, and mutation, to modify the
solutions chosen from the current generation and select the
most appropriate offspring to pass on to the next generations.
A number of researches have been reported on the
application of GA in the optimal design and operation of
sustainable energy systems. For wind energy systems, Li et al.
[59] used a multilevel GA to solve the optimal design problem
of integrating the number of actuators, the configuration of
the actuators, and the active control algorithms in buildings
excited by strong wind force. Li et al. [60] employed a GA
to optimize the ranges of gearbox ratios and power ratings
of multihybrid permanent-magnet wind generator systems.
Grady et al. [61] used a GA to determine the optimal placement of wind turbines for maximum production capacity
while limiting the number of turbines installed and the
acreage of land occupied by each wind farm. Emami and
Noghreh [62] proposed a GA with a new coding and a new
objective function with adjustable coefficients for the similar
problem, and their algorithm shows better performance on
the optimal control of the cost, power, and efficiency of the
wind farm. For solar energy systems, Varun and Siddhartha
[63] proposed a GA to optimize system parameters in order
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to maximize the thermal performance of flat plate solar air
heaters. Zagrouba et al. [64] adapted a GA to identify the
electrical parameters of photovoltaic solar cells and modules
to determine the maximum power point from the illuminated
current-voltage characteristic. GAs have also been used in
geothermal systems [65] and hybrid photovoltaic systems
[66–70].
3.2. Evolutionary Programming and Evolution Strategies. Evolutionary Programming (EP) was devised in order to evolve
finite state machines for the prediction of events on the basis
of former observations and has been demonstrated useful for
searching the optimum of nonlinear functions [71]. Cau and
Kaye [72] proposed a constructive EP approach to minimize
the cost of operating a power system with multiple distributed
energy storage resources. Their approach combines DP and
EP by evolving piecewise linear convex cost-to-go functions
and thus decomposes the multistage scheduling problem into
smaller one-stage sub-problems which are easy to cope with.
Fong et al. [73] developed a simulation-EP coupling method
to solve the discrete, nonlinear, and highly constrained
optimization problems related to energy management of
heating, ventilating, and air-conditioning (HVAC) systems.
The application of the method to a local HVAC installation
project achieved a saving potential of about 7% as compared
to the existing operational settings, without any extra cost.
In [74] MacGill presented a dual EP approach integrating
with software agents for power system resources to coevolve
optimal operational behaviors over repeated power system
simulations. The proposed tool was successfully applied to a
real-world problem exploring the potential operational synergies between significant PV penetrations and distributed
energy storage options including controllable loads.
Evolution strategies (ES) are a class of general optimization methods which evolve a population of solutions by
means of variation and selection. Original ES uses a mutation
operator that produces a single descendent from a given
ancestor, denominated ES-(1 + 1), and was progressively
generalized to ES-(𝜇+𝜆), that is, several ancestors (𝜇 > 1) and
descendents (𝜆 > 1) in each generation [75]. In [76] Chang
used an ES approach to solve optimal chiller loading problem,
which takes the chilled water supply temperature as the
variable to be determined for the decoupled air-conditioning
system. The result shows, the approach outperforms both the
Lagrangian method and the GA method. Considering the
optimal selection and sizing of distributed energy resources
which can be formulated as a nonlinear mixed-integer minimization problem, Logenthiran et al. [77] used ES for the
minimization of capital and annual operational cost of DER
under a variety of system and unit constraints. Their method
was applied to design integrated microgrids for an intelligent
energy distribution system project.
3.3. Differential Evolution. Differential evolution (DE)
approach combines simple arithmetic operators with the
classical operators of crossover, mutation, and selection
to evolve a randomly generated starting population to
a final solution. It is similar to a (𝜇 + 𝜆) ES, but in DE

4
the mutation is not done via some separately defined
probability density function [78]. Chakraborty et al.
[79] presented a fuzzy DE method for solving thermal
unit commitment problem integrated with solar energy
system, where the solar radiation, forecasted load demand
and associated constraints are formulated as fuzzy sets
considering the error. Slimani and Bouktir [80] developed
a DE method to solve the optimal power flow problem,
whose objective function is the minimization of the cost of
the thermal and the wind generators with different sizes.
The method decomposes the optimization constraints of the
power system into active constraints manipulated directly by
DE, and passive constraints maintained in their soft limits
using a conventional constraint load flow.
dos Santos Coelho et al. [81] developed a cultural DE
algorithm for optimizing the economic dispatch of electrical
energy using thermal generators and validated their approach
on a test system consisting of 13 thermal generators whose
nonsmooth fuel cost function takes into account the valvepoint loading effects. Suzuki et al. [82] studied a large-scale
mixed-integer nonlinear problem for generating optimal
operational planning for energy plants and developed an 𝜀
constrained DE algorithm to effectively solve the problem
without much parameters tuning effort. Hejazi et al. [83]
developed a DE algorithm for optimal allocation of energy
and spinning reserve, taking all security and power systems
constraints in steady state and system credible contingencies
into consideration. Lee et al. [84] conducted a comparative study of DE, GA, PSO, and LP methods for solving
the optimal chiller loading problem for reducing energy
consumption, and the result shows that the DE algorithm
achieves the best result. Peng et al. [85] considered a problem
in the design of the Earth-Moon low-energy transfer to find
the patch point of the unstable manifold of the Lyapunov orbit
around Sun-Earth L2 and the stable manifold of the Lyapunov
orbit around Earth-Moon L2. They designed an improved differential evolution algorithm which incorporates the uniform
design technology and the self-adaptive parameter control
method into standard differential evolution to accelerate
its convergence speed and improve the stability, and thus
effectively solve the problem.
3.4. Multiobjective Evolutionary Algorithms. Multiobjective
evolutionary algorithms (MOEAs) have received much interest in recent years. A number of metaheuristic algorithms,
such as the nondominated sorting genetic algorithm NSGA
[86] and the NSGA-II [87], the strength Pareto evolutionary
algorithm (SPEA) [88] and the SPEA2 [89], the Pareto
archived evolution strategy (PAES) [90], the Pareto differential evolution algorithm (PDE) [91], the nondominated
sorting differential evolution (NSDE) [92], and so forth have
gained great success in solving multiobjective optimization
problems [93].
Benini and Toffolo [94] presented an MOEA for the
design of stall-regulated horizontal-axis wind turbines, the
aim of which is to achieve the best trade-off performance
between the total energy production per square meter of wind
park and cost. Their method can optimize the geometrical
parameters of the rotor configuration of wind turbines,
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achieving the best trade-off performance between the two
objectives. Zhao et al. [95] employed a GA whose input
parameters are the main components of a wind farm and
key technical specifications and whose output is an optimal
electrical system design of the wind farm which is optimized
in terms of both production cost and system reliability. Kusiak
et al. [96] proposed an MOEA for evaluating wind turbine
performance, where the objectives include the maximization
of the wind power output and the minimization of the vibration of the drive train and of the tower. In [97] Kusiak and
Song used the MOEA for optimizing wind turbine placement
based on wind distribution, including the selection the best
turbine combination from a given list of available turbines.
Bernal-Agustı́n et al. [98] applied the SPEA to the design
of a photovoltaic-wind-diesel system, where the objectives
include the minimization of both the total cost throughout
the useful life of the installation and the pollutant emissions.
They later applied the algorithm to an extension of the
problem, which adds an objective of the unmet load in
the system [99]. Ould Bilal [100] proposed a multiobjective
GA for minimizing the annualized cost system and the loss
of power supply probability of a hybrid solar-wind-battery
system. Montoya et al. [101] combined PAES with simulated
annealing (SA) and tabu search (TS) to minimize voltage
deviations and power losses in power networks. Thiaux et al.
[102] applied NSGA-II to optimize stand-alone photovoltaic
systems by reducing the gross energy requirement and minimizing the storage capacity. In [103] Rao and Peng considered
a multiobjective optimal model of dispatch of energy-saving
and emission reduction generation in the power system
and developed a multiobjective DE algorithm with niche
strategy for improving the crowing mechanism in the process
of Pareto nondominated sorting operation. The experiment
shows that their method can achieve better result than NSGAII and NSDE.

4. Swarm Intelligence
The expression “swarm intelligence” was originally used in
the context of cellular robotic systems to describe the selforganization of simple mechanical agents through nearestneighbor interaction [104]. Bonabeau et al. [105] extended
the definition to include “any attempt to design algorithms or
distributed problem-solving devices inspired by the collective
behavior of social insect colonies and other animal societies.”
Since the 1990s, a number of swarm-based algorithms,
including particle swarm optimization (PSO) [106], ant
colony optimization (ACO) [107], artificial bee algorithms
[108, 109], artificial immune systems (AIS) [110] have been
proposed for difficult optimization problems especially with
large continuous or combinatorial search spaces.
4.1. Particle Swarm Optimization. PSO is another population-based global optimization technique that enables a
number of individual solutions, called particles, to move
through a hyperdimensional search space to search for the
optimum. Each particle has a position vector and a velocity
vector, which are adjusted at iterations by learning from a
local best found by the particle itself and a current global
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best found by the whole swarm. Empirical studies have shown
that PSO has a high efficiency in convergence to desirable
optima and performs better than GA and other EAs on many
problems [111].
AlRashidi and EL-Naggar [112] employed a PSO algorithm for estimating annual peak load forecasting in an
electrical power system, the aim of which is to minimize
the error associated with the estimated model parameters.
Their approach was validated on actual recorded data from
Kuwaiti and Egyptian networks. Niknam and Firouzi [113]
developed a PSO algorithm combined with simplex search,
for estimating load and renewable energy source output on
the power systems, and their comparative experiment show
that the PSO performs better than several EAs and other
swarm-based algorithms.
Amjady and Soleymanpour [114] developed a modified
adaptive PSO for daily hydrothermal generation scheduling,
which is a complicated nonlinear, nonconvex, and nonsmooth optimization problem with discontinuous solution
space. As some other adaptive PSOs [115, 116], their method
dynamically changes the inertia weight and acceleration
coefficients of the algorithm to increase activities of particles
to explore broad space. Lee [117] applied PSO to solve
short-term hydroelectric generation scheduling of a power
system with wind turbine generators. Kongnam and Nuchprayoon [118] used PSO for the control problem of a wind
turbine, which involves the determination of rotor speed
and tip-speed ratio to maximize power and energy capture
from the wind. Khanmohammadi et al. [119] developed a
method based on PSO and Nelder-Mead algorithms for
determining the optimal unit commitment (startups and
shutdowns scheduling) of hydropower plants. López et al.
[120] presented a binary PSO-based method to accomplish
optimal location of biomass-fuelled systems for distributed
power generation with forest residues as biomass source,
and the results outperformed those obtained by a GA
when maximizing a profitability index taking into account
technical constraints. In [121] the authors also applied a
PSO algorithm for the optimal location and supply area
for biomass-based power plants. There are also a number
of researches reported on the application of PSO in the
design and control of hybrid photovoltaic systems [122–
126].
Economic dispatch problems, the main aim of which is to
schedule the committed generating units output so as to meet
the required load demand at minimum cost satisfying all unit
and system operational constraints, typically have nonlinear,
nonconvex type objective function with intense equality and
inequality constraints. Mahor et al. [127] presented a yearly
(2003–2008) review of work of application of PSO to solve the
various economic dispatch problems. The algorithms include
linearly varying inertia weight PSO [128, 129], PSO with
constriction factor and inertia weight [130, 131], PSO with
linearly varying inertia weight with constriction factor [132],
chaotic PSO [133–135], and multiobjective PSO [136–139].
It was suggested that PSO algorithms (in particular those
with time varying control parameters) can give an improved
results within less computational time in comparison to
conventional methods, but still further improvements in PSO
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algorithms are required, especially for real-time scheduling
problems.
4.2. Ant Colony Optimization. Ant colony optimization
(ACO) algorithms mimic the behavior of real ants living in colonies that communicate with each other using
pheromones in order to accomplish complex tasks such as
establishing a shortest path from the nest to food sources
[107]. Li et al. [140] applied an ACO algorithm to the optimal
design of solar energy dynamic power system in space
station, with the aim to minimize the launching mass of the
system subject to a set of constraints on parameters including
pressure, temperature, compression coefficient, numbers and
diameter of heat exchangers, height of recycling refrigerant,
and so forth. Considering the optimal sizing of the design
of standalone hybrid wind/photovoltaic power systems, Xu et
al. [141] used ACO to minimize the total capital cost, subject
to the constraint of the loss of power supply probability
calculated by simulation. Foong et al. [142] considered a
power plant maintenance scheduling optimization formulation incorporating the options of shortening the maintenance
duration and/or deferring maintenance tasks in the search for
practical maintenance schedules and developed an improve
ACO algorithm for solving the problem. Warner and Vogel
[143] considered planning of an energy supply network by
simultaneously choosing the plants and the optimal network and implemented an ACO algorithm for the problem.
See et al. [144] used ACO for determining optimal parameter
values to the control model of energy extraction and thus
improving the performance of wave energy converters as well
as their long-term economic value.
Toksari [145] proposed an ACO electricity energy estimation model for forecasting electricity energy generation and
demand, taking population, gross domestic product (GDP),
import and export into consideration. He found that the
model with quadratic equations can provide better fit solution
due to the fluctuations of the economic indicators. The proposed model was applied to indicate Turkey’s net electricity
energy generation and demand until 2025. Baskan et al.
[146] used ACO for estimating the transport energy demand
of Turkey using gross domestic product, population, and
vehicle-km. It is also expected that the work will be helpful
in developing highly applicable and productive planning for
transport energy policies.
4.3. Artificial Bee Algorithms. Artificial bee algorithms simulate the intelligent foraging behavior of a honeybee swarm.
Two most popular algorithms are the artificial bee colony
(ABC) algorithm and the honey bee mating optimization
(HBMO) algorithm [147]. Niknam et al. [148] presented a
multiobjective HBMO algorithm for the siting and sizing
of renewable electricity generators, in order to optimize the
placement of renewable electricity generators by considering
objective functions including losses, costs of electrical generation, and voltage deviation. In [149] Niknam et al. also proposed an improve a HBMO algorithm for economic dispatch
in power systems, with the aim to get maximum usable power
using minimum resources. Abu-Mouti and El-Hawary [150]
considered a dynamic economic dispatch problem, whose
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aim is to determine the optimal power outputs of online
generating units in order to meet the load demand subject to
satisfying various operational constraints over finite dispatch
periods, and they applied an ABC algorithm to solve the
problem.
Vera et al. [151] proposed a binary honey bee foraging
(HBF) swarm approach for searching the optimal location,
biomass supply area, and power plant size that offer the best
profitability for investor. Experimental results show that the
HBF approach method outperforms PSO and GA. Hong
[152] presented an electric load forecasting model based on
a chaotic ABC algorithm combined with the seasonal recurrent support vector regression model, and the experiments
indicated that the model can provide a promising forecasting
performance for electric load.
4.4. Artificial Immune System (AIS). Inspired by the theoretical immunology, observed immune functions, principles,
and models, AIS stimulates the adaptive immune system of
a living creature to unravel the various complexities in realworld engineering optimization problems. Abdul Rahman
et al. [153] developed an AIS algorithm for the economic
dispatch problem, which uses the total generation cost as the
objective function. Through genetic evolution, the antibodies
with high affinity measure are produced and become the
solution, and the algorithm converges within an acceptable
execution time and highly optimal solution for economic
dispatch with minimum generation cost. Coelho and Mariani
[154] coped with the problem by using a chaotic artificial
immune network approach, which has been demonstrated by
the experiments to be an effective alternative to schedule the
committed generating unit outputs to meet the required load
demand at minimum operating cost while satisfying system
constraints. Recently, Arsalani and Seddighizadeh [155] used
an AIS algorithm to minimize the deviation of bus voltage
from its nominal value as well as the loss of energy in a
power system. The main advantage of the algorithm is that it
prevents many times repetition of similar solutions, and the
result shows that the algorithm can achieve a solution that
meets a level of preferences better than that required although
the threshold is determined by means of fuzzy logic to reflect
the imprecise nature of optimization objectives.

5. Hybrid Methods
By exploiting the advantages and disadvantages of two or
more solution methods, we have a chance to obtain a
powerful approach that is much more competitive than any
individual method. Research and development on hybrid bioinspired methods in sustainable energy systems have grown
dramatically since the late 1990s.
Mellit and Kalogirou [156] studied the combination of
GA and ANN for optimal sizing of stand-alone photovoltaic
systems. Firstly the GA was used to optimize the sizing
parameters of sites, and then the ANN was used to predict the
optimal parameters in remote areas. Mellit later developed
a hybrid model combining adaptive-network-based fuzzy
inference system (ANFIS) and GA and demonstrated that
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the model with ANFIS presents more accurate results [157].
Chang and Ko [158] designed a hybrid heuristic method
which combines PSO with nonlinear time-varying evolution
and ANN in order to determine the tilt angle of photovoltaic
modules with the aim of maximizing the electrical energy
output of the modules.
Li et al. [159] proposed a method combining AIS and PSO,
for optimal load distribution among cascade hydropower stations. Their hybrid method involves the immune information
processing mechanism into PSO and thus improves the ability to find the globally excellent result and the convergence
speed with its special concentration selection mechanism and
immune vaccination. Yang et al. [160] combined GA and ABC
into a bee evolutionary genetic algorithm (BEGA), which has
characteristics of higher precision and faster convergence rate
and has been effectively applied to a problem of minimizing
the energy consumption of central air-conditioning system
without lowering the degree of comfort. The test on a
common load distribution case shows that the hybrid method
can achieve an energy-saving rate at 25.1%.
Kıran et al. [161] proposed a hybrid method of PSO
and ACO for estimating energy demand, PSO for solving
continuous optimization part and ACO for discrete part.
The experiments demonstrated that the hybrid method
outperforms both the individual PSO and ACO. In [162]
Ghanbari et al. combined GA and ACO to model and
simulate fluctuations of energy demand under the influence
of related factors. Firstly the GA is used for generating data
base of the expert system, and then the ACO is used for
learning linguistic fuzzy rules such that degree of cooperation
between data base and rule base increases. Results showed
that the method can provide more accurate-stable results
than ANFIS- and ANN-based approaches.

6. Discussion and Conclusion
We have summarized the recent research advances in bioinspired solutions applied to the design, control, and implementation of sustainable energy systems. Typical illustrations
are addressed for ANNs, EAs, swarm-based algorithms, and
their hybridizations. Representative works are summarized to
help readers have a general overview of the state-of-the-art
and easily refer suitable methods in practical solutions.
The first finding of this paper is that the number of
research papers on bioinspired optimization algorithms on
sustainable energy problems has increased dramatically since
1990s. A large percent of early work was GA related. However,
in recent years, DE has become more popular in the category
of EAs, and swarm-based methods have gained more and
more attentions of the researchers and practitioners. In the
last three years, we found that PSO algorithms have become
one of the most widely used methods in the field of renewable
and sustainable energy development.
In general, none of the individual methods could perform
better than all the other methods on all kinds of problems,
suggesting that customized methods need to be carefully
chosen or designed according to the respective problem. But
researchers and practitioners can learn from the experiences
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of early researchers. For example, on most problems of unit
sizing of stand-alone hybrid energy systems, PSO typically
outperforms GAs [163], mainly because PSO algorithms are
more suitable for high-dimensional optimization problems,
and improved versions of PSO are less sensitive to multiple
local optima than GAs.
With the increasing importance and complexity of energy
systems, we are facing the challenges to promote the performance, reliability, and scalability of solution methods [164,
165]. In consequence, it can be anticipated that future research
will continuously put great emphasis on the hybridization
of bio-inspired methods. In addition, more and more realworld problems in sustainable energy consider more than
one objective. It can be expected that multiobjective bioinspired optimization algorithms and parallel processing will
be promising research areas in this field [166]. Moreover,
current studies on multiobjective algorithms combing more
than one metaheuristics are still rare, and we think that this
can be a valuable direction for the researchers.
Today’s new computational paradigms, such as quantum
computing [167], DNA computing [168], and fractal computing [169–172], provide valuable inspiration for creating new
heuristics for extremely difficult problems. Thus, the extensions of current bio-inspired methods based on these new
paradigms are expected to achieve dramatic improvement on
computational performance. For example, quantum-inspired
EAs are regarded as one of the three main research areas
related to the complex interaction between quantum computing and EAs [173]. In the aspect of quantum computing, if
applying ANNs, it is worth considering time series models in
that aspect as that discussed by Bakhoum and Toma [174, 175].
We believe that the fruits of these researches are continuously
becoming new technological solutions to new open problems,
and the full potential is far from being reached.
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We study the Cauchy-Matern CM process with long-range dependence LRD. The closed form
of its power spectrum density PSD function is given. We apply it to model the autocovariance
function ACF and the PSD of the sea surface wind speed wind speed for short observed in the
Lake Worth, Florida, over the 1984–2006 period. The present results exhibit that the wind speed at
the Lake Worth over 1984–2006 is of LRD. The present results exhibit that the CM process may yet
be a novel model to fit the wind speed there.

1. Introduction
Stochastic processes with LRD gain applications in many fields of science and technologies
ranging from hydrology to network traﬃc; see, for example, Mandelbrot 1, Beran 2, and
references therein. The fractional Gaussian noise fGn introduced by Mandelbrot and van
Ness 3 is a widely used model in this field. However, there are other models; see, for
example, Lawrance and Kottegoda 4, Kaplan and Kuo 5, Martin and Walker 6, Granger
and Ding 7, Beran 8, Yazici and Kashyap 9, Li et al. 10, and Chilès and Delfiner 11, in
addition to fGn. In this paper, we focus on the correlation model that was first introduced by
Matérn 12. Late, it was discussed by Yaglom 13 and Chiles and Delfiner applied it to the
geo-statistics 11. Since it is in the Cauchy class, we call a process that obeys that correlation
model as the Cauchy-Matern process CM process for short.
This paper is organized as follows. We will dissertate the CM process and give its
closed form of PSD in Section 2. Its application to wind speed is explained in Section 3 and
discussions in Section 4, which is followed by conclusions.
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2. CM Process
Let Xt be a random function with zero mean for −∞ < t < ∞. Denote by pCauchy x the
probability density function pdf of the Cauchy distribution in the form
pCauchy x 

b
,

π x − m2  b2

2.1

where b is the half width at half maximum and m is the statistical median 14, 15. The term
“Cauchy process” conventionally implies that the pdf of Xt obeys 2.1; see, for example,
Bertoin 16, or its variations; see, for example, Zanzotto 17, Garbaczewski and Olkiewicz
18.
Let Cτ  EXtXt  τ be the ACF of Xt, where τ is the time lag. Then, another
meaning of the Cauchy process is the ACF of Xt being in the form, see Yaglom 13, page
365 or Chilès and Delfiner 11, page 86,
−1

Cτ  1  |τ|2 ,

τ ∈ R.

2.2

Obviously, the two are diﬀerent in meaning. Our research utilizes the term in the sense of
2.2.
Matern generalized the ACF of the ordinary Cauchy model 2.2 to the following:

Cτ 

|τ|2
1 2
a

−b1
,

τ ∈ R, a > 0, b1 > 0.

2.3

Therefore, considering that Matern is a scientist in geosciences, we call a process Xt that
follows 2.3 the CM process.
Note that Matern did introduce the parameter a described in 2.3. However, it may
be unnecessary because τ is a real number. Thus, for the purpose of simplicity, we let a  1
and b1  b/2. In this way, 2.3 becomes the form
−b/2

,
Cτ  1  |τ|2

τ ∈ R, b > 0.

2.4

The correlation model Matern discussed is of short-range dependence SRD. In this
research, we generalize it such that the LRD condition of Xt can be considered when 0 <
b < 1 in 2.4. Following the tradition in fractal time series, we let b/2  1 − H for 0.5 < H < 1,
where H is the Hurst parameter. Therefore, we may rewrite 2.4 by
H−1

.
Cτ  1  |τ|2

2.5

The SRD condition of the CM process is described by b > 1, which implies 0 < H < 0.5.
Because Cτ is nonintegrable for 0 < b < 1, the Fourier transform of Cτ denoted
by Sω does not exist in the domain of ordinary functions for 0 < b < 1. This reminds
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us that PSD of the CM process with LRD should be treated as a generalized function over
the Schwartz space of test functions. In the domain of generalized functions see 19, §2.5,
Chapter 2, the PSD of the CM process is given by
Sω 

∞ 
−∞

1  |τ|2

−b/2

21−b/2
e−jωτ dτ  √
|ω|1/2b−1 K1/2b−1 |ω|,
πΓb/2

2.6

where Kν · is the modified Bessel function of the second kind Gradshteyn and Ryzhik 20,
which is expressed by
Γν  1/22zν
Kν z 
√
π

∞

cos tdt
t2

0

 z2 ν1/2

.

2.7

In the case of LRD, that is, 0 < b < 1, one can infer that Sω ∼ 1/ω for ω → 0; see the details
in Li and Zhao 15 for this inference. Thus, in order to plot the PSD of the CM process, we
need regularizing Sω such that the regularized PSD is finite for ω → 0. The regularization
can be done in the following way. Denote by S0 ω the regularized PSD. Then,
S0 ω 

Sω
.
limω → 0, Sω

2.8

The above implies that S0 0  1. The plots below for PSD are in the sense of regularized PSD.
Figures 1a and 1b indicate Cτ and S0 ω for three values of H, respectively.
It is noted that the CM process is non-Markovian since its correlation Ct1 , t2  does not
satisfy the triangular relation given by
Ct1 , t3  

Ct1 , t2 Ct2 , t3 
,
Ct2 , t2 

t 1 < t2 < t3 ,

2.9

which is a necessary condition for a Gaussian process to be Markovian; see Todorovic 21
for details. In fact, up to a multiplicative constant, the Ornstein-Uhlenbeck process is the only
stationary Gaussian Markov process Lim and Muniandy 22, Wolpert and Taqqu 23.
The CM process is not self-similar but its Lamperti transformation is self-similar. For
a stationary process Xt, if λ > 0, the Lamperti transform of Xt is given by
Y t  tλ Xln t,

for t > 0, Y 0  0.

2.10

Then, Y t is a λ self-similar process Larmperti 24, Flandrin et al. 25. Applying the
Larmperti transformation to the CM process Xt results in the covariance given by
EY tY s  ts

λ

ln t
1
s

2 −b/2

,

t, s > 0.

2.11

The above exhibits that Y t is a Gaussian nonstationary process with the self-similarity index
λ.

4

Mathematical Problems in Engineering
1

1

0.1

PSD (log)

ACF (log)

0.01

0.1

10−3
10−4
10−5

0.01
0

16

32
τ
a

48

64

10−6

0

16

32

48

64

f
b

Figure 1: a ACF of CM process. Solid line for H  0.95, dot line for H  0.75, and dash line for H  0.55.
b Regularized PSD of CM process. Solid line for H  0.55, dot line for H  0.75, and dash line for
H  0.95.

3. Application of the CM Model to a Set of Wind Speed Data
Wind speed plays a role in several areas of science and engineering, such as ocean physics,
ocean engineering, wind engineering, and meteorology; see, for example, Massel 26, Li 27.
In this section, we shall apply the CM process to the ACF and the PSD of the wind speed
m/s observed at the Station LKWF1 Lake Worth, Florida 28. The data are available
from the category of Standard Meteorological 29. They were averaged over an eight-minute
period for buoys and a two-minute period for land stations Gilhousen 30, 31.
Denote the data series by x yyyyt, where yyyy stands for the index of year. Denote
C yyyyk k  0, 1, . . . and S yyyyf  as the measured ACF and the measured PSD in the
year of yyyy, respectively. For instance, x 2003t and S 2003f  represent the measured time
series and the measured PSD at the station LKMF1 in 2003, respectively.
Note that the measured ACF and PSD are estimates of the true ACF and PSD.
Therefore, a PSD or ACF estimation of wind speed should be reliable and traceable. For that
reason, we estimated the ACFs and the PSDs with the recognized instrument Solartron 1200
Real Time Signal Processor 32. Practically, an ACF or PSD is estimated on a block-by-block
basis by averaging PSD or ACF estimates of blocks of data with a certain window weight
function for the sake of variance reduction Mitra and Kaiser 33. Let B be the block size
and M be the average count, respectively. We sectioned the data in the nonoverlapping case.
On Solartron 1200 Real Time Signal Processor, a Hanning widow was set. M is selected such
that 0 < L − B × M < B, where L is the total length of x yyyyt. Table 1 lists the measured
data and the settings for the PSD or ACF estimation, where B  128.
The key parameter in the CM model is H. The literature regarding H estimation is
aﬄuent. Commonly used estimators of H are R/S analysis, maximum likelihood method,
variogram-based methods, box-counting, detrended fluctuation analysis, spectrum regression, and correlation regression; see, for example, 1, 2, 34–36. In this paper, we use the
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Table 1: Measured data at LKWF1, the settings for signal processing, and the modeling results.
Series
x 1984t
x 1985t
x 1986t
x 1987t
x 1988t
x 1989t
x 1990t
x 1991t
x 1993t
x 1994t
x 1995t
x 1996t
x 1997t
x 1998t
x 1999t
x 2000t
x 2001t
x 2002t
x 2003t
x 2004t
x 2006t

Record date and time
19:00, 20 Jul–23:00, 31 Dec. 1984
0:00, 1 Jan.–23:00, 31 Dec. 1985
0:00, 1 Jan.–23:00, 31 Dec. 1986
0:00, 1 Jan.–23:00, 31 Dec. 1987
1:00, 1 Jan.–23:00, 31 Dec. 1988
0:00, 1 Jan.–23:00, 31 Dec. 1989
0:00, 1 Jan.–23:00, 31 Dec. 1990
0:00, 1 Jan.–18:00, 31 Oct. 1990
11:00, 20 Dec.–23:00, 31 Dec. 1993
0:00, 1 Jan.–18:00, 31 Oct. 1994
0:00, 1 Jan.–18:00, 31 Oct. 1995
0:00, 1 Jan.–23:00, 31 Dec. 1996
0:00, 1 Jan.–23:00, 31 Dec. 1997
0:00, 1 Jan.–23:00, 31 Dec. 1998
0:00, 1 Jan.–23:00, 31 Dec. 1999
0:00, 1 Jan.–17:00, 26 Feb. 2000
17:00, 8 Aug.–23:00, 31 Dec. 2001
0:00, 1 Jan.–23:00, 31 Dec. 2002
0:00, 1 Jan.–23:00, 31 Dec. 2003
0:00, 1 Jan.–14:00, 5 Oct. 2004
0:00, 31 May–23:00, 31 Dec. 2006

L
3175
7848
8376
8682
8598
8694
8604
7273
277
8571
8503
8112
8184
8784
8760
8072
8760
8760
8650
6650
5149

M
24
61
65
67
67
67
67
56
2
66
66
63
63
68
68
63
68
68
67
52
40

b
0.262
0.342
0.320
0.361
0.338
0.330
0.300
0.304
0.276
0.332
0.302
0.299
0.318
0.326
0.310
0.311
0.310
0.293
0.300
0.330
0.353

H
0.869
0.829
0.840
0.819
0.831
0.850
0.850
0.848
0.862
0.834
0.849
0.850
0.841
0.837
0.845
0.844
0.845
0.853
0.850
0.835
0.824

MSE
9.861 × 10−4
8.353 × 10−4
7.509 × 10−4
1.170 × 10−4
9.666 × 10−4
8.300 × 10−4
7.778 × 10−4
6.964 × 10−4
1.952 × 10−3
7.433 × 10−4
6.950 × 10−4
6.459 × 10−4
6.242 × 10−4
8.667 × 10−4
6.162 × 10−4
6.643 × 10−4
8.636 × 10−4
7.555 × 10−4
9.175 × 10−4
8.911 × 10−4
1.169 × 10−4

regression method to estimate H. The following uses the PSD regression to estimate H that
is equivalent to the ACF regression owing to the Wiener-Khinchin theorem.
After obtaining a measured PSD S yyyyf , we input it into a PC to do the data fitting
with the theoretic PSD S0 f by using the least square fitting. Denote the cost function by
Jb 

2
B

2
S0 f − S yyyyf ,

3.1

k

where S yyyyf is in the normalized case. The derivative of J with respect to b, which will
be zero when J is minimum, yields the estimate b or equivalently the H estimate, which is
the solution of dJ/db  0.
Figures 2a and 2b indicate 2 series x 1990t and x 2004t at the station LKWF1,
respectively. Each starts from the first data point to the 256th one, that is, about the first 10
days of data. The data fitting between the measured PSD and the theoretical one for each
series is demonstrated in Figures 3a and 3b. By the least square fitting, we have the
estimated H values 0.850, 0.835 for x 1990t, x 2004t, respectively Table 1. The MSEs for
the data fitting of the most series are in the order of magnitude of 10−4 except that x 1993t
has the MSE in the order of magnitude of 10−3 , likely due to the too short series Table 1.
Figures 3c and 3d illustrate the data fitting for C 1990k and C 2004k, respectively.
Hence, from the modeling results, we experimentally infer that the CM model well fits the
wind speed observed. The H estimates for all series are summarized in Table 1, exhibiting
the LRD property of wind speed due to 0.5 < H < 1.
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x_lkwf1_2004(t), (m/s)

20

x_1990(t), (m/s)

15

10

5

0

0

64

128

192

15

10

5

0

256

0

64

128

192

256

t (hours)

t (hours)
a

b

Figure 2: Measured data at LKWF1. a x 1990t. b x 2004t.

4. Discussions
In order to exhibit that the present CM process is a novel model of wind speed, we brief some
results with respect to several models of wind speed, which are used in wind engineering.
In the aspect of PSD of wind speed, Davenport 37 proposed a well-known form of
the normalized PSD given by
 
fSDav f
u2
1200n
,

4
, u
4.1
2
4/3
z
uf
1  u2 
where f is the frequency Hz, uf friction velocity ms−1 , and n is the normalized frequency
fz/U 10 m, where U 10 m is the mean wind speed ms−1  measured at height 10 m, Uz
mean wind speed ms−1  measured at height z. Kaimal et al. 38 introduced the following
PSD:
 
fSKai f
100n

.
4.2
2
uf
0.44  33n5/3
Antoniou et al. 39 discussed the one expressed by
 
fSAnt f
18n

.
2
uf
0.44  5n5/3

4.3

For this class of spectra, Hiriart et al. 40 gave a general form written by
 
fSHir f
u2f



4n2
1  n2 

2γ

,

γ > 0,

which generalized the Davenport PSD form by using the spectral index γ.
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1

0.1

0.1

PSD (log)

PSD (log)

Fitting the data for S_1990(f)
1

0.01
1·10−3

1·10−3
1·10−4

1·10−4
1·10−5

0.01

0

0.0045

0.009

0.0135

1·10−5

0.018

0

0.0045

f (Hz)
a

b

Fitting the data for C_1990(k)

1

0.95

0.93
ACF

ACF

0.018

Fitting the data for C_2004(k)

1

0.9

0.85
0.78

0.85
0.8

0.009 0.0135
f (Hz)

0.7
1

22

43

64

1

22

k
c

43

64

k
d

Figure 3: Modeling demonstrations. Solid line: theoretic PSD/ACF. Dot line: measured PSD/ACF. a
Fitting the data for S 1990f . b Fitting the data for S 2004f . c Fitting the data for C 1990k. d Fitting
the data for C 2004k.

The spectra mentioned above, including the Hojstrup-type PSD 41, are finite near
the origin. Therefore, the inverse Fourier transforms of those PSDs are summable 42. Hence,
they are PSDs of processes with SRD. Though the models discussed in 37–41 are of SRD, the
slow-decayed ACF of wind speed slower than an exponential-type function was noticed as
can be seen from Brett and Tuller 43, abstract section that is actually the 1/f noise behavior
of a time series 42. Recently, fractal descriptions of wind speed were reported Kavasseri
and Nagarajan 44, 45, Santhanam and Kantz 46. Nevertheless, the closed form of either
ACF or PSD of wind speed in the LRD case is rarely seen, to the best of our knowledge.
Consequently, diﬀerent from the models commonly used in the field, the present CM model
provides a closed form of either ACF or PSD of wind speed with LRD.
The CM model 2.4 diﬀers from those, that is, 4.1–4.4, conventionally used in wind
engineering. However, it must be noting that our research used the data measured above
sea surface while others, we mean those discussed in 37–40, utilized data recorded above
ground. For instance, the data Davenport utilized were measured using cup anemometers
mounted at 12.2 m, 64 m, and 153 m on a radio mast 37, page 195. Kaimal et al. studied the
data measured on a 32 m tower 38, page 563, and Hiriart et al. investigated the data for the
purpose of selecting the site of the new Mexican Optical-Infrared Telescope TIM installed
at the Sierra of San Pedro Martir 40, page 213. One thing worth keeping in mind is that the
present model in this paper never implies that one model may be superior to another. More
precisely, we consider that a model may be site dependent.
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Note that the CM process is LRD. Thus, its PSD follows power law; see 2.6. In fact,
any random functions that are LRD have power-law-type PSDs 15. From that point of view,
consequently, one thing in common for diﬀerent models described by say 2.6, 4.1–4.4 is
that their PSDs all follow power laws, which implies that all may be explained from the point
of view of fractal time series 42, 47.
The main point in this paper is to exhibit the possible LRD property of sea surface
wind speed in addition to its CM model. The research is a beginning in this regard. The
other properties of sea surface wind speed, such as fractal structure, periodicity, probability
distributions, and complex dynamics 48–60, remain to be studied from that point of view
in the future.

5. Conclusions
We have studied the Cauchy-Matern process with LRD. The closed form of its PSD has been
obtained. We also consider its application to wind speed modeling in the Lake Worth, Florida.
The modeling results are satisfactory, suggesting a new model of wind speed. Though the
climatologic study of wind speed is in general site dependent, one thing in common for
diﬀerent models appears that PSDs of the diﬀerent models all are of power-law type.
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The statistics of sea level is essential in the field of geosciences, ranging from ocean dynamics to
climates. The fractal properties of sea level, such as long-range dependence LRD or long memory,
1/f noise behavior, and self-similarity SS, are known. However, the description of its multiscale
behavior as well as local roughness with the Hölder exponent ht from a view of multifractional
Brownian motion mBm is rarely reported, to the best of our knowledge. In this research, we will
exhibit that there is the multiscale property of sea level based on hts of sea level data recorded by
the National Data Buoy Center NDBC at six stations in the Florida and Eastern Gulf of Mexico.
The contributions of this paper are twofold as follows. i Hölder exponent of sea level may not
change with time considerably at small time scale, for example, daily time scale, but it varies
significantly at large time scale, such as at monthly time scale. ii The dispersion of the Hölder
exponents of sea level may be diﬀerent at diﬀerent stations. This implies that the Hölder roughness
of sea level may be spatial dependent.

1. Introduction
The study of sea level fluctuations plays a role in geosciences 1–3. There are two categories
of time scales of sea level. One is for yearly data with time scales in one yr, or 10 yr, or more;
see, for example, 4–16. The other is about data with time scales hourly, daily, weekly, or
monthly; see, for example, 17–39. The former generally relates to the study of trend of
relative mean sea level with respect to global and Earth or planetary changes, for example, in
the filed of climates, while the latter is usually associated with the research of local dynamics
of sea level in the aspects of navigations, coastal engineering, tide power production, ship
design, and so forth. Our research uses the hourly sea level data recorded by NDBC 40.
Since the pioneering work of Hurst on time series with long-range dependence LRD
is observed in the Nile Basin 41, the LRD property of time series in geosciences has been
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widely observed; see, for example, 42–59. By LRD, one means that the covariance function
Cτ of time series xt decays so slowly such that
∞

Cτdτ  ∞,

1.1

0

where τ is time lag and Cτ  Ext  τxt. Therefore, LRD is a global property of time
series 60–66.
In addition to LRD, there is another essential property of processes in geosciences,
called self-similarity SS; see, for example, 67–84. By SS, we mean that a random function
xt satisfies the property given by
xt  aH xat,

∀a > 0, t > 0,

1.2

where  is the equality in distribution, H ∈ 0, 1 is the Hurst parameter that measures SS,
and a is a scale 61, 83–86. Note that the term SS implies the roughness or irregularity of a
random function 86. If xt satisfies 1.2, it is globally self-similar. That is, its irregularity
characterized by H keeps the same for all t > 0 87, corresponding the case of monofractal
88, 89.
Since the global SS implies the same value of H for all t, it may be too restrictive
to describe real data in engineering and sciences to use a monofractal model. Therefore,
multifractal models are desired in various fields of sciences and engineering; see, for example,
85–92 and references therein, including those in geosciences; see, for example, 93–110, just
citing a few. From a view of multifractal, a random function that is not self-similar may be of
local self-similarity LSS.
There are several ways of describing multifractality of a random function based on
various definitions of dimensions, such as the Minkowski dimension, the Rényi dimension,
the Hausdorﬀ dimension, the packing dimension, the box-counting dimension, and the
correlation dimension 86, 89, 90, 111–114. In this paper, we adopt the Hölder exponent
0 < ht < 1 in multifractional Brownian motion mBm introduced by Peltier and LevyVehel 115. Taking into account ht in mBm, therefore, one may use the following:
xt  aht xat,

∀a > 0, t > 0,

1.3

to characterize the LSS property of a locally self-similar random function xt on a point-bypoint basis. We call the LSS or local roughness characterized by ht the Hölder roughness
in this paper. The applications of ht attract increasing interests of researchers in sciences
and technologies, ranging from teletraﬃc to geophysics; see, for example, 116–134, simply
mentioning a few.
This paper aims at investigating the Hölder multiscales Hölder scales for short of
sea level. By Hölder scales, we mean the time scales described by the Hölder exponents in
mBm. The contributions of this paper are in two aspects. On the one hand, we will reveal that
variations of ht of sea level may be indistinctively at small time scale, for example, daily
time scale, but ht of sea level varies significantly at large time scale, such as at monthly time
scale. On the other hand, we will exhibit that the dispersion of the Hölder exponents of sea
level may usually be spatial dependent.
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Table 1: Measured data at LKWF1.
Series name
x lkwf1 1996t
x lkwf1 1997t
x lkwf1 1998t
x lkwf1 1999t
x lkwf1 2000t
x lkwf1 2001t
x lkwf1 2002t
x lkwf1 2003t
x lkwf1 2004t

Record date and time
0:00, 1 Jan.–23:00, 31 Dec. 1996
0:00, 1 Jan.–23:00, 31 Dec. 1997
0:00, 1 Jan.–23:00, 31 Dec. 1998
0:00, 1 Jan.–23:00, 31 Dec. 1999
0:00, 1 Jan.–17:00, 26 Feb. 2000
17:00, 8 Aug.–23:00, 31 Dec. 2001
0:00, 1 Jan.–23:00, 31 Dec. 2002
0:00, 1 Jan.–23:00, 31 Dec. 2003
0:00, 1 Jan.–14:00, 5 Oct. 2004

L record length
8208
7776
8736
8760
1362
2972
8740
8582
6655

The remaining paper is organized as follows. Data used in this research are briefed in
Section 2. The method for describing the Hölder exponent in mBm is explained in Section 3.
Results of data processing and discussions are given in Section 4, which is followed by
conclusions.

2. Data
NDBC is a part of the US National Weather Service NWS 135. It provides scientists with
data for their scientific research, including significant wave height and water level 136. We
use the data measured at stations named LKWF1, LONF1, SAUF1, SMKUF1, SPGF1, and
VENF1, respectively. In terms of the names of measurement stations, LKWF1 implies the
station at Lake Worth, FL 137; the station LONF1 is the one at Long Key, FL 138; the
station SAUF1 is at St. Augustine, FL 139; SMKUF1 is the station at Sombrero Key, FL 140;
SPGF1 is at Settlement Point, GBI 141; and VENF1 is at Venice, FL 142. They are located
in the Florida and Eastern Gulf of Mexico. The data are under the directory of Water Level,
which are publicly accessible 143, referring Gilhousen 144 as an instance of research using
the data by NDBC.
All data were hourly recorded with ten separate devices indexed by TGn n 
01, 02, . . . , 10. Without losing generality, this research utilizes the data from the device TG01.
Denote the data series by x s yyyyt, where s is the name of the measurement station and
yyyy stands for the index of year. Denote by h s yyyyt its corresponding ht at the station
s in the year of yyyy. For example, x lkwf1l 2002t and h lkwf1l 2002t, respectively,
represent the measured sea level time series and its ht at the station LKWF1 in 2002.
If the recorded data are labeled by 99, they are taken as outliers, which are not
involved in the computations. In this case, they are replaced with the mean of that series.
NDBC suggests that 10 ft should be subtracted from every level series x s yyyyt 145. By
taking into account this suggestion in the computation of ht, we modify x s yyyyt by
subtracting 10 ft and denote y s yyyyt modified data of sea level. That is,

y s yyyyt  x s yyyyt − 10.

Tables 1, 2, 3, 4, 5 and 6 list those data.

2.1

4

Mathematical Problems in Engineering
Table 2: Measured data at LONF1.

Series name
x lonf11 1998t
x lonf1 1999t
x lonf1 2000t
x lonf1 2001t
x lonf1 2002t
x lonf1 2003t
x lonf1 2004t
x lonf1 2005t
x lonf1 2006t
x lonf1 2007t
x lonf1 2008t

Record date and time
0:00, 3 Nov.–23:00, 31 Dec. 1998
0:00, 1 Jan.–21:00, 31 Dec. 1999
0:00, 1 Jan.–23:00, 31 Dec. 2000
0:00, 1 Jan.–23:00, 31 Dec. 2001
0:00, 1 Jan.–23:00, 31 Dec. 2002
0:00, 1 Jan.–23:00, 31 Dec. 2003
0:00, 1 Jan.–23:00, 31 Dec. 2004
0:00, 1 Jan.–23:00, 31 Dec. 2005
0:00, 1 Jan.–23:00, 31 Dec. 2006
0:00, 1 Jan.–23:00, 31 Dec. 2007
0:00, 1 Jan.–21:00, 19 Jan. 2008

L record length
1416
8757
8484
8760
8760
8697
8758
8750
8735
8692
444

Table 3: Measured data at SAUF1.
Series name
x sauf1 1996t
x sauf1 1997t
x sauf1 1998t
x sauf1 1999t
x sauf1 2000t
x sauf1 2001t
x sauf1 2002t

Record date and time
0:00, 1 Jan.–14:00, 10 Aug. 1996
0:00, 25 Feb.–23:00, 31 Dec. 1997
0:00, 1 Jan.–23:00, 31 Dec. 1998
0:00, 1 Jan.–23:00, 31 Dec. 1999
0:00, 1 Jan.–23:00, 31 Dec. 2000
0:00, 1 Jan.–21:00, 31 Dec. 2001
20:00, 6 Feb.–23:00, 20 Aug. 2002

L record length
5511
6240
8736
8136
8715
8758
4684

Table 4: Measured data at SMKF1.
Series name
x smkf1 1998t
x smkf1 1999t
x smkf1 2000t
x smkf1 2001t
x smkf1 2002t
x smkf1 2003t
x smkf1 2004t
x smkf1 2005t
x smkf1 2006t
x smkf1 2007t
x smkf1 2008t
x smkf1 2009t
x smkf1 2010t
x smkf1 2011t

Record date and time
0:00, 3 Nov.–23:00, 31 Dec. 1998
0:00, 1 Jan.–23:00, 31 Dec. 1999
0:00, 1 Aug.–23:00, 31 Dec. 2000
0:00, 1 Jan.–23:00, 31 Dec. 2001
0:00, 1 Jan.–23:00, 31 Dec. 2002
0:00, 1 Jan.–23:00, 31 Dec. 2003
0:00, 1 Jan.–23:00, 31 Dec. 2004
0:00, 1 Jan.–23:00, 31 Dec. 2005
0:00, 1 Jan.–23:00, 31 Dec. 2006
0:00, 1 Jan.–23:00, 31 Dec. 2007
0:00, 1 Jan.–23:00, 31 Dec. 2008
0:00, 1 Jan.–23:00, 31 Dec. 2009
0:00, 1 Jan.–23:00, 31 July 2010
0:00, 1 Jan.–23:00, 31 Dec. 2011

L record length
1416
7775
3542
5776
8742
5851
8439
8667
8623
8702
8679
8109
5074
8759

Table 5: Measured data at SPGF1.
Series name
x spgf1 1996t
x spg1 1997t
x spg1 1998t

Record date and time
0:00, 1 Jan.–23:00, 15 Dec. 1996
0:00, 6 Mar.–23:00, 15 Dec. 1997
0:00, 1 Jan.–23:00, 7 Jan. 1998

L record length
8616
7080
168
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Table 6: Measured data at VENF1.
Series name
x venf1 2002t
x ven1 2003t
x ven1 2004t
x ven1 2006t
x ven1 2007t
x ven1 2008t

Record date and time
0:00, 1 Oct.–23:00, 31 Dec. 2002
0:00, 1 Jan.–23:00, 31 Dec. 2003
0:00, 1 Jan.–16:00, 7 Jan. 2004
14:00, 22 July–23:00, 31 Dec. 2006
0:00, 1 Jan.–23:00, 31 Dec. 2007
0:00, 1 Jan.–23:00, 31 Oct. 2008

L record length
2208
8760
634
3882
8663
7189

3. Methodology
Let Bt be the standard Brownian motion. Then, Bt satisfies the following properties.
i The increments Bτ  t − Bt are Gaussian.
ii EBτ  t − Bt  0 and
VarBt  τ − Bt  σ 2 τ,

3.1

where σ 2  E{Bt  1 − Bt2 }  E{B1 − B02 }  E{B12 }.
iii In nonoverlapping intervals t1 , t2  and t3 , t4 , the increments Bt4 -Bt3  and Bt2 Bt1  are independent.
iv B0  0 and Bt is continuous at t  0.
Kolmogorov introduced a class of random functions the covariance function of which
is now recognized as the one of fractional Brownian motion fBm 146, Theorem 6. Note
that, for a random function xt, the function fτ expressed by


fτ  Varxt  τ − xt  E xt  τ − xt2

3.2

is termed serial variation function; see, for example, Matérn 147, page 51. It is usually called
variogram in geosciences 148–157. In the field of fluid mechanics, it is named structure
function 158–161. Yaglom derived fBm based on the theory of structure functions 162.
In this paper, we use the fBm introduced by Bandelbrot and van Ness based on fractional
calculus 163.
It is well known that Bt is nondiﬀerentiable in the domain of ordinary functions
164–166. In the domain of generalized functions, however, it is diﬀerentiable 167, 168.
Denote the fBm by BH t. Based on the Weyl’s fractional derivative or integral 163,
it is expressed by

BH t − BH 0 

⎧ 0
⎪
⎪
⎨

1
ΓH  1/2 ⎪
⎪
⎩

−∞

⎫
⎪
t − uH−0.5 − −uH−0.5 dBu⎪
⎬
t
.
⎪
H−0.5
⎪
⎭
 t − u
dBu
0

3.3
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If the first item on the right hand of 3.3 is taken as the zero-input response of the system that
generates BH t for t > 0, we may regard the fBm as the convolution of the impulse function
tH−1/2 /ΓH  1/2 and dBt/dt 169. Therefore, 3.3 may be rewritten by
dBt
tH−0.5
∗
,
ΓH  1/2
dt

3.4

t − uH−0.5 − −uH−0.5 dBt.

3.5

BH t − BH 0  B0 u 
where ∗ is the operator of convolution and
1
B u 
ΓH  1/2
0

0
−∞

It may be interesting to note that tH−1/2 /ΓH  1/2 is a special case of the operators of
fractional order discussed by Mikusinski 170, Equation 59.1.
The function BH t has the following properties.
i BH 0  0.
ii The increments BH t  t0  − BH t0  are Gaussian.
iii Its structure function is given by
3.6

VarBH t  τ − BH t  σ 2 τ 2H ,

where σ 2  E{BH t  1 − BH t2 }  E{BH 1 − BH 02 }  E{BH 12 }.
In addition, it satisfies the self-similarity expressed by 1.2, which implies that BH t
is globally self-similar. Consequently, there is a limitation that its self-similarity or roughness
keeps the same for all t > 0. To release such a limitation, one may adopt the tool of the mBm
equipped with the Hölder exponent ht; see, for example, 115, 119, 133. In fact, the mBm
is a generalization of fBm by replacing the Hurst parameter H in 3.3 with a continuous
function ht that satisfies H : 0, ∞ → 0, 1; see 87, 115–134, 171–182. Denote the mBm
by Xt. Then,

Xt 

⎧ 0
⎪
⎪
⎨

1
Γht  1/2 ⎪
⎪
⎩

−∞

ht−0.5

ht−0.5

− −u
t − u
t
 t − uht−0.5 dBu

⎫
⎪
dBu ⎪
⎬
⎪
⎪
⎭

.

3.7

0

Considering the local growth of the increment process of Xt, one may write a
sequence given by
 
Sk j 


jk 

m 
Xi  1 − Xi,

N − 1 j0

1 < k < N,

3.8
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Figure 1: Daily sea level at the station SMKUF1 from January 1 to Jan. 4 in 2008. a. x smkf1 2008t on
Jan. 1, 2008. b. x smkf1 2008t on Jan. 2, 2008. c. x smkf1 2008t on Jan. 3, 2008. d. x smkf1 2008t
on Jan. 4, 2008.

where m is the largest integer not exceeding N/k. Then, ht at point t  j/N − 1 is given by

ht  −

log


 
π/2Sk j
logN − 1

.

3.9

The above is the expression of applying mBm to investigate ht of sea level time series,
which measures the Hölder roughness of sea level on a point-by-point basis.

4. Observations and Discussions
We demonstrate hts of sea level series x smkf1 2008t at the time scales of day, week, and
month, respectively.
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Figure 2: Hölder exponents of daily sea level at the station SMKUF1 from Jan. 1 to Jan. 4 in 2008. a.
h smkf1 2008t on Jan. 1, 2008. b. h smkf1 2008t on Jan. 2, 2008. c. h smkf1 2008t on Jan. 3, 2008.
d. h smkf1 2008t on Jan. 4, 2008.

4.1. Hölder Roughness at Daily Time Scale
Figure 1 indicates 4 daily series of sea level at the station SMKUF1 from Jan. 1 to Jan. 4 in
2008. Figure 2 demonstrates their corresponding Hölder exponents. From Figure 2, we see
that 4hts of daily series of sea level vary with time insignificantly. Therefore, we obtain the
remark below.
Remark 4.1. The Hölder exponents of sea level at the daily time scale, that is, 24 hours, may
not vary significantly. This may imply that ht ≈ ht  τ if τ ≤ 24 hours.

4.2. Hölder Roughness at Weekly Time Scale
Four weekly series of sea level at the station SMKUF1 in Jan. 2008 are shown in Figure 3.
Their corresponding Hölder exponents are plotted in Figure 4. They appear monotonically
increase, see Figures 4b and 4d, or decrease, see Figures 4a and 4c. In general, they
imply the following remark.
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Figure 3: Weekly sea level at the station SMKUF1 on January 2008. a. x smkf1 2008t in the 1st week in
Jan. 2008. b. x smkf1 2008t in the 2nd week in Jan. 2008. c. x smkf1 2008t in the 3rd week on January
2008. d. x smkf1 2008t in the 4th week in Jan. 2008.

Remark 4.2. The Hölder exponents of sea level at the weekly time scale, that is, 168 hours,
may not vary considerably enough.

4.3. Hölder Roughness at Monthly Time Scale
Figure 5 illustrates 4 monthly series of sea level at the station SMKUF1 in 2008. Their
corresponding Hölder exponents are indicated in Figure 6. From Figure 6, we see the
following.
Remark 4.3. The Hölder exponents of sea level at the monthly time scale vary with time
significantly.

4.4. Variation of Hölder Roughness at Large Time Scale
We now investigate the Hölder exponents of sea level at large time scale. By large time scale,
we mean that the scale is around month or larger. Figure 7a indicates the sea level series
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Figure 4: Hölder exponents of weekly sea level at the station SMKUF1 in January 2008. a. h smkf1 2008t
in the 1st week on January 2008. b. h smkf1 2008t in the 2nd week in Jan. 2008. c. h smkf1 2008t in
the 3rd week in Jan. 2008. d. h smkf1 2008t in the 4th week in Jan. 2008.

x smkf1 2008t, Figure 7b shows its Hölder exponent, and Figure 7c the histogram of its
Hölder exponent.
One thing worth noting is that variances of Hölder exponents of sea level at diﬀerent
stations may be considerably diﬀerent. For instance,
Varh smkf1 2008t  1.203 × 10−3 ,
Varh lonf1l2005t  6.425 × 10−4 .

4.1

The above implies that the variance of h smkf1 2008t is larger than that of h lonf1l2005t
in one magnitude of order. Consequently, comes the following remark.
Remark 4.4. The variances of the Hölder exponents of sea level at diﬀerent observation
stations may be considerably diﬀerent.
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Figure 5: Monthly sea level at the station SMKUF1 in 2008. a. x smkf1 2008t on January 2008. b.
x smkf1 2008t in March 2008. c. x smkf1 2008t on July 2008. d. x smkf1 2008t on October 2008.

We summarize the variances of the Hölder exponents of test data in Tables 7, 8, 9, 10,
11 and 12.

4.5. Discussions
Generally, the Hölder exponents of sea level series are time varying. They are considerably
at large time scales but insignificantly at small time scales. In addition, their variations are in
general spatial dependent as the Tables 7–12 exhibit. For instance, in 2002, Varht varies,
in the form of magnitude of order, from 10−3 to 10−4 at diﬀerent stations. This motivates us to
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Figure 6: Hölder exponents of month sea level at the station SMKUF1 in 2008. a. h smkf1 2008t on Jan.
2008. b. h smkf1 2008t on March 2008. c. h smkf1 2008t in July 2008. d. h smkf1 2008t in October
2008.

take the spatial-time modeling of Hölder roughness of sea level as our possible future work.
Finally, we note that the meaning of the term of local roughness of a random function is the
same as that of local self-similarity 60, 65, 86. Thus, according to 1.2, Remarks 4.1–4.3
exhibit the self-similarity of sea level at small and large time scales, respectively.

5. Conclusions
We have presented our results in the Hölder exponents of sea level in the Florida and Eastern
Gulf of Mexico. The present results reveal an interesting phenomenon of time scales of sea
level. To be precise, the Hölder exponents of sea level may not vary considerably at small time
scales, such as daily time scale, but vary with time significantly at large time scale, such as
monthly time scale. Moreover, our research exhibits that variations of the Hölder exponents
of sea levels may be spatial dependent. Though the research is with the data in Florida and
Eastern Gulf of Mexico, the results may be useful for further exploring general properties of
the Hölder scales and roughness of sea level.
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Figure 7: Illustrations of h smkf1 2008t and its Hölder exponent. a. x smkf1 2008t. b Hölder
exponent h smkf1 2008t. c. Histogram of h smkf1 2008t.

Table 7: Variances of the Hölder exponents at LKWF1.
Series name
x lkwf1 1996t
x lkwf1 1997t
x lkwf1 1998t
x lkwf1 1999t
x lkwf1 2000t
x lkwf1 2001t
x lkwf1 2002t
x lkwf1 2003t
x lkwf1 2004t

Varht
1.217 × 10−3
1.006 × 10−3
9.499 × 10−4
1.164 × 10−3
5.901 × 10−4
1.169 × 10−3
8.939 × 10−4
9.710 × 10−4
9.361 × 10−4
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Table 8: Variances of the Hölder exponents at LONF1.

Series name
h lonf11 1998t
h lonf1 1999t
h lonf1 2000t
h lonf1 2001t
h lonf1 2002t
h lonf1 2003t
h lonf1 2004t
h lonf1 2005t
h lonf1 2006t
h lonf1 2007t
h lonf1 2008t

Varht
3.978 × 10−3
4.123 × 10−4
1.570 × 10−3
1.135 × 10−3
1.407 × 10−3
2.359 × 10−3
9.493 × 10−4
6.425 × 10−4
1.245 × 10−3
2.142 × 10−3
8.245 × 10−5
Table 9: Variances of the Hölder exponents at SAUF1.

Series name
x sauf1 1996t
x sauf1 1997t
x sauf1 1998t
x sauf1 1999t
x sauf1 2000t
x sauf1 2001t
x sauf1 2002t

Varht
1.083 × 10−3
1.355 × 10−3
8.766 × 10−4
1.324 × 10−3
7.272 × 10−4
6.961 × 10−4
3.992 × 10−3
Table 10: Variances of the Hölder exponents at SMKF1.

Series name
x smkf1 1998t
x smkf1 1999t
x smkf1 2000t
x smkf1 2001t
x smkf1 2002t
x smkf1 2003t
x smkf1 2004t
x smkf1 2005t
h smkf1 2006t
h smkf1 2007t
h smkf1 2008t
h smkf1 2009t
h smkf1 2010t
h smkf1 2011t

Varht
9.501 × 10−4
1.144 × 10−3
1.310 × 10−3
1.520 × 10−3
1.181 × 10−3
1.176 × 10−3
1.243 × 10−3
1.210 × 10−3
1.101 × 10−3
1.164 × 10−3
1.203 × 10−3
1.242 × 10−3
1.084 × 10−3
1.176 × 10−3
Table 11: Variances of the Hölder exponents at SPGF1.

Series name
x spgf1 1996t
x spgf1 1997t
x spgf1 1998t

Varht
1.018 × 10−3
8.803 × 10−4
2.659 × 10−4
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Table 12: Variances of the Hölder exponents at VENF1.
Series name
x venf1 2002t
x venf1 2003t
x venf1 2004t
x venf1 2006t
x venf1 2007t
x venf1 2008t

Varht
1.069 × 10−3
1.271 × 10−3
8.863 × 10−4
2.268 × 10−3
2.454 × 10−3
2.930 × 10−3
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110 T. Bedford, “Hölder exponents and box dimension for self-aﬃne fractal functions,” Constructive
Approximation, vol. 5, no. 1, pp. 33–48, 1989.
111 K. J. Falconer, Fractal Geometry, Mathematical Foundations and Applications, John Wiley & Sons, 2003.
112 J. W. Kantelhardt, S. A. Zschiegner, E. Koscielny-Bunde, S. Havlin, A. Bunde, and H. E. Stanley,
“Multifractal detrended fluctuation analysis of nonstationary time series,” Physica A, vol. 316, no.
1–4, pp. 87–114, 2002.

20

Mathematical Problems in Engineering
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The wireless sensor network WSN, consisting of a large number of microsensors with wireless
communication abilities, has become an indispensable tool for use in monitoring and surveillance
applications. Despite its advantages in deployment flexibility and fault tolerance, the WSN is
vulnerable to failures due to the depletion of limited onboard battery energy. A major portion
of energy consumption is caused by the transmission of sensed results to the master processor. The
amount of energy used, in fact, is related to both the duration of sensing and data transmission.
Hence, in order to extend the operation lifespan of the WSN, a proper allocation of sensing
workload among the sensors is necessary. An assignment scheme is here formulated on the basis
of the divisible load theory, namely, the energy dependent divisible load theory EDDLT for
sensing workload allocations. In particular, the amount of residual energies onboard sensors are
considered while deciding the workload assigned to each sensor. Sensors with smaller amount of
residual energy are assigned lighter workloads, thus, allowing for a reduced energy consumption
and the sensor lifespan is extended. Simulation studies are conducted and results have illustrated
the eﬀectiveness of the proposed workload allocation method.

1. Introduction
Sensors are devices that are frequently used in surveillance applications including industrial
plant conditions, highway traﬃcs, building security, and environment monitoring. When
sensors are wire connected, their deployments or relocations may be severely hindered 1–
3. With advancements in sensing, electronics, and radio technologies, sensors equipped
with computation and communication capabilities have become available. A wireless sensor
network WSN can then be formed to perform an assigned surveillance task independently
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4 or in a collaborative manner 5. Usually, each sensor in a WSN collects sensing data and
then sends the result to a central processor for further analysis. In order to maximize the
data transfer eﬃciency, careful transmission routing designs are required 6. On the other
hand, wireless sensors are embedded with only onboard batteries as the sole power source.
Because the deployment of wireless sensors is mostly carried out in an ad hoc manner, it may
be diﬃcult to gain access to their locations and makes battery replacements diﬃcult. Hence,
it is very desirable that the rate of battery energy consumption could be carefully managed
7. Otherwise, some form of energy harvesting 8 is needed to ensure that the sensor can
operate in an extended duration. Such approach, however, is complicated and may increase
the cost in setting up the WSN. Alternatively, approaches to prolong the operation duration
by choosing data transmission routes 9 can be properly determined to reduce battery energy
consumption.
In addition to properly determine the data transmission route, it is also possible to
reduce sensor energy consumption by dividing the sensing workload appropriately among
elements in the WSN 10. This approach is frequently developed by making use of the
divisible load theory DLT 11. In the theory, it is assumed that the computation or sensing
workload can be arbitrarily divided into portions 12 so that the time to complete the
task could be minimized. The DLT has been applied in computation load sharing among
distributed processors 13 because of its tractability in closed-form solutions. This theory
is also generic enough that it has been used in load scheduling for a variety of network
architectures such as systems having time-varying computation speeds 14. The DLT was
employed in a bus network of processors 15 while the cost of computation was optimized.
Furthermore, DLT can also be applied in the scheduling of loads on a star and tree network
16 where the theory was used to assign loads to processors in multirounds.
For wireless sensor networks, scheduling is concerned with proper assignments of
the sensing and result reporting workloads 17 corresponding to the computation and
communication phases in distributed networks. For example, in 18, several sensing and
reporting strategies were studied and their performances were evaluated by the use of
DLT. These strategies include simultaneous sensing start and sequential report, simultaneous
sensing start and simultaneous report termination, concurrent sensing, and reporting. Each
strategy is adopted on the basis of the network architecture whether coprocessors or
multichannel communication is available. Although the DLT can be applied for wireless
sensor network workload scheduling, the operation of a WSN is quite diﬀerent from that
of computer networks. Specifically, sensors engaged in the WSN operate only from onboard
battery energies and the amount of such energy is always limited.
Energy consumption is a prominent issue that network designers have to take into
consideration 19 even for distributed computer networks. Because of the need for WSNs
to transmit the sensed data to a master processor, a majority of energy would be consumed
therein. Therefore, in order to mitigate the adverse eﬀect of energy depletion on network
lifetime, sensors are formed into clusters depending on their physical location vicinity 20.
Clustering itself is a challenging task for deterministic approaches that designer may employ
soft computing techniques to design clusters 21–27. A further development, the low-energy
adaptive clustering hierarchy LEACH protocol was reported in 28 that sensor clusters are
formed according to the sensor locations with the objective to minimize the overall energy
consumed by the sensors in the network. An alternative scheme was presented 29 where
the sensor network lifetime was extended by dynamically adjusting the transmission routes.
Furthermore, the minimization of total energy consumed along a sensor data reporting route
was considered 30 for multihop transmission. Moreover, an attempt was made to employ
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a spanning tree 31 representation of the sensed data reporting route which resulted in the
reduction of sensor energy consumption.
Issues on sensor energy consumption are receiving a considerable amount of recent
research attention. Its reduction to prolong network lifetime has also been tackled from
diversified perspectives. For example, sensor clusters were formed and the cluster head,
responsible to process or retransmit the sensed data, was elected in accordance with the
ratio of residual energies of neighboring sensors 32. By building on the cluster structure,
hierarchies of sensor clusters were constructed to carry out a sensing task in a coordinated
manner 33 in order to minimize the energy used in radio transmission. Moreover, a
challenging design case 34, where network communication resources such as sensing and
transmission speed were not known, was approached using an adaptive strategy to allocate
sensing workloads.
In the reported works, attempts to extend network lifetime were made by using the
proper workload allocation strategy or the transmission routing optimization strategy in
order to minimize energy consumption. However, it has not been studied in detail how
workload division can eﬀectively increase the WSN operation duration. Here, the divisible
load theory is adopted for WSN workload assignment. The modification on DLT makes
use of the ratio of the initial to residual sensor energies when the workload allocated to
an individual sensor is determined. By adopting this design philosophy, sensors having a
lesser amount of remaining energy will be given a smaller portion of sensing workload
and provides a reduction on its energy consumption. The overall result is that the energy
depletion time of each sensor is prolonged; hence, the whole wireless sensor network can
operate for an extended duration.
The rest of the paper is organized as follows. In Section 2, the WSN structure is firstly
presented and the application of DLT is described. In Section 3, the energy consumption
profile is formulated and the development of the proposed energy dependent divisible load
theory is given. Simulations to verify the proposed method are described and results are
presented in Section 4. Finally, a conclusion is drawn in Section 5.

2. Wireless Sensor Network Workload Allocation
Sensors in the network consume battery energy in their electronic circuits when carrying out
sensing and radio transmission 35. In practice, the amount of energy used is proportional
to the duration that these activities are being conducted. In order to reduce the rate of
energy consumption, it is desirable that sensing and reporting operations can be completed
in the shortest time. It is also assumed that, in terms of some demanded sensing precision
that leads to a certain quantity of measured data required, the sensing workload can be
divided among sensors in the network. To this end, the divisible load theory is applied to
derive a set of optimal workloads in the sense of minimum sensing completion time and
minimum sensor energy consumption. In the following, the WSN architecture adopted in
the current work is presented and the enhancement of DLT in determining workloads is
illustrated.

2.1. Wireless Sensor Network Architecture
Let the wireless sensor network contains N sensors clustered in a star topology 16, see
Figure 1. Sensors Si , i  1, . . . , N, are responsible to measure the environment and report
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Figure 1: Star network architecture.

the results via wireless communication to the cluster head CH. The cluster head relays
workload assignments from the master processor to sensors, performs data aggregation and
transmits them back to the master processor for analysis 18. On the other hand, the CH
does not take measurements nor reports its own data. It is also assumed that the network
operates on a single two-way channel but radio communication is only permitted for onedirection transmission from a sole originator at any time. Thus, workload assignments are
transmitted from the CH to sensors sequentially. Furthermore, sensors report the sensed
results to the CH via the same radio channel also in the sequential transmission mode.
Each sensor receives the workload assignment from the CH but measurement is allowed
to commence only after the last sensor has received its workload allocation command.
The sensor then carries out sensing the environment and reports the results when the
measurement is completed. The time and amount of result data to be sent to the CH
is proportional to the workload assigned. Moreover, it is assumed that the duration of
reporting is a scaled portion of the sensing time. All sensor characteristics including energy
consumption rate, sensing, and reporting rates all remain constant during the course of a
sensing task. However, the residual battery onboard the sensor diminishes in proportional to
the amount of sensing workload carried out as well as the distance between the CH and the
sensor.

2.2. Application of Divisible Load Theory
Based on the aforementioned wireless sensor network architecture, a timing diagram could
then be drawn and is depicted in Figure 2. It can be seen that the time for workload
assignment Tas is equal for all sensors and measurement starts simultaneously for all sensors
at time T0 . The sensing time for sensor Si is given by
Tms,i  αi yi Tms ,

2.1

Mathematical Problems in Engineering

S1

S2

5

Tas

α1 y1 Tms
α1 z1 Trp
Tas

α2 y2 Tms
α2 z2 Trp

αN−1 yN−1 Tms

Tas

SN−1

αN−1 zN−1 Trp
Tas

SN

αN yN Tms

T0

αN zN Trp

Tf

Figure 2: Sensing and result reporting schedule.

where αi is the portion of assigned sensing workload, yi is a design coeﬃcient to modify αi ,
and Tms is the sensor measurement time determined by the sensor circuitry. When sensing is
completed, the sensor sends the result to the CH in time
Trp,i  αi zi Trp ,

2.2

where zi is also a design parameter that modifies the radio transmission duration, Trp is the
time used for result reporting. The overall time that sensor Si used for the portion of assigned
workload is
TSi  αi yi Tms

αi zi Trp .

2.3

Since the communication channel allows only one originator to transmit, the strategy
adopted here is to align the sensing time of sensor Si−1 to that of the overall sensing and
reporting time of sensor Si . Thus
αi−1 yi−1 Tms  αi yi Tms

αi zi Trp .

2.4

This equation can be written as
αi  si αi−1 ,

i  2, . . . , N,

2.5

where
si 

yi−1 Tms
.
yi Tms zi Trp

2.6
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The portion of workload coeﬃcients αi can then be obtained recursively from the following
set of equations, namely,
α2  s2 α1
α3  s3 α2  s3 s2 α1
2.7

..
.
αN  sN αN−1  sN sN−1 · · · s2 α1 .
In general, we have

αi  α1

i


sj .

2.8

j2

Furthermore, when the sensing workload is normalized to unity, that is
N


2.9

αi  1,

i1

then the first workload assignment α1 can be obtained from separating α1 from all other
workload assignment coeﬃcients in 2.8, then

α1 

1

1
N i
i2

j2 sj

2.10

and the other assignments, α2 , . . . , αN , can be found from invoking 2.7 recursively.

3. Energy Dependent Workload Allocation
The assignment of proper workload to individual sensors, according to the divisible load
theory, enables the measurement task to be completed in the shortest time. However, in
wireless sensor networks, it is required to consider the energy consumed by each sensor
in order to maintain the network in operation for an extended period. Sensors at longer
distance to the cluster head may have their onboard battery energy depleted early due to
the need to transmit at higher radio power. In order to compromise the task completion
time and the lifespan of the whole network, workload assignments should be designed by
taking the available or residual energy of sensors into consideration. First, a profile of sensor
energy consumption is sketched below, then the incorporation of energy dependence into the
divisible load theory is proposed.
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3.1. Residual Energy Profile
Consider that the master processor requires a set of B bytes of data to interpret the
environment being monitored. This amount of data is the quantity of report produced by all
sensors and takes a total of Trp  8 × Bτb seconds to complete, where τb is the time to transmit
1 bit of data. Furthermore, the time to generate the result data is directly proportional to the
amount of data, that is, Tms  kTrp , where k > 0, in general, is the scale factor representing
the data compression process and depends on the sensor design. Also assume the current
drained to sense a bit of data be I, then the energy consumed per bit in sensing is Es  V Iτb .
Each sensor is initially installed with a battery onboard as the energy source 36. Let
the normal battery voltage be V volt and the battery capacity is A ampere-hour. Therefore,
the initial energy carried by the sensor is
E0  V A × 602 .

3.1

Further assume that when the network is deployed for the first time and sensor locations are
to be determined, for example, using directional antenna 37. Throughout this localization
phase, some energy η1 E0 would be consumed. Moreover, sensors may also form into clusters
28 and a further amount of energy η2 E0 is consumed. Thus, the onboard energy of a sensor
before any measurement is made becomes


E0,i  1 − η1 − η2 E0 ,

3.2

where η1 ∈ 0.00 0.02 and η2 ∈ 0.00 0.03 are random numbers representing the initial
portion of energy usage.
For a sensor Si assigned with workload fraction αi , the sensing time is Tms,i  αi Tms .
During this period, an equivalent number of data bits that consume energy are Bms,i  Tms,i /τb
and the energy consumed is Ems,i  Bms,i Es . For sensed data reporting, the report time is
Trp,i  αi Trp , and the number of bits reported is Brp,i  Trp,i /τb .
In addition, assume that the transmit power can be adjusted according to the distance
d between the sensor and the cluster head 38. The energy consumed in transmitting the
result to the cluster head is

Erp,i  Brp,i 1046 × 10−9

22.2 × 10−12 d2 .

3.3

The residual energy remained on the sensor, after the tth sensing and reporting round, is
hence equal to
Et,i  Et−1,i − Ems,i − Erp,i ,

for t  1, 2, · · · .

3.4

3.2. Proposed Workload Allocation Scheme
An examination of the energy consumption profile reveals that energy consumed in a sensor
depends both on the time used in sensing and the distance between the sensor and the cluster
head. However, the distance is fixed once the sensor is deployed and cannot be altered. On
the contrary, the time used in sensing and result reporting can be properly determined in
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order to reduce energy usage. The philosophy adopted is that a lighter workload would be
assigned to a sensor which a lesser amount of residual energy has remained onboard.
Recall the time TSi that a sensor used for measuring and result reporting, as given by
2.3 and repeated here,
TSi  αi yi Tms

αi zi Trp .

3.5

Without loss of generality, we make the timing scale factors equal, yi  zi . Furthermore, by
making use of the fact that the amount of data reported by a sensor is proportional to its
sensing time, Tms  kTrp , then
TSi  αi yi 1

kTrp .

3.6

Now, put the coeﬃcient yi as a function of the ratio of the initial energy E0,i to the
instantaneous onboard energy Et,i , that is
yi 

E0,i
,
Et,i 

3.7

where  is a small positive constant to prevent division by zero.
Consider the recursive equations in calculating the workload allocation αi , 2.5,
substitute the above assumptions and the energy dependence, we have
si 


yi−1 kTrp
yi kTrp yi Trp
kyi−1
1 kyi

kE0,i /Et,i−1
≈
1 kE0,i /Et,i
≈

1

3.8

kEt,i
.
kEt,i−1

Furthermore, the workload ratio for two consecutive sensors is
αi  si αi−1 ,

3.9

kEt,i
αi

.
αi−1 1 kEt,i−1

3.10

and substitute 3.8, then

It can be observed that workloads assigned are now made proportional to the residual
energy remained onboard the sensor together with the constant system dependent scaling
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Table 1: Simulation parameters.
Parameter description
Number of simulation runs for each SDLT and EDDLT case
Area of square environment monitored
Number of sensors N
Data required by master processor B
Time to transmit 1 bit τb 
Ratio of sensing/reporting durations k
Average battery voltage V 
Battery capacity A
Current drain per bit I

Value
100
50 × 50 m
30
2 × 106 bytes
64 × 10−6 sec
8
3V
0.5 Ah
0.3 × 10−3 A/bit

factor k/1 k. Hence, sensors with a lesser amount of residual energy will receive a lesser
amount of workload consequently reduces its energy consumption and prolongs its operation
lifetime. Furthermore, when the factor k is large, the workload becomes largely dependent
on the residual energies.

4. Simulation
Simulations are conducted to verify the eﬀectiveness of the proposed energy dependent
divisible load theory when it is applied in the workload allocation of a wireless sensor
network. Two test cases are studied including the standard DLT SDLT approach and the
energy dependent DLT EDDLT approach. It is assumed that sensors are deployed randomly
over an area that is to be monitored. Because of the randomness in initial sensor deployments,
the eﬀectiveness will be assessed by a large number of repetitive tests. Statistics are collected
on the sensing rounds that the first sensor energy depletes, the sensing rounds that the last
sensor depleted its energy, and distribution of residual energies when the first sensor depletes
its energy. The simulations conducted are based on the system and sensor parameters given
in Table 1.

4.1. History of Energy Depletion
In the simulations for SDLT and EDDLT approaches, sensors are deployed randomly over
a square sensing area as shown in Figures 3a and 4a, respectively, at the first sensing
round. In the figures, a red square is used to represent the cluster head. Sensors are
indicated as black dots while their initial energies are denoted by circles whose diameters
are proportional to the onboard energy. The instances that the first sensor depletes its energy
for the SDLT and EDDLT cases are depicted in Figures 3b and 4b. Since the sensors
are deployed randomly and their positions relative to the cluster head would aﬀect the
energy consumption, numerical values given here are regarded as typical sample values
only.
It can be seen that in the SDLT approach, at a small number of sensing rounds at 1900,
other sensors still maintain relative large amount of remaining energies. On the other hand, in
the EDDLT case, when the first sensor depletes its energy, energies on other sensors are also
depleted to a large extend. In addition, the sensing round at 6244 that the first sensor depletes
its energy is much more than that in the SDLT case. Figures 3c and 4c illustrate the instance
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Figure 3: Sensor energy evolution in standard DLT SDLT workload allocation. a initial energy onboard
sensors, b instance when first sensor depleted, c instance when last sensor depleted.

when the last sensor depletes its energy. The sensing round conducted in the SDLT case is
6465 while that in the EDDLT case is 6469. These sensing rounds are approximately the same
as expected. It is because the total amount energies inherent in the system and the amount of
resultant sensed data are the same.

4.2. History of Life Sensors in Operation
Graphical plots depicting the histories of the number of life sensors remaining in operation,
for the SDLT and EDDLT cases, are given in Figures 5a and 5b. It can be observed that
the first sensor depletes much earlier in the SDLT case as compared with the EDDLT case.
Furthermore, the figures also illustrate that the overall system failure times are approximately
the same in these two cases. Contradictorily, the slope of sensor death in the EDDLT case is
much steeper than the SDLT case. This observation reflects the fact that the EDDLT approach
is eﬀective in prolonging the overall operation of the wireless sensor network.

4.3. Distribution of Energy Onboard Sensors
The plots of the distribution of energies onboard sensors, when the first sensor depletes, are
shown in Figures 6a and 6b. The graph of energy onboard sensors in the SDLT case shows
that many sensors still carry substantial amount of energies when the first sensor depletes.
This observation indicates that the SDLT strategy for workload allocation is not eﬀective to
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Figure 4: Sensor energy evolution in energy dependent DLT EDDLT workload allocation. a initial
energy onboard sensors, b instance when first sensor depleted, c instance when last sensor depleted.
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Figure 5: History of number of life sensors. a SDLT case, b EDDLT case.

maintain the whole WSN to operation at full capacity. On the other hand, in the EDDLT
case, most sensors have used up their energies at later sensing rounds when the first sensor
depletes. This reflects the fact that in a large portion of the sensing period, most sensors are
in operation and a better monitoring of the environment is made.

12

Mathematical Problems in Engineering
SDLT 1875

6000

5000
Residual energy

Residual energy

5000
4000
3000
2000
1000
0

EDDLT 6231

6000

4000
3000
2000
1000

0

5

10

15

20

25

0

30

0

5

10

15

20

25

30

Sensor ID

Sensor ID
a

b

Figure 6: Distribution of energy onboard sensors. a SDLT case, b EDDLT case.
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Figure 7: Statistics of test runs - SDLT case. a first sensor depletes, b 50% sensors remain life, c last
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Figure 8: Statistics of test runs - EDDLT case. a first sensor depletes, b 50% sensors remain life, c last
sensor depletes.

4.4. Network Performance Statistics
Since the initial random deployment of sensors critically aﬀects the network performance, its
characterization is here based on the statistics from a repetition of 100 simulations. Figures
7 and 8 show, from simulation results from the SDLT and EDDLT cases, the distribution of
first sensor depletion, the instance of 50% sensors remain life in the sensing round when all
sensors consumed their energies. The distributions demonstrate that the number of sensing
rounds approximately obeys normal distributions in both the SDLT and EDDLT cases, thus,
providing statistical evidences on the validity of the results. As it is suggested from other
performance measures presented above, the sensing rounds that the first sensor depletes in
the EDDLT cases are much later than that of the SDLT cases. Figure 9 further compares the
statistics of the ratio of the number of sensors remaining life throughout the sensing task
duration. The SDLT case is given in dotted lines with the mean value and ±3σ deviations
from the mean. It is seen that the EDDLT approach has enabled the network to operate with
the full number of sensors at sensing rounds much later than the SDLT case.
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Figure 9: Comparison of ratio of life sensors between standard and energy dependent DLT for workload
allocation.

5. Conclusion
This paper has presented a study on the wireless sensor network workload allocation scheme.
An energy dependent divisible load theory EDDLT based approach is developed. In the
proposed approach, the residual energies of sensors are considered while assigning the
workload to each sensor. Sensors with smaller residual energy are assigned lighter workload.
With this strategy, the number of sensing rounds that the first sensor depletes is increased
as compared to the standard divisible load theory approach. Experiments are included to
illustrate the eﬀectiveness of the EDDLT method in extending the lifespan of the wireless
sensor network.
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Mediterranean countries oﬀer very favorable climatic conditions for growing plants in a protected
environment: as a matter of fact, the high solar radiation allows the use of greenhouses with simple
structures, covered with plastic film and without fixed installations for winter heating. They are
called “Mediterranean greenhouses” and are totally diﬀerent from those in Central and Northern
Europe. In the photovoltaic greenhouses, the cover on the pitch facing south is usually replaced by
very opaque panels. However, this solution compromises the possibility to grow plants in covered
and protected environments since solar radiation availability is limited and strongly nonuniform.
In order to overcome this problem, semitransparent photovoltaic materials can be used to let the
solar energy, necessary for plant growth, pass into the green house. The aim of this research is to
analyze the radiometric properties of innovative semitransparent flexible photovoltaic materials in
order to evaluate their performances in comparison with materials commonly used in the coverage
of the greenhouses. Particular attention is paid to the transmittance of these materials in the visible
range and in the long wave infrared for the achievement of greenhouse eﬀect.

1. Introduction
Recently, the use of greenhouse surface has increasingly spread worldwide.
Spain is in the first place in Europe with 50,000 hectares; there are 60,000 hectares
in Japan and in China it is estimated that from 350,000 to 700,000 hectares are destined to
protected crops. The phenomenon is developing not only in countries with temperate climate,
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but also in tropical and subtropical areas in Latin America, Africa, Asia, and around the
Mediterranean basin.
In Europe, greenhouse design and construction are governed by the Standard EN
13031-1:2001 where the following definition is given: “Greenhouse is structure used for
the cultivation and/or protection of plants and crops that exploits the transmission of
solar radiation under controlled conditions to improve the environment of growth, with
dimensions that allow people to work inside.”
The greenhouse can be seen as a solar collector which exploits the radiation coming
from the sun to create optimal conditions for plant growth and development.
The solar radiation inside the greenhouse depends on
i incident radiation on the ground;
ii shape and orientation of the greenhouse;
iii type of structure;
v transmittance, absorption, and reflection of the covering material;
vi size and position of the opaque structure;
vii dust on the cover;
viii cover condensation.
Covering material is the most important feature among the above-mentioned parameters
since its own characteristics influence the microclimate in the confined environment.
Greenhouse cover, structural elements, soil, and crop contribute to the solar radiation
absorption, and consequently, to the generation of sensible or latent heat 1.
Glass, semirigid plastics and plastic films are the most widely used greenhouse
covering materials. They protect crop from adverse weather conditions and influence the
greenhouse microclimate modifying the growing conditions of crops in comparison with the
open-field climatic conditions.
Covering materials modify greenhouse microclimate due to their transmissivity to
solar radiation in the visible range and in the long infrared radiation.
The spectral distribution of solar radiation at the earth’s surface must be taken into
account as a weighting function to calculate radiometric coeﬃcients of covering materials.
About 50% of the total energy is emitted in the near infrared radiation NIR range 700–
2,500 nm and nearly 40% in the PAR range 400–700 nm, where the solar radiation has a
maximum at a wavelength of approximately 500 nm 2.
The transmissivity coeﬃcient in the solar wavelength range, from 300 nm to
2,500 nm, represents the fraction of the overall solar radiation passing through the covering
material. The transmissivity coeﬃcient in the PAR range expresses the quantity of solar PAR
radiation transmitted by the covering material and strongly influences crop growth and yield.
Long wave infrared radiation energy losses from protected environments depend on
the transmissivity of the covering material in the wavelength values higher than 3000 nm.
However, at ambient temperature the bodies have the maximum energy emission in the range
7,500–12,500 nm 3.
The air temperature inside greenhouse is significantly influenced by the emissivity of
the covering material which is a measure of the thermal radiative energy emitted in the long
infrared radiation: if the covering material has high emissivity, high energy losses occur from
the protected environment.
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Table 1: Transmissivity coeﬃcients of diﬀerent greenhouse covering materials.
Transmissivity coeﬃcients, %
τSR
τPAR
τLWIR

Glass
4 mm
80.4
87.5
0.00

LDPE
0.180 mm
88.6
91.0
53.7

EVA
0.180 mm
89.1
89.7
25.9

ETFE
0.100 mm
93.1
92.4
10.9

SR: solar radiation; PAR: photosynthetically active radiation; LWIR: long wave infrared 4.

Thus, the radiometric properties of the greenhouse cover play an important role in
reducing energy consumption 4. Sustainability of greenhouse industry can be increased
with innovative covering materials aimed at obtaining energy savings in greenhouse heating
and cooling together with profitable yield. Moreover, covering materials—able to modify the
spectral distribution of the solar radiation—can be used to influence plant growth in place of
agrochemicals. In the latest decades research has been addressed to improve the radiometric
properties of glasses and, more recently, of plastic films that are the most widespread
greenhouse covering materials 4.
Plastic films are very diﬀerent from glass, are characterized by low cost, and require
a lighter support frame. Furthermore, they have good thermooptical and mechanical
properties, good chemical resistance, and considerable opposition to microbial degradation.
In the last decades of the past century diﬀerent kinds of plastic films for greenhouses
were made by diﬀerent raw materials and additives.
i LDPE low-density polyethylene is the most used covering material and has good
mechanical and radiometric properties. In the wavelength range 200–2,500 nm the
total transmissivity of the LDPE film is similar to that of glass. On the other hand,
the LDPE has high value of the transmissivity in the long wave infrared radiation.
ii EVA Ethylene vinyl acetate is the copolymer of ethylene and vinyl acetate, is
characterized by lower transmissivity in long wave infrared radiation, and allows
to reduce the thermal infrared losses.
iii ETFE ethylene-tetrafluoroethylene copolymers: these innovative recently developed films are characterized by very good radiometric properties high transmissivity in the solar range and low transmissivity in the long wave infrared radiation.
ETFE films costs are higher than LDPE and EVA films but they last longer also 15
years.
Table 1 shows the values of average transmittance of the covering materials for the
above-described greenhouse. While transmittance of plastic films is nearly 10% higher than
that of glass, the infrared transmittance of the LDPE exceeds 50% with negative consequences
on greenhouse eﬀect, EVA is strongly better reaching about 25% and ETFE is close to 10%.
There are few diﬀerences of transmittance of the materials considered in the PAR.
Energy production from renewable sources, the diversification of the productive
activities, and the development of photovoltaic technology and integrated systems have led
to the development of solar greenhouses 5.
Currently, the research is directed to the creation of semi-transparent photovoltaic
films. This need stems from the following fact: in some periods of the year, Mediterranean
areas are characterised by strong surplus of solar radiation if compared with needs. As a
consequence, passive such as shading nets and thermal shields or dynamic natural or

4

Mathematical Problems in Engineering

forced ventilation, spraying or evaporation of water, etc. protections are required; otherwise
suspending farming becomes mandatory.
This has led to exploit the surplus of solar energy to produce electricity to be used
in diﬀerent ways, for example, for cooling systems and/or for direct sale to the distribution
companies, and so forth.
A significant problem has to be considered: the traditional photovoltaic silicon-based
panels are not transparent and do not let the solar radiation penetrate inside the greenhouse.
Thus, plants, cultivation becomes problematic and it is diﬃcult to create greenhouse eﬀect
necessary to develop the microclimatic conditions for crops.
In order to solve this problem, researchers are developing panels with partially
transparent materials in flexible sheets or semitransparent rigid panels that allow the passage
of sunlight necessary for the plants, cultivation in protected environments.
A research has been carried out in an area with a strong vocation for greenhouse
crops, that is, the Agro Pontino, in order to obtain useful information on the possibility of
using the structures of the greenhouses—meant for horticultural production—to support
semitransparent photovoltaic covers. This research has tried to identify available solar energy
surplus for its conversion into electrical energy and simultaneously satisfying the needs of the
crop in terms of solar energy.
It was found that within the greenhouse—not only in summer, but also in other
periods of the year—excess solar energy obliges the farmer to control the internal microclimate systems to prevent damage to the crops. Such systems often become burdensome
and complex since high solar radiation is related to high values of air temperature. These
excesses could then be used to produce electricity by photovoltaic cells with the advantage
of producing energy and saving up for cooling in the protected area.
The research showed that the foot, outside the greenhouse, with cultivations
eggplant can reach peak daily average of about 15 MJ m−2 d−1 . These peaks remain almost
constant in clear sky days during summer.
On cloudy days, of course, these peaks undergo a sharp drop down to about
5 MJ m−2 d−1 , only for the summer months and in the absence of crops.
Moreover, during the months of April and October, a modest surplus occurs about
2.5 MJ m−2 d−1  at the transplant eggplant two cycles per year. Taking into account that the
surveyed area can be considered clear more than 70% of the days during summer, solar
energy is available for a bit more than 4 months per year and can be transformed using
photovoltaic technology.
Once magnitude and temporal distribution of energy surplus are defined; photovoltaic
roofs have to be identified. Rigid and opaque panels the well-known and common silicon
solar panels are not recommended. The solution may be found in the use of flexible
photovoltaic and semi-transparent sheets. These being flexible have the ability to be rolled
up and, therefore, could be stretched during periods of surplus of the day quite easily as if
they were shading nets.
These semitransparent sheets must ensure that the inside of the greenhouse reaches a
rate of solar radiation necessary for plants and to create the greenhouse eﬀect. In this way
it will be possible to combine the use of the greenhouse for agricultural production and the
production of electricity by means of photovoltaic cells.
In order to achieve this goal, the radiometric characterization of these new semitransparent photovoltaic films is needed.
In spectral analysis some wavelengths result more important than others. Variations
of blue B, 400–500 nm, red R, 650–670 nm, and far-red FR, 720–740 nm radiation,
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in the protected environment aﬀect the plant photomorphogenesis. Infact, the phytochrome
response is characterized in terms of the R/FR ratio 6–11.
Significant increases of the growth and of the elongation of shoots were pointed out
in peach and cherry trees grown under a photoselective film that reduced the R/FR ratio to
0.93, from the value 1.15, which was recorded in open field at the University of Bari 4.
Tests carried out on ornamental plants showed that the increase of the R/FR ratio has
a dwarfing eﬀect on the plant growth 9.
The purpose of this work is to characterize the semitransparent photovoltaic flexible
film innovative from a radiometric point of view.

2. Preliminary Remarks
2.1. Solar Radiation
The sun emits as a black body at 5700 ◦ K. According to the Wien’s law, the maximum of the
emission is at a wavelength λ:
λmax 

2885000
 506 nm.
T

2.1

The spectrum of solar radiation is between 290 and 3000 nm: ultraviolet 290–380 nm,
visible 380–760 nm, and near wave infrared 760–3000 nm.
The incident radiation on the ground, with clear skies, can be calculated with the
following relations:
Rb  direct radiation at ground  Re τb cos θZ W m−2 ;
Rd  diﬀuse radiation at ground  Re τd cos θZ W m−2 ;
Rd W m−2 ;

Rg  global radiation at ground  Rb
where

0.033 cos360/365n W m−2 ;

Re  outer radiation  1367 1
n  Julian day;

cos θZ  cosine zenith angle  sen φ sin δ

cos φ cos δ cos ω;

φ  local latitude ◦ ;
δ  Inclination of the sun  23.45 sen360/365284

n ◦ ;

ω  hour angle  360/2412 − h ◦ ;
h  hour days h;
A  altitude km;
τb  transmissivity of the atmosphere to the direct radiation  Ao

A1 × e−k/ cos θz ;

τd  transmissivity of the atmosphere to the diﬀuse radiation  0.271 − 0.294τb ;
A0  0.4237 − 0.008216 − A2 1
A1  0.5055
K  0.2711

2

0.005956.5 − A 1
2

0.03 senπ91

n/182;

0.01 senπ91

0.018582.5 − A 1.01 − 0.01 senπ91

n/182;
n/182.
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If the surface is inclined, there will be two angles:
Z  inclination of the surface normal with respect to zenith;
ψ  angle between the horizontal projection of the surface normal and the south.
The angle between the direction of the sun and the normal surface is
cos I  senλ senδ cos Z − cos λ senδ senZ cos ψ
senλ cos δ cos ω senZ cos ψ

cos λ cos δ cos ω cos Z

cos δ senω senZ senψ.

2.2

The components of radiation are
RbI  direct radiation on inclined surface  Re τb cos I;
RdI  diﬀuse radiation on inclined surface  Re τd cos I.
The solar radiation that enters the greenhouse is obtained from the previous considering the
transmittance of the covering material which varies with the angle of incidence.
In order to calculate this parameter, the following model can be considered.

2.2. Transmittance of the Cover
S is the thickness of the cover, n the refractive index, and k the coeﬃcient of absorption.
By the relation:

n1 senθr

,
n2
senθi

2.3

being the refractive index of air close to 1, with n2  n refractive index of the second, it has

θr  refraction angle  arcsen


senθi
,
n



sen2 θr − θi 
Surface reflectance normal component  r⊥ 
,
sen2 θr θi 




tan2 θr − θi 
Surface reflectance parallel component  r 
,
tan2 θr θi 
Total surface reflectance  r 

Ir 1 
r⊥

Ii
2

2.4


r .

The transmittance value of the perpendicular component considering the only loss by
reflection is
τ⊥  1 − r⊥ 2

∞

1 − r⊥ 2 1 − r⊥
r⊥2n  
.
 
1 r⊥
1 − r⊥2
n0

2.5
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Similarly, the parallel component of transmittance, considering only losses by reflection, will
be
τ 

1 − r
.
1 r

2.6

Global transmittance considering only losses by reflection is
τr 


1 1 − r⊥
2 1 r⊥


1 − r
.
1 r

2.7

Global transmittance considering only losses by absorption is
τa  e−K·s/ cos θr .

2.8

The transmittance, reflectance, and absorbance of a single covering, considering the losses by
reflection and absorption, can be determined:

2
1 − r2
τa 1 − r
1 − r
1 − r
τ 
.
 τa ·


2  τa · 1 r ·
2 ∼
1 r
 1 − r τa
1 − r τa

2.9

1 − r⊥
.
τ⊥ ∼
 τa ·
1 r⊥

2.10

Similarly,

Whence,


∼ 1
1 − r
1 − r⊥
τa ·
τ⊥ 
τa ·
,
2
1 r
1 r⊥


1 1 − r 1 − r⊥ ∼
τ∼
 τa ·
 τa · τr .
2 1 r 1 r⊥

1
τ
τ
2

2.11

Therefore, the global transmittance considering both the absorption losses both the reflection
losses is equal to
τ∼
 τa · τr .

2.12

The reflectance of the cover will be
2
1 − r τa2 r


2  r 1
1 − r τa


ρ  r


τa τ .

2.13
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Similarly,
ρ⊥  r⊥ 1

τa τ⊥ .

2.14


ρ⊥ .

2.15

Whence,
ρ

1
ρ
2

The absorbance is

1 − r
.
1 − r τa

2.16


1 − r⊥
.
α⊥  1 − τa 
1 − r⊥ τa

2.17


α  1 − τa 
Similarly,


Whence,
α

1
α
2


α⊥ .

2.18

The transmittance of the diﬀuse radiation is assumed to be equal to the transmittance to direct
radiation with I  60◦ .

2.3. Energy Flows in Mediterranean Greenhouse (Tunnel)
The energy balance equation per unit area for Mediterranean greenhouse tunnel is
Figure 1
Ri

Rac  RTg,sky

RTg,atm

RTp,sky

RTp,atm

RTc,sky

RTc,atm

Tc

V

ΔEg

Sg , 2.19

where
T  KSTi − Te ,

2.20

K is the thermal transmittance W m−2 K−1 ; S is the wall surface m2 ; Ti is the internal
temperature ◦ C; Te is the external temperature ◦ C;
Ev  V Hi − He ;

2.21

Ev is the energy lost for ventilation KJ h−1 ; V is the flow rate of ventilation KgDryAir h−1 ;
Hi is the internal air enthalpy KJ KgDryAir−1 ; He is the external air enthalpy
KJ KgDryAir−1 .
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Sky

Direct solar radiation
RT c,sky

Diffuse solar radiation

Atmosphere
RT p,sky
Re

Rre

T

RT g,sky

RT c,atm

RT p,atm

Cc,oa
Rac
Ri

Cc,ia
Rri

V

RT g,atm

RT p,c

TR

Rap
Rrg

Cp,ia
Cia,g

RT g,c

RT p,g

Rag
∆Eg

Sg

Figure 1: Energy flows in Mediterranean greenhouse.

The enthalpy H KJ KgDryAir−1  of a Kg of air, at temperature t ◦ C and with a water
content, in the form of water, equal to x Kg KgDryAir−1  is obtained from
H  1.005t

x2499.5

2.005t,

2.22

where x Kg KgDryAir−1  represents the water vapor contained in the air and can be
determined through the psychrometric diagram or by the following formula:
x  0.6215

pH2 O
,
p − pH2 O

2.23

where p  1.013 Kg cm−2  is the atmospheric pressure; pH2 O is the vapor pressure of the air,
expressed in Kg cm−2 at the temperature T ◦ K and at relative humidity UR %;
pH2 O  1.41 × 1010 e−3928.5/T −41.5 × UR Pa;
RT12



1
1
C1

ε12 λ × τa λ × 5 × C /λ×T 
− C /λ×T 
× Δλ;
1 − 1
2 − 1
λ
e 2
e 2
λ2.5 μm
λ20
μm

2.24

RT12 is the radiated radiation W m−2 ; λ is the wavelength μm; T is the absolute
temperature ◦ K; C1  3.74108 W μm4 m−2 ; C2  14385 K·μm. τaλ is the transmittance
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of the atmosphere at the wavelength λ; ελ is the monochromatic emissivity of the object at
the wavelength λ 12–14.

3. Materials and Methods
In order to exploit the above-described mathematical models, it is important to know the
transmittance of the covering material in the wavelengths of the visible and long wave
infrared. Using these parameters it is possible to evaluate the eﬃciency of the covering
material for the purposes of the greenhouse eﬀect in the structures for protected crops. In
this paper we analyze the spectrum of an innovative photovoltaic film created as part of the
research project “ECOFLECS” by the Research Unit of Tor Vergata Rome for its eﬃciency
in the greenhouse cover.
The film was made in PVB, laminating material that covers the modules at sandwich,
plastic substrates PET/ITO, conducting polymer Pedot-PSS. 6 arrays of 8 modules each
were realized. The thickness of the flexible film is about 0.5 mm. The single module has the
following sizes: 220 mm × 220 mm. These modules can be assembled to obtain large surfaces
necessary for the covering of greenhouses. The remarkable flexibility allows the photovoltaic
film to fit even to curved surfaces of the tunnels and greenhouses tunnel.
IR measurements were performed with a Perkin Elmer Paragon 1000 instrument with
Detector MCT mercury telluride and cadmium; UV-VIS measurements were performed
with a Lambda 9, Perkin Elmer, with photomultiplier highly sensitive at VIS and NIR.
In both cases, the optical filter was set equal to 2 nm, while the sweep was
120 nm/min.

4. Results and Discussion
Three samples of semi-transparent films innovative solutions and still in the experimental
phase were analysed in the spectrophotometer. Diagrams with the average values of the
measurements are shown in Figure 2.
Figure 2 shows the trend of the transmittance of the photovoltaic film in relation with
the solar spectrum. It seems clear that the transmittance is very low in the first part of the
visible, is maintained below 10% up to 395 nm, about 38–40% between 400 and 520 nm,
increases almost linearly up to 650 nm where it reaches 68%, and remains almost constant
up to 760 nm.
The average transmittance determined as the arithmetic average is 56.9% but in this
way does not take into account the variation of the flow of solar energy as a function of
wavelength solar spectral irradiance at sea level.
More precisely, the determination of the average transmittance with the weighted
average using the flow of solar radiation at diﬀerent wavelengths is
τm 

760
λ380 τλ · SRλ 
,
760
λ380 SRλ

4.1

where SRλ is the solar radiation at sea level W m−2 nm−1  and τλ is the photovoltaic film
transmissivity %. In this way the average transmittance of the photovoltaic film in the
range 380–760 nm is equal to 49.5%, value less than that obtained by measuring with a
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Figure 2: Solar spectral irradiance outside atmosphere and at sea level and photovoltaic film transmissivity
in the wavelength range 200–4000 nm.
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Figure 3: Photovoltaic film transmissivity and EVA film transmissivity in the wavelength range 195–25000
nm.

pyranometer solar radiation above and below the photovoltaic film in the range of 300–
1100 nm but comparable to it because in the near infrared the energy is lower in respect
to visible.
For the photovoltaic eﬀect the useful wavelength is between 400 and 1100 nm, and
then the low transmittance before 650 nm is advantageous for the production of electricity.
Figure 3 shows the transmissivity of the photovoltaic films and that of the EVA films
which are very common in the greenhouse covering. Furthermore, the wavelengths of visible
380–760 nm and long wave infrared 7500–12500 nm were also highlighted since they
are important for the purposes of the greenhouse eﬀect.
The indoor greenhouse air temperature rises with the decrease of the long wave
infrared transmissivity coeﬃcient of the greenhouse covering material.
High transmissivity in the visible and low transmissivity in long wave infrared are
essential to a good greenhouse eﬀect.
The transmissivity in the visible of photovoltaic films, as reported above, is very low
up to 650 nm. As a matter of fact, the average value in the visible is less than 50% while that
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Figure 4: Total transmissivity of the photovoltaic film with red R, 650–670 nm and far-red FR, 720–
740 nm wavelengths in the range 200–800 nm.

of the EVA film is of about 90%, much higher value. If the photovoltaic film loses a lot in the
visible, it gains a lot in the far infrared: its transmittance is practically null in this range of
wavelengths that, as it is known, is the interval where it is greater than the energy emitted by
radiation from the bodies Planck’s law. Thus, from our point of view, it seems reasonable to
assume an overall eﬃciency of the photovoltaic film in the greenhouse eﬀect similar to that
of traditional EVA films.
Figure 4 shows the transmissivity of the photovoltaic film in the range 200–800
nm, pointing out the values of the red R, 650–670 nm and far-red FR, 720–740
nm wavelengths. The ratio between these values is important for the purposes of plants,
accretion. The calculated ratio is 0.97 for this PV films: this value should encourage increases
of the growth and the elongation of shoots.
In relation to the reflectivity and the absorbance this film gives priority to absorbance
because absorbed energy is used for the production of electricity with an eﬃciency that in the
current state does not exceed 10%.

5. Conclusions
In this paper, the spectrum of an innovative photovoltaic film has been analysed in order to
evaluate its eﬃciency in the greenhouse cover.
Spectral analysis showed that the transmittance of the photovoltaic film is very low
in the first part of the visible in relation with the transmittance of the traditional EVA film
commonly used for covering greenhouses. This is advantageous for electricity generation,
but at the same time is in contrast with the production of plant material since this portion of
the spectrum is useful for photosynthesis PAR.
The transmittance of the photovoltaic film in the range of the infrared long is null, and
therefore much lower than that related to the EVA films with considerable advantages for the
purposes of achieving the greenhouse eﬀect.
According to this analysis, in the greenhouse eﬀect it is possible to assume an overall
eﬃciency of the photovoltaic film similar to that of the traditional EVA films.
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Nomenclature
Alphabetic Symbols
R:
RT :
C:
T:
V:
TR:
S:
E:

Global solar radiation MJ m−2 d−1 
Energy lost by radiation MJ m−2 d−1 
Energy exchanged by convection MJ m−2 d−1 
Energy lost by transmission MJ m−2 d−1 
Energy lost by ventilation MJ m−2 d−1 
Plant transpiration MJ m−2 d−1 
Energy transferred by conduction in the deep
layers MJ m−2 d−1 
Thermal storage MJ m−2 d−1 .

Subscripts
e:
re:
ac:
i:
ri:
ap:
rg:
ag:
c:
p:
g:
ia :
oa:
atm:
sky:

External
Reflected external
Absorbed by the cover
Internal
Reflected internal
Absorbed by the plants
Reflected from the ground
Absorbed by the soil
Covering film
Plants
Ground
Indoor air
Outdoor air
Atmosphere
Vault of heaven.
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When the electricity from the grid is not available, the generation of electricity in remote areas is an
essential challenge to satisfy important needs. In many developing countries the power generation
from Diesel engines is the applied technical solution. However the cost and supply of fuel make
a strong dependency of the communities on the external support. Alternatives to fuel combustion
can be found in photovoltaic generators, and, with suitable conditions, small wind turbines or
microhydroplants. The aim of the paper is to simulate the power generation of a generating unit
using the Rankine Cycle and using refrigerant R245fa as a working fluid. The generation unit
has thermal solar panels as heat source and photovoltaic modules for the needs of the auxiliary
items pumps, electronics, etc.. The paper illustrates the modeling of the system using TRNSYS
platform, highlighting standard and “ad hoc” developed components as well as the global system
eﬃciency. In the future the results of the simulation will be compared with the data collected from
the 3 kW prototype under construction in the Tuscia University in Italy.

1. Introduction
Solar energy is available everywhere and completely renewable. In remote locations, the
conversion of solar energy in electricity could be an important option to enhance the
development of rural communities. The low energy density and the fluctuations of the source
availability are the main obstacles in the solar energy applications. The photovoltaic module
is a commercial technology to convert solar energy directly in electricity, but the low eﬃciency
conversion and above all the need of batteries for storage purpose limit the application in
developing countries. As a matter of fact, storage of electricity with batteries requires skilled
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maintenance and it is not easily achievable in remote locations. The technological option
analyzed in this paper is the conversion of solar energy through solar collectors and storage as
hot water in an insulated tank. This tank is the hot source of an Organic Rankine Cycle system
with electricity output. The appropriate design of all the components involved is important to
achieve high eﬃciency and continuous electricity production. Thus, an eﬃcient mathematical
model that describes systems performances, environmental interaction, and development is
needed 1. The modeling with TRNSYS supports the analysis allowing the user to interact
with the numerous parameters involved and obtaining diﬀerent scenarios and results 2–4.
The aim of the present work is developing an important tool for guiding the assembling of a
prototype of a solar energy/ORC compact electricity generator with 3 kW as power output.
The first important choice is individuating the working fluid in the ORC system
5, 6. Among the liquids for the Organic Rankine Cycle R245fa is an interesting fluid.
It is a nonchlorinated hydrofluorocarbon, non-Ozone depleting liquid with a low global
warming potential 7. In the mathematical model R245fa has been used, individuating all
the necessary thermodynamic properties for the simulation of the Rankine Cycle. Data from
the NIST Chemistry WebBook has been used in the simulation 8.

2. Mathematical Model of the Working Fluid
The working fluids that are suitable for low temperature ORCs are well known in the
literature 5. The choice of the fluid depends on the following main factors 9:
i the critical point of the working fluid in this case of small solar power plant the
maximum temperature can be within 100 and 200◦ C;
ii the specific volume ratio over the expander must be low in order to reduce the size,
and, thus, the cost in general the higher the critical temperature, the higher the
specific volume ratio over the expander;
iii the working fluid should have a null Ozone Depleting Potential Montreal Protocol
and, for EC, Regulation 2037/2000;
iv the fluid must fulfill other conditions such a toxicity, cost, and flammability;
v if scroll compressors is used for the expander the temperature must be below 150◦ C
because refrigeration compressors are not designed for temperatures higher than
150◦ C.
We have chosen the fluid R245fa, because of the following:
i its critical temperature is greater than 150◦ C temperature that can be reached in a
boiler feed by vacuum solar panels;
ii it shows very advantageous swept volumes no toxicity and low cost;
iii it has a null Ozone Depleting Potential;
iv it is the fluid most often used in small ORC applications 10.
The data from the NIST Chemistry WebBook indicates the thermodynamic properties
of the fluid chosen, R245fa, varying according to the diﬀerent working conditions. Thus it is
necessary to develop a mathematical model of the fluid in order to have the thermodynamic
properties of the fluid inside the global power plant simulation. The model developed is
based on the following assumptions.
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Figure 1: The function yx considering z as parameter.

Assuming that a single thermodynamic property is individuated by the values of two
other properties:
y  fx, z

2.1

and considering z as parameter, it is possible to show the function y in an x, y Cartesian
graph, as shown in Figure 1.
Having the diﬀerent values of x, y of the two properties for each z the source is the
NIST Chemistry WebBook, we can interpolate using software like Matlab and obtaining
polynomials the following example is a second grade polynomial:
y  c1 x 2

b1 x

a1

2.2

z  z1 .

The same can be done for the other values of the parameter z:
y  c2 x 2

b2 x

a2

z  z2 ,

y  c3 x 2

b3 x

a3

z  z3 .

2.3

The constants a, b, and c can be also interpolated related to the diﬀerent values of the
parameter z:
an  A o

A1 z

A2 z2 ,

bn  Bo

B1 z

B2 z2 ,

cn  Co

C1 z

C2 z2 .

2.4

Equation 2.1 is therefore

y  Ao

A1 z

A2 z2
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B1 z


B2 z2 x
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Figure 2: T -S diagram of the working fluid.

In the mathematical model, the pressure of the fluid is the parameter and the other properties
are interpolated using the NIST database. Figure 2 shows diﬀerent cycles of the working fluid
R245fa in the T -S diagram.

3. TRNSYS 16 Simulation
TRNSYS 16 is a powerful software using Fortran subroutines and able to simulate energy
patterns with time dependent inputs. Therefore it is possible to include the fluctuant and
variable sun irradiation as input and to monitor the energy fluxes linked to it. Each Fortran
subroutine, linked together in the TRNSYS environment, represents a component of the
system, and a mathematical model simulates his functions having inputs, outputs, variable
with time, and parameters, constant for all the duration of the simulation. The TRNSYS
library has a wide set of already tested subroutines “type” for the simulation of solar
collectors, thermal storage, and piping. The subroutine for the simulation of the Organic
Rankine Cycle has been developed to include this component in the simulation.
The graphic environment of Studio has been used to run the TRNSYS simulation. The
system simulated is composed by the following components.

Irradiation (Solar Energy Source)
A standard type 109 has been chosen to give the necessary irradiation values. The simulation
reads the weather data from the chosen geographic location. In this case Orte is the location
where the prototype will be assembled and installed. Because TRNSYS dataset does not have
the Orte data, the Rome data has been chosen. Rome is near to Orte so solar irradiation is
similar. Moreover the authors are inserting Orte data in TRNSYS dataset and this will be
used in the future publication which compares the simulation with the experimental data
available from the prototype under construction in Orte.
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Solar Collector and Storage Tank
The vacuum solar collectors type with CPC technology to enhance the diﬀuse radiation
absorption has been chosen, in particular the SKY 21 CPC 58 made by Kloben. Thus the type
71 and the Kloben data of the SKY 21 collector have been used in the simulation. In particular
the SKY 21 has an eﬃciency of 0.718, a first order coeﬃcient of 0.974 W/m2 K, a second order
coeﬃcient of 0.005 W/m2 K2 , and a collector area of 3.75 m2 . A collector slope of 45◦ has been
chosen in order to maximize the winter power, like usually in Italy 11, 12. We use only one
collector in order to test the simulation with the minimum module of collector. The water
heated by the solar collector is pumped to a storage tank only if the temperature of the tank is
lower than the outlet solar collector temperature, avoiding heat losses during night or cloudy
days.

Storage Tank and ORC Unit
A suitable heat storage system is required to maximize the productivity of the solar plant
and to provide solar heat at the desired rate regardless the instantaneous solar radiation
availability and the thermal needs 13–15. The overall aim of this basic component is the
same for the high temperature concentrated solar power systems and for the small scale
solar system with the diﬀerence that the second one has to directly face the user energy
needs. The storage tank is simulated with the type 4a, a standard stratified tank, with loss
coeﬃcient of 0.0833 W/m2 K. The ORC unit, being not in standard TRNSYS components, has
been developed like a user type with the mathematical model showed in the next paragraph.
The hot fluid from the upper part of the storage tank is pumped to the evaporator of the ORC
unit only if the temperature is higher than the working ORC fluid evaporation temperature.
The working fluid R245fa is then cooled down by a cold source.

Photovoltaic Modules
The photovoltaic modules are part of the simulation to supply energy to the ORC unit in
the start-up phase. A standard PV type, the 194b, has been chosen with standard PV values
panel slope 30◦  16.
Figure 3 shows the global power plant scheme in the TRNSYS environment.

4. The ORC Type: Mathematical Model
The Fortran subroutine simulating the Organic Rankine Cycle unit has been developed using
the R245fa as working fluid in the equation of state present in the algorithm. Using Matlab, it
was possible to interpolate the NIST Chemistry data to obtain second/third grade polynomial
equations among the thermodynamic properties 5.
The expander type has not been specified, thus an eﬃciency η has been generally
indicated to calculate the work. The outlet enthalpy after the expander is calculated using
the following equation:

h2  h1 − ηh1 − h2s .

4.1
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Figure 3: Global power plant scheme.

The evaporator and the condenser have been modeled using the NTU eﬃciency method. One
has
ε

1 − e−NTU1−Cr 
.
1 − Cr e−NTU1−Cr 

4.2

NTU is the Number of Transfer Unit and Cr is the ratio between the lower and higher capacity
of the two fluids participating in the heat transfer, in our case water and R245fa.

5. Results
Following are the main assumptions for the simulation:
i working fluid: R245fa,
ii expander eﬃciency: 0.7,
iii evaporation pressure: 20 bar,
iv evaporation temperature: 150◦ C,
v condensation pressure: 3 bar,
vi pump eﬃciency: 0.5,
vii storage tank volume: 0.1 m3 .
The results show eﬃciency for the ORC in the range 4.6%–5.3%, according to the
existing references for similar systems 9, 17. Indeed Quoilin et al. 9 have shown that, with
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real expander eﬃciency curves, an overall electrical eﬃciency between 6.9% and 7.9% can
be reached. These eﬃciencies are higher than the ones calculated here because the greater
expansion considered. In this paper the minimum expander temperature was limited to
about 100◦ C condensation pressure of 3 bar versus 1 bar of 9 in order to have residual
heat at temperature as high as the inlet temperature of diﬀerent machines e.g., absorbers
for cold generation. Moreover Quoilin et al. 9 eﬃciency is a steady-state eﬃciency at a
nominal working point, while the calculated eﬃciency of the TRNSYS simulation is linked to
a dynamic model.
In more detail Quoilin et al. 9 argue that only three working fluids, R245fa,
Solkatherm SES36, and n-pentane, are suitable for ORCs at evaporation temperature of
about 150◦ C. But if the Solkatherm is the fluid showing the highest eﬃciency of 7.9%, it is
also the one requiring the biggest expander, while n-Pentane requires recuperator area very
high due to the low density and the very high pressure drops in the low-pressure vapor 9.
Thus the best working fluid for Quoilin et al. 9 is the R245fa also if it shows an overall
eﬃciency of 6.9%.
In general the global eﬃciency depends on the eﬃciency of the solar collector and
the ORC systems. The evacuated tube collectors solar systems have higher eﬃciency than
the plate technology systems normally 70% versus 55% and higher collection temperatures.
The higher collection temperatures give higher ORC eﬃciency normally the ORC eﬃciency
is about 10% for a maximum temperature cycle of 100◦ C, 5, 18. Thus the global system
is eﬃcient if the solar collectors have high eﬃciency and are able to generate high boiler
temperature values i.e., 150◦ C and if the expander eﬃciency is high from at least 60 to
80% and the consumptions pumps, funs, etc. are low. As a consequence, analyzing, for
example, the heat transfer fluid flow rate, it must be not so high in order to avoid very high
fluid pumping consumption but not so low in order to avoid low heat transfer coeﬃcient
in the collector e.g., optimum heat transfer fluid flow rate of 1.2 kg/s corresponding to
a temperature glide of 15 K 9. Finally the part-load conditions, necessary to increase
the annual production, have to be reduced to the minimum in order to avoid high global
eﬃciency loss.
Figure 4 shows the behavior of the outlet solar collector temperature solar irradiation,
measured in W on the right and of the power output power, measured in W on the left
during about ten days during the summer when there is the maximum solar irradiation in
Italy. The figure shows how the power output from the ORC is linked to the solar energy
availability; when there is suﬃcient solar energy e.g., the storage reaches the evaporation
temperature of the working fluid the power is generated; the power is generated also
after the solar energy availability, that is, until the temperature of the storage is over the
evaporation temperature of the working fluid.

6. Conclusions
Small-scale solar Organic Cycles are well adapted for remote oﬀ-grid areas. Compared to
the main competitive technology, the PV collector, Solar ORCs have an advantage of being
manufacturable locally. They are also more flexible and allow the production of hot water
as a by-product 9. With little commercial experience to draw on, realistic costs estimates
for solar thermal power plants are extremely diﬃcult to make; however, it is expected that
cost reduction will result from technical and commercial progress. At the moment the overall
plant costs for a 3 kW production and thus 30–60 kW of solar thermal with a useful heat
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Figure 4: Solar energy and power output.

power of 15–30 kW are about 40.000 euro; thus the investment is not profitable. This is
common for new power plants like other small scale power plants analyzed by the authors
19–21. But the system can be economically feasible with higher size of the plant, higher
degree of storage, and low cost of land or with, as expected, a reduced components cost
because of an industrial production of the components and the advance of the technologies
involved. Indeed, as the size of the solar thermal plant increases and the number of daily
operating hours increases i.e., from kW to MW and from 1500 to 5000 operating hours, the
investment becomes more attractive 22. Furthermore, one of the most important reasons of
the remarkable diﬀerence of costs between small scale solar thermodynamic and photovoltaic
lies in the lack of incentives for the first application. In fact, up to now the incentives
apparatus have almost uniquely accompanied the large scale solar power systems 23.
This work focused on the simulation of the power generation of a solar thermal ORC
using refrigerant R245fa as a working fluid. An eﬃciency of about 5%, even with residual
heat at temperature of about 100◦ C and the use of a dynamic model, was calculated. Further
studies will include analysis of diﬀerent size of solar collector plant and storage tank in a
1-year simulation and a comparison of the simulation results with the first experimental data
of the plant under construction in Orte Italy.
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The cooperative game of global temperature lacks automaticity and emotional jamming. To solve
this issue, an agent-based modelling method is developed based on Milinski’s noncooperative
game experiments. In addition, genetic algorithm is used to improve the investment strategy of
each agent. Simulations are carried out by designing diﬀerent coding schemes, mutation schemes,
and fitness functions. It is demonstrated that the method can achieve maximum benefits under the
premise of the agent non-cooperative game through encouraging optimal individuals. The results
provide a sound basis for developing tools and methods to support the simulation of climate game
strategy that involves multiple stakeholders.

1. Introduction
Climate change is a global issue that is addressed by taking into account various factors in
society. Aiming at a complex social game issue, a large number of participants should make
eﬀort to prevent global climate variation. Global climate cooperation is proved to be very
necessary in the climate game 1. A comprehensive research of climate game is a challenging
topic.
Global greenhouse gas GHG emissions have been growing greatly 2, 3.
Humankinds are facing a dramatic change of living conditions on the earth when the alreadyrising global temperature passes a certain threshold 4–8. To reduce the risk of dangerous
climate change, it needs to take the main GHG emissions countries into a “climate coalition,”
which provides climate ambitious emission reduction at the least cost 9. At the same time,
the broad alliance may reflect strongly to realize the incentive to “free ride” 10. Therefore,
GHG emission is not a problem for a single country. In other words, no country can solve the
global climate change problem by acting alone. States have to cooperate in order to address
the threat of climate change.
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Although there are a few game-theoretical works on climate change, in general the
social dilemma situations and the public goods game are perfectly fine models for the
problem too. And these games have a very rich history as agent-based simulations. The most
famous mathematical metaphor for a social dilemma denotes the prisoner’s dilemma 11, 12.
Other well-studied models include public goods games 13, 14, which essentially represent
a generalization of the pairwise prisoner’s dilemma to interactions in groups of arbitrary size
15, 16. Foremost, there is the issue of reward and punishment, which has recently been
studied a lot in order to understand how these two basic social forces may avert the dilemma
17–20. Then there are also works concerning the critical mass, conditional strategies,
population density, heterogeneity, and interdependent networks in social dilemmas. These
subjects have been studied extensively in the very recent past, and their implications for the
resolution of social dilemmas such as the climate change dilemma as agent-based models
are very significant 21–25. Most recently, the shift to agent-based modeling has also been
highlighted for human bargaining 26, which is obviously of relevance for the climate change
dilemma as their players countries, nations have to agree on a certain policy that they will
then carry out.
In essence, global climate game is the process of competition between the participants
with diﬀerent game strategies 27–31. They must balance the relationship between economic
development and environmental protection by finding the Nash equilibrium between these
two interests. In other words, only in content with optimality condition and Nash equilibrium
of the dual requirement, the climate cooperation will be the most stable and eﬃciency
international cooperation.
Climate protection programs that appeal to a human sense of fairness, that is, each
player contributes a “fair share” to the collective goal, are more likely to avoid irrational selfdetrimental behavior 32. Milinski et al. 33 proposed the collective-risk social dilemma as
a framework for investigating the inherent problems of avoiding dangerous climate change,
and performed simulation to study the game. According to Milinski’s experiment, students
invest anonymously, with each student being informed of the cumulative investment sum
after each round. Under such circumstance, the trade-oﬀ between personal benefits and
group interests provides a basis for each student to make its investment scheme. Moreover,
students can learn from a successful scheme to make better decisions in the next round.
However, this strategy, in which computer runs the dice program, is a kind of the random
investment strategy. A stochastic process is one whose behavior is nondeterministic, and
subsequent of investment is determined by a random element. Therefore, it is more diﬃcult
to obtain the optimal investment strategy.
All those works can be linked to the voluntary contribution games with punishment
possibility. The final step of the complex game process should be built by several models,
algorithms, and diﬀerent experiments application in order to make it clear and systematic.
This is also the next stage of this work.
The aim of this paper focuses on developing evolutionary model and simulation
strategy to improve Milinski’s investment strategy. The investment strategy using genetic
algorithm GA of agent-based modeling is established based on the noncooperative game
experiments in 33. Firstly, used agents represent climate game players to develop the game
modeling. Then, we use GA for investment strategy simulation. The GA investment strategy
is specifically designed to support the study of multiparticipant climate change game using
computational modeling, simulation, programming, and running. GA is a population-based
biomimetic evolutionary method to solve various complex decision-making problems 34–
36. This heuristic is routinely used to generate useful solutions for optimization and search
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problems. In this work, the climate game problem is regarded as an optimization problem,
and thus, optimal investment scheme for each agent will be obtained through GA.

2. Agent-Based Modeling of the Climate Game Problem
Climate change is a classic instance of complex, bottom-up, and multiagent human behavior.
Using game theory to research on global climate change is an eﬀective way for climate
cooperation. Each agent represents a student or a commonwealth of them. The essence of
climate game is the process of competition between the agents’ strategies. Each agent must
balance between economic development and environmental protection, trying to find the
Nash equilibrium between these two interests.
In 33, thirty groups of six agents took part in a climate game where each agent needs
to build a data account to store its amount of investment. At the beginning, the initial balance
of each agent’s account is C40. Subsequently, each agent must invest C2 in each round of
game, and all six agents must invest an average of C120 in 10 rounds. Only in this way, it can
be possible to ensure that the finally total investment is more than or equal to C120. At the
same time, each agent in each round is required to invest only C0, C2, or C4. Therefore, this
section will discuss the strategy of the random selection of C0, C2, or C4 in each investment,
that is, it chooses a value with a certain probability.
According to Milinski’s experiment, half of the groups succeed in reaching the target
sum, whereas the others only marginally fail. When the risk of loss was only as high as the
necessary average investment or even lower, the groups generally failed to reach the target
sum. It was shown that the investment sum of about half of the agents was not less than C120,
and in the most reasonable way, each agent invested C2 at each round in average. Therefore,
the possibility of investing C2 was twice that of investing other numbers. It can be seen on
this basis that the probability of providing C2 is 0.5, $0 with the probability 0.25, and $4 with
the probability 0.25.

3. Genetic Algorithm for the Climate Game Problem
To improve investment strategy, an evolutionary strategy based on GA is proposed in
this paper. Specifically, the focus is on agent’s decision-making process through simulation
experiment. A GA-based model for the climate game problem is developed, and its details
are described as follows.
i Each player is viewed as an autonomous agent.
ii Each agent establishes and maintains a database.
iii Each agent’s investment sum in all 10 rounds will be stored in the database.
iv The contribution of each agent is determined by the GA-based strategy.
v Individual code: each agent’s investment in 10 rounds and each agent’s investment
sequence as an individual of GA.
vi Integer code: 0, 2, 4. For example, the first agent in 10 rounds can be encoded as
2222222222.
The main program based on GA is illustrated in Figure 1. In the figure, p  0.9 means
that an agent has a probability of 90% to lose all savings if the target sum C120 is not reached.
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p = 0.9

Random investment subroutine

i=1

Mk = 40 (k = 1 to 6)

j=1

k=1

j =j +1

GA investment subroutine

M k = Mk − W k

k≤6

k =k+1

Y

N
Y
j ≤ 10
N
Publishment subroutine

i=i+1

Save and abandon the last one
Y
m ≤ 100
N
Print

Figure 1: The main program based on GA.

The meaning of p  0.5 and p  0.1 is that the probabilities of losing all their money are 50%
and 10%, respectively, if C120 is not reached.
The meanings of other marks are explained as follows:
i Wk represents the investment amount of the kth agent;
ii Mk represents the total remaining saving in the account of the kth agent;
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Random investment subroutine

i=1

Mk = 40 (k = 1 to 6)

Random investment subroutine
among 6 agents in 10 rounds

i=i+1

Publishment subroutine

Coding the investment
sequence and earning

Y

m ≤ 20
N
Return

Figure 2: Random investment subroutine.

iii Mm represents the total remaining saving in the account of the mth agent;
iv r, R are the random variables;
v p represents the punishment probability;
vi i, j, m, and k, are the loop variables.
In initialization, we set the population size as 20 and randomly generate 20 individuals
as the initial population to represent 20 investment schemes. In order to contrast, we save the
generated 20 investment schemes into the corresponding records in the database established.

3.1. Random Investment
The random investment subroutine is shown in Figure 2 where each agent is provided C40
at the beginning. After that, the random subroutine will run to simulate the investment
activities of the six agents for 10 rounds, then transfer the generated data to the punishment
subprogram. The investment results and the incomes of each agent will be stored in the
database at last.
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GA investment subroutine

Rank according to
the fitness value

Generate a random
real number R

N

R ≥ 0.9
Y

Output the best
investment scheme

Variation to the best
investment scheme

Output the new scheme
after the variation

Return

Figure 3: GA investment subroutine.

3.2. GA Investment
By running the GA investment subroutine for each agent, a new investment scheme can be
generated, from which the total amount of money can be obtained. Then, the personal benefit
for each agent after experiencing the risk of losing all the remaining money can be calculated.
The investment scheme for each agent, the total amount of money that each agent invested,
and the cumulative investment sum among all these agents will be saved into the database.
As such, there are 21 records of investment in the database.
Figure 3 is the process of the simple GA investment subroutine.Ris a randomly
generated real number, and the condition R ≥ 0.9 implies that the mutation probability of
variation is 0.1. The process is explained as follows.
Step 1. Rank the fitness values of the investment schemes which are decoded as individuals
in GA in descending order.
Step 2. If the random number R ≥ 0.9, the best individual would mutate using single-point
mutation; otherwise, go to Step 3.
Step 3. If the random number R < 0.9, there is no mutation in the game. The best individual
is selected as the new one directly.
Step 4. When iteration >100, end the execution; otherwise, return.
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3.2.1. Individual Representation
As discussed earlier in this paper, a database is established for each agent to save its
investment record which includes its investment quota and its remaining money in each
round. In this case, the cumulative investment sums for k agents can be obtained. For
instance, if the investment record of the kth agent during 10 rounds is 2220044220, which
means that the agent invests C2 in the first three rounds, C0 in the fourth and fifth rounds,
and so on. We can get that the total amount of money invested by the kth agent throughout
10 rounds reaches C18. If the cumulative investment sum among k agents during 10 rounds
is C110, and the kth agent is chosen to be punished since the target sum C120 has not been
achieved, the kth agent will lose its remaining C22. In this way, we put data 2220044220, 22,
and 110 in the database for the kth agent.
The integer coding method is used in GA, with each individual representing the
investment quotas in 10 rounds for each agent. An individual can be 2220044220 for the kth
agent in the example mentioned in the last paragraph.

3.2.2. Fitness Function
Individuals in GA are evaluated via the fitness function. Since the goal is to achieve the
maximization of personal benefits and cumulating the investment sum, the fitness function
is designed as follows:
fi  αMki

1 − α

6


Wk .

3.1

k1

In the equation, k refers to the agent index, and i refers to the investment scheme
index. fi denotes the fitness value of the ith scheme for the kth agent, Mki refers to the
remaining saving of the kth agent via its ith scheme, that is, profits after the punishment

which is 90% probability to punish if the target sum has not been reached, and 6k1 Wk
means the cumulative investment sum from all agents involved. The weighting coeﬃcient
α ∈ 0, 1 reflects the balance between individual benefits and cumulative investment sum.
All the investment schemes are ranked in descending order in terms of fitness value.
Consequently, the best investment scheme with the largest fitness value can be obtained, and
it can be directly established as the designated scheme for the next game or established after
an appropriate adjustment.

3.2.3. Mutation
In the GA investment subroutine, mutation is performed for the adjustment of the best
investment scheme with a probability of 0.9. Specifically, a real number R within 0, 1 is
randomly generated. If R < 0.9, the best investment scheme is directly established as the
designated scheme for the next game; otherwise, perform the mutation.
Site-based mutation method is adopted, which can be described as follows: randomly
select a gene from the individual and replace it with randomly generated numbers 0, 2, or 4,
and a new scheme is obtained. The mutation probability can be 0.1 or other values between
0,1. Through the GA investment subroutine, an agent can get a recommended option as a
reference scheme.
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Publishment

N

Sum ≤ 120

m=1
Random R
N

R≤p

Mm = 0

m≤6

m=m+1

Y

N
Return

Figure 4: Punishment subroutine.

3.3. Punishment
According to 28, the subroutine of random investment with punishment is shown in
Figure 4. After 10 rounds, if an agent’s investment sum achieves or exceeds C120, it will
obtain the surplus in its account. Otherwise, it will enter the punishment subroutine. The
routine will punish all agents through throwing dice, leading to that all agents have 90%,
50%, or 10% probabilities to lose their surpluses. This case will be discussed as follows.
In the punishment subroutine, for every agent, the computer produces a random
number R, and if R is greater than p p  0.9, 0.5, or 0.1, the step Mm  0 will be skipped, and
the surplus money in the account will be saved. Otherwise, all surplus money in the account
will be confiscated.

3.4. Fitness Calculation and Sorting
This stage involves calculating the fitness value of 21 individuals in the database, ranking
these individuals in terms of fitness value and abandoning the one with the minimum fitness
value. So there are still 20 records of investment in the database. Then it moves to the next
round, until the given number of games i.e., 100 is completed.

4. Simulations and Results
The results of the simulation include three parts. First, we obtained variation curves of the
total remaining savings in all six agents’ accounts under diﬀerent losing probability p and
weighting coeﬃcient α. Then we also obtained variation curves of cumulative investment
sum under varying p and α, and finally, we identified the relationship between the variables
and the parameters.
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Figure 5: a The total remaining saving when p  0.9 and α  0. b The total remaining saving when
p  0.9 and α  0.2. c The total remaining saving when p  0.9 and α  0.47. d The total remaining
saving when p  0.9 and α  0.8.

4.1. Parameter Set 1
We first carry out the experiments to study the total remaining savings and the cumulative
investment sum with p  0.9 and varying α. By implementing the experiment with diﬀerent
values of the parameters, variation curves of total remaining savings in all six agents’
accounts are shown in Figures 5a–5d, where p denotes the punishment probability if the
target sum is not reached, and α refers to the weighting coeﬃcient in the equation.
There are two observations from the above figures under the 90% treatment: 1 the
total remaining savings for all the six agents in a group decrease in response to the growth
of the weighting coeﬃcient α; 2 the total remaining savings remain as C120 when α  0.47.
Consequently, the total remaining savings increase when coeﬃcient α declines, showing a
bias towards the group interests. On the other hand, personal benefits are more inclined to
be accomplished, and the total remaining savings decrease when a higher value of α is used.
The group interests and personal benefits are well balanced when α  0.47, where the total
remaining saving remains as C120 and the Nash equilibrium is achieved. Variation curves of
the cumulative investment sum among all the six agents in a group under diﬀerent values of
α in the 90% treatment are illustrated in Figure 6.
Two observations can be obtained from Figure 6: 1 the cumulative investment sum
among all the six agents in a group decreases in response to the growth of the weighting
coeﬃcient α; 2 the cumulative investment sum remains as C120 when α  0.47. The results
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Figure 6: The cumulative investment sum under diﬀerent α.

indicate that the fitness function designed in 3.1 inclines toward the group interests, and
that the cumulative investment sum increases as α decreases. The results also show a bias
towards personal benefits, and the cumulative investment sum decreases when a higher
value of α is used. When α  0.47, the group interests and personal benefits are both well
taken care of, and the cumulative investment sum is about C120.
Although the experiment is in the 90% treatment i.e., p  0.9, the above conclusions
are also applicable for cases in the 50% treatment i.e., p  0.5 and 10% treatment i.e., p 
0.1.

4.2. Parameter Set 2
We then carry out the experiments to study the total remaining savings and the cumulative
investment sum with p  0.5 and varying α. If the target sum C120 is not reached, an agent
will risk losing all their remaining money with a probability of either 0.9, 0.5, or 0.1. Results
on the total remaining saving among all the 6 agents in a group under diﬀerent values of α
in the 50% treatment i.e., p  0.5 are drawn through our experiment, as shown in Figures
7a–7c. Those on the cumulative investment sum are illustrated in Figure 8.

4.3. Parameter Set 3
We further carry out the experiments to study the total remaining savings and the cumulative
investment sum with p  0.1 and varying α. Results on the total remaining savings and the
cumulative investment sum among all the six agents in a group under diﬀerent values of α
in the 10% treatment i.e., p  0.1 are shown in Figures 9a–9c and Figure 10, respectively.
It can be concluded that the cumulative investment sum goes down, and that the total
remaining saving increases when loss probability increases. This indicates that a country
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Figure 7: a The total remaining saving in the 50% treatment when α  0.2. b The total remaining saving
in the 50% treatment when α  0.47. c The total remaining saving in the 50% treatment when α  0.8.
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Figure 8: The cumulative investment sum in the 50% treatment.
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Figure 9: a The total remaining saving in the 10% treatment when α  0.2. b The total remaining saving
in the 10% treatment when α  0.47. c The total remaining saving in the 10% treatment when α  0.8.
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Figure 10: The cumulative investment sum in the 10% treatment.
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needs to invest more for recovery if dangerous climate change occurs and causes great
damage.

5. Conclusion
An agent-based evolutionary model and a GA-based solution strategy are proposed in
this paper. Based on the principle of maximizing individual and collective interests, linear
weighting is used for the GA fitness function, and a coding and mutation operator is designed
for GA evolutionary optimization strategies. The simulation experiments with groups of
six agents show that it can achieve maximum benefits under the premise of the agent
noncooperative game through encouraging optimal individuals. The results provide a solid
basis for studying climate game strategy using multiagent modelling and simulation. This
approach also has the potential to simulate the experiment that contains a large amount of
data.
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The paper deals with a series of tests conducted on a PV-DC pump in Viterbo 42◦ 24 North, 12◦ 06
East. The tests lasted from January 2003 up to November 2004 and involved measurements of
solar radiation, on both a horizontal surface and the tilted module surface, flow rates, volumes,
and total dynamic heads. In total, up to 3000 data were collected every day whose analysis allowed
us to find empirical relationships among system eﬃciencies, solar radiations, and total dynamic
heads. In the second part of the paper we develop a simple method that allows both the assessment
of performances of the whole system when installed in a diﬀerent site from that in which the tests
were performed and the optimal inclination angle of the panel to be determined in relation to
annual or seasonal use see irrigation.

1. Introduction
Solar photovoltaic PV systems have shown their potential in rural electrification projects
around the world, especially concerning Solar Home Systems. With continuing price
decreases of PV systems, other applications are becoming economically attractive, and
growing experience is gained with the use of PV in such areas as social and communal
services, agriculture and other productive activities, which can have a significant impact
on rural development. There is still a lack of information, however, on the potential and
limitations of such PV applications. Rural energy is generally recognized as an important
element of rural socioeconomic development, not as an end in itself, but through the demand
for the services made possible through energy inputs, such as potable water pumping
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and extension of the day by lighting and cooking. As a general trend, an increasing
energy demand—both in quantity and quality—is highly correlated with socioeconomic
development.
This study is focused on solar photovoltaic PV systems, which can fulfil only a part
of rural energy needs. As has been noted before, most PV programmes have given attention to
the so called “Solar Home Systems” as the most proven of PV applications. With continuing
advances in PV technology, decreasing prices and growing experience in the organizational
aspects of introducing this new technology, many other applications of PV have shown their
potential. This promises to open the door for a greater contribution of PV systems to rural
development 1.
Our department took on two research problems:
i to test the field performances of a commercialized solar pump that is sold with a
photovoltaic panel,
ii to estimate, once the system’s operational characteristics were defined, what
performances could be expected when the same complex would be located in such
African countries as Ghana, Benin, and Burkina Faso.
These were the cues to set up a test bed for this type of equipment and to try to deepen
our knowledge regarding a subject that is not without interest, also from an economic point
of view. At present, the lack of electricity and high gas-oil costs where and when available
are opening vast markets for these pumps in many developing countries, both Asian and
African particularly sub-Saharan.
The reasons for this increasing use are manifold, among them: easy and rapid
installation, low and rare maintenance, the long service life of these types of photovoltaic
panels, and the great increase in their eﬃciency 2, 3, with a vertiginous rapid descent of the
panels’ costs that in the last decade of the last century decreased—at equal power output—to
1/4 of their initial value 4–6.
Hence, there is a growing interest in this type of machinery and the promotion of their
diﬀusion, especially in third world countries, by individual western countries like Germany
and other northern European countries 7–10, as well by the UE, FAO, UNESCO, and the
previously cited World Bank.
Nevertheless, they are not many works in the literature which deal specifically with
tests run on photovoltaic pumps. In fact, with few exceptions e.g., 11, 12, the tests that
exist concern either the solar panel and its performance or—as in the case of the advertising
material supplied by the manufacturers—the solar pump for which it is provided, without
many details, only the total head-flow rate curves obtained by coupling the pump to the
electric network instead of to the photovoltaic panel 13, 14.
The tests conducted by Argaw—that, unlike the others, consider the whole
panel/pump complex—were performed on community plants in Brazil and, therefore,
were subject to a series of conditions that limited the possibility of the researchers to vary
the operating conditions of the system e.g., discharge and/or total head.
In this regard, a test bed was set up in the Hydraulic Laboratory of our department
that essentially consists of a closed hydraulic circuit, complete with valves and measuring
instruments flow rates, total heads, and volumes, and that is equipped with the measuring
instrumentation for photoelectric parameters solar radiation, both on the horizontal plane
and on the panel, intensity, and voltage of the electricity inside and outside the panel.
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The present work is organised in two parts:
i the first contains a description of the experimental equipment and a discussion of
the results obtained by a long series of tests that lasted for about two years;
ii the second is essentially theoretical and aimed at defining: first, a methodology
that allows a technician to easily and reliably estimate the performances of
the panel/pump system the one we experienced or another whose operational
characteristics are known, taking into consideration its installation in places
diﬀerent from Viterbo 42◦ 24 North; 12◦ 06 East where the tests were performed;
second, the optimum spatial position to be assigned to the panel depending on the
use, annual, or seasonal irrigation, required of the pump.
This work ends with a practical application that shows what results are to be expected
in the case of installation of the experimented system in one of the African countries
mentioned above.

2. Layout of the Experimental Installation and
Measurement Techniques
2.1. Experimental Installation
The whole panel/pump system was installed in the experimental field of our department,
which is situated within the Faculty of Agriculture. The pump—a “SOLAFLUX” made by
FLUXINOS in Grosseto, central Italy—is a submerged piston pump of low power and fed
by direct current tension 20–70 V; intensity 1–4 Á.. Among the various models of pumps,
we gave preference to the lower total head type, for which the manufacturer specifies the
maximum available total head in 5.0 bars.
The photovoltaic panel, supplied by the same company, was produced by HELIOS
TECHNOLOGY; it has a surface S of 2.8 m2 and was mounted, on the supplier’s instructions,
with its surface directed south azimuth  180◦  and inclination β directed to the horizontal
plane in other terms, β is the angle between the normal line to the panel surface and the
vertical line of the site equal to the latitude ϕ of Viterbo 42◦ 24 .
Panel performances were recorded by means of the followings tools, all having a
current exit from 4 to 20 mA for connection to the datalogger see below used for data
management and memorization:
i 2 silicon pyranometers: the first one in a horizontal plane for measuring global solar
radiation Rh on the horizontal plane and the second one, lined up with the panel,
for measuring global radiation Rβ on the panel itself; the radiations measured were
those with wavelengths between 0.3 and 2 μm;
ii 2 platinum thermometers: the first one for measuring standard atmosphere
temperature therefore placed, according to the law, inside a special ventilated
protection and the second one for measuring panel temperature, and therefore
glued to panel’s back side;
iii 1 voltmeter and 1 ammeter, both with a precision of 0.1% for measuring,
respectively, current voltage up to 100 V and intensity up to 10 A that, on leaving
the panel, feed the pump.
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Figure 1: Hydraulic layout.

The hydraulic scheme is shown in Figure 1. The pump was connected to a plastic pipe PEAD,
Φ25 mm; PFA 16 bars that started from a plastic tank and then returned to the same tank;
the following tools, all with a current exit from 4 to 20 mA, were inserted on the pipe for the
connection to the datalogger:
i 1 GEMS piezoelectric pressure transducer, with /−0.25% precision, set immediately after the pump, to measure pressures up to 10 bars operating temperatures
−25/ 85◦ C;
ii 1 electromagnetic flow measurer operating temperatures −20 150◦ C, PN 40 bars,
equipped with a signal converter accuracy 0.5%, for connection to the datalogger;
it allowed the measurement of the instant flow rates and even total volumes.
A “Woltmann” type volumetric measurer, for checking the data recorded with the electromagnetic flow measurer described above, completed the equipment.
The experimental data, recorded by the datalogger, were transmitted to our department by GSM modem. The datalogger used had 12 analogical and 2 digital channels and
the capability of memorizing up to 62,000 data. It was set in a closed container with an
emergency battery system and the equipment necessary to transfer the data. The datalogger,
pyranometers, thermometers, voltmeter, and ammeter alimentations were fed by a small
20 W photovoltaic panel.
Measurements were recorded by the instruments every 5 seconds and then averaged
over a time arc of 2 minutes for a variable daily duration dependant on the insolation hours
of the period considered, that is, in our tests 12 hours from 6.00 am to 6.00 pm for the
winter months and 16 hours from 5.00 am to 9.00 pm for the others.
The tests carried out can be divided into two series:
i in the first series, tests were conducted by modifying—within the total head limits
foreseen by the manufacturer—the relationships between flow rate Q and total head
H that characterized the hydraulic circuit. This was achieved by manually varying
the opening degree of the closing valve, as shown in the scheme of Figure 1, after
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Figure 2: Daily H-Q relationships.

sunset when the pump was at rest. For every day, therefore, we have a unique
relationship between among Q and H; some examples are in Figure 2;
ii the second series was obtained by modifying the hydraulic scheme with the
insertion of a sustaining valve into the pipe that was able to assure a constant
total head—fixed by the operator—at the pump exit although the flow rate was
variable. This change was implemented for a double purpose to test the reliability
of the system under conditions of operation similar to real ones, to avoid the
introduction—as in the first test series—of an averaged value of the total head into
the formulas that concern the daily performances evaluation.
In this work we refer mostly to this second series of tests. The results obtained with the
first series of tests that have been the subject of a previous publication 15 will be briefly
summarized in the following section.

2.2. First Tests Results and Data Processing
As a premise, is should be noted that the performances of these types of pumps are influenced
negatively by the presence of cloudiness, especially if intermittent. That is because the pump
is forced to continuously “stop and go” with consequent dispersion of the experimental data
and, what is more important, with consequent diminution of eﬃciency, given the system’s
response time, both electric condensers and mechanic.
This is clearly visible in Figure 3 where two diagrams are shown: one June, 20th
relative to a cloudless day, the other June, 29th relative to a cloudy day. The following can
be seen in every diagram: in abscissas, time and minutes of the measurement hhmm; in
ordinates, the values of the radiation Rβ W m−2  incident on the panel plane and of the flow
rate Q L/h.
The results obtained with the first series of test will be synthesized below.
As usual, the panel/pump system’s eﬃciency is defined as the ratio between useful
power and absorbed power; in the latter case, to obtain this we must calculate the incident
radiation that is given by Rβ W m−2  times the panel surface S m2 .
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Figure 3: Examples of daily radiation and flow rates.

Being Q in L/h and S  2 m2 , in the formulas we have the theoretical expression:

η  9.81

Q/3600H
Rβ S


 9.73 · 10−4

QH
.
Rβ

2.1
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Introducing the measured values 16,000 for every considered greatness of Q, H, and Rβ
into 2.1, many values of the output can be calculated. The empirical relationship obtained
by regression analysis of η, H, and Rβ is
η  0.0047

H 0,577
R0,02
β

2.2

with R2  0.934.
Using the same data, it is also possible, always through regression, to obtain the
empirical relationship that exists among Q, H, and Rβ :
Q  4.92

R0,98
β
H 0,42

2.3

with R2 equal to 0.89.
The two previous expressions were obtained independently; nevertheless, it is
important, as a proof of the validity of the results obtained, that 2.3 can be obtained by
replacing in 2.2 the expression of η as given by 2.1.
Concerning daily performances, if Hm is the daily average of total head, we calculated
through summations of Q · ΔT and Rβ · ΔT extended to the day duration T in hours,
respectively, daily pumped volumes w m3 day−1  and global energy Eβ incident daily on the
panel unity area Wh m−2 day−1 . The analysis of regression led to the following empirical
expression:

w  0.0033

Eβ1,27
0,44
Hm

2.4

with R2  0.976.
As H varies continuously during the day Figure 2, when we try to pass from
instantaneous values to daily values—as in the case of the evaluation of the daily lifted
volumes w—we are forced to introduce an averaged value Hm of H, 2.4, which could
arouse perplexities regarding the possibility of the practical use of the same 2.4.
Hence, as previously stated, the hydraulic circuit was modified by introducing an
automatic pressure regulation valve able to assure a constant total head at the pump exit
equal to that established by the operator.
Therefore, we began a second series of test whose results are shown in the following
paragraph.

2.3. Second Tests Results and Data Processing
This second and conclusive test series lasted from June to November 2004; the results were
basically identical to those previously described since there were no substantial changes.
Indeed, we modified, again with the pump at rest, the opening degree of the sustaining
pressure valve which allowed the total head to be kept constant for several consecutive days.
On the other hand, the solar incidental radiation changed—that is, the power input—aﬀecting
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Figure 4: Example of H; Q daily data with the automatic sustaining valve.

the flow rate. Typically, the behaviour of the automatic valve was more than satisfactory, even
if it required continuous surveillance. Indeed—probably due to resonance phenomena—
sometimes when the pump started, the whole system became unstable; usually, but not
always, the problem resolved itself after few seconds; otherwise, the test had to be ended.
The field of total heads investigated varied from a 7 to 50 meter water column.
As an example, the relationship between Q and H for August, 6th, is visible in
Figure 4.
As you can see, total head remained virtually constant throughout the day, if we
exclude the points on the left of the figure which are characterized by almost null discharges.
The explanation of this phenomenon must be sought in two possible reasons:
i the first, already present in the preliminary tests, requires that there is an incidental
radiation threshold Rβ greater than 100–150 W/m2 for the whole system to be
functioning. This is particularly evident in Figure 3, in which the lower Q curves
begin later and end before of above Rβ curves;
ii the second, peculiar to this second series of test, is connected with the previously
described instabilities that raise the value limit of Rβ up to around 200–250 W m−2 ,
over which the experimental data become reliable.
Regarding the elaborations that follow reference will be made only to the measurements obtained with Rβ > 250 W m−2 . In doing so there was obviously some data
manipulation, in particular concerning general daily evaluations, but, to our mind, this is
virtually of no importance for the reasons that follow:
i in the field Rβ ≤ 250 W m−2 values fall lower, and, therefore, there are less-significant
values of Q and of course, of Rβ ;
ii in the absence of clouds, modest values of Rβ occur only in the morning and in the
evening and, therefore, for a small part of the daily time of the pump’s functioning.
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Figure 5: Comparison between measured eﬃciencies and those calculated with 2.6.

To obtain a theoretical expression for daily eﬃciency, ηm is defined as the ratio between
the pump’s average power output and the panel’s average power input; proceeding as in
2.1, we have
ηm  9.73 · 10−4

Qm H
,
Rβ,m

2.5

where Qm is the average daily flow rate, Rβ,m is the average daily panel radiation, and H is
total head that was kept constant during the entire day for the tests of this series.
Once calculated, though 2.5 represents the experimental values of eﬃciency, from the
regression of ηm on H and Rβ,m we obtained an expression analogous to 2.2 but with the
exponent of Rβ,m so small that it was almost equal to zero. Therefore, for practical purposes,
this parameter is irrelevant, and the expression can be written as
√
ηm  0.0048 H.

2.6

In Figure 5, the values of ηm are reported, calculated by means of 2.6 versus the ηm
measured values; as can be seen, 2.6 succeeds in interpreting the experimental data in
a satisfactory way. Especially since it gives results that are practically identical to 2.2
which was obtained starting from instantaneous values of the parameters involved. In fact,
if considering only the daily average data, we calculate the eﬃciency with both the formulas
obtaining the relationship
η  1.02ηm
with R2  0.98.

2.7
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Figure 6: Comparison between measured volumes and those calculated with 2.8.

Considering now the daily lifted volumes, w, the relationship that best interprets the
experimental data is
Eβ
w  0.0049 √ ,
H

2.8

where, as always, Eβ is the global daily energy incident on panel unit area obtained, as
previously stated, from summations of Rβ · ΔT obviously, between Eβ and Rβ,m there is the
relation: Eβ  T · Rβ,m  values extended to T .
In Figure 6, that has no need of any comments, the w values are shown calculated with
2.8 versus those measured.
Even in this case, 2.8 would have been directly derived from 2.5. In eﬀect, replacing
2.5 with 2.6 we have
Rβ,m
Qm  4.95 √
H

2.9

from which 2.8 is immediately obtained if we multiply both the members for T —day
duration by hours—and if we remember that w is in m3 while the product Qm · T is in litres.
Before proceeding further, a brief comment, throughout the whole trial period taken
into account, the values of Eβ ranged between 1,500 and 7,500 Wh m−2 day−1 . This means
that with, for example, H  30 m, the tested pump that of those produced by the supplier
company can be classified as of medium power would be able to raise from 1.5 to 6 m3 day−1 .
This performance—not exceptional if compared with traditional pumps—is mainly caused
by eﬃciencies ηm of the whole panel/pump complex that, in line with those of similar
installations 12, are around 2-3%. In particular, according to our measurements, this fact
is mainly due to the panel and, to a lesser extent, to the electric feeding circuit that, in our
tests, was able to feed the pump with electric power equal to 6-7% of the incidental solar
power.
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3. Operation Forecasts and Performances Optimization
Regarding forecasts, the problem can be posed in these terms: knowing operating
characteristics of the whole panel/pump system—those of the one we tested or others of
diﬀerent manufacturers—assesses its performance when it is installed in locations diﬀerent
from where tested. In concrete, we have to estimate, the total head H being fixed, the volumes
and/or the averages discharges lifted up daily or monthly or yearly even the possibility of
estimating “instantaneous” flow rates could exist. But it would be necessary to obtain hourly
distribution of solar radiation Rβ , starting from values of Eβ , which would implicate the
use of rather complex procedures to achieve an estimation that would usually be of limited
practical interest. To this end, in order to use relations such as 2.8 and 2.9, the values
of Eβ , incidental energy on panel, or of Rβ,m , average radiation on the same panel, must be
known, being climatological parameters that are variable from day to day and from place to
place.

3.1. Theory
Some databases currently exist that give the values, averaged over long series of years, of
global energy Eh that reaches the unit area of a horizontal surface for various places in
the world. In this paper we will refer mainly to ESRA 16 commissioned by the European
Commission and edited by a team of universities and organizations of our continent. The
years of observation are ten in number; the countries considered are those with latitudes ϕ
between 30◦ Morocco, Tunisia, and Middle-east and 60◦ Baltic countries. The parameters
considered are numerous the CD-ROM that accompanies the two-volume text contains, in
addition to the measured data, those derived from them yearly and monthly averages, e.g.
that proved to be very useful to verify our elaborations. temperature, pressure, rainfall,
etc.; among the ones that concern us are the daily values of energy Eh and of brightness
index Kt that depends on the presence of clouds and that will be defined later.
In Italy, the Central Bureau of Agricultural Ecology UCEA operates a database
commissioned by the Ministry of Agriculture that, among other things, provides daily values
of Eh for thirty national locations.
In any case, if we do not use software programs to estimate w or Q, that is, in order
to use 2.8 or 2.9, it is necessary to obtain the values of Eβ or Rβ,m from the Eh values. The
procedure to be followed, which is quite long, is shown below and is furnished with diagrams
and tips to make it easier and also to allow us to make choices that are more appropriate in
relation to the optimal photovoltaic panel inclination.
In general, Eh is the sum of three components:
Eh  Eh,d

Eh,r

Eh,df ,

3.1

where Eh,d is the direct radiation energy incident on a horizontal unit area with a precise
incidence angle; Eh,r is the reflected radiation energy on the same unit area that comes from
the ground and land objects; Eh,df is the diﬀuse radiation energy on the same unit area that
comes reflected from the sky and clouds, after reflection and dispersion in the atmosphere.
In any case, if we are not in the presence of snowy mantles very reflecting, generally
Eh,r is very small compared to the other two terms; furthermore, it depends on local situations
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Figure 7: Eoh annual trend.

that are evidently not possible to take into account. Therefore in our elaborations, we make
reference to the simplified relationship:
Eh  Eh,d

Eh,df .

3.2

As known, with the purpose to optimize performances, photovoltaic panels are not
horizontally disposed, and thus, as previously mentioned, we are forced to deduce the Eβ
values by starting from the corresponding Eh ones. In fact, the procedure to follow is rather
laborious because the two components that form Eh by 3.2 vary according to laws when β
varies, and, therefore, we need to decompose Eh into Eh,d and Eh,df ; separately calculate the
Eβ,d and Eβ,df values that these two parameters assume on the panel plane, and, finally, by
the sum of these two, come to Eβ .
The proportions between the two components, from which Eh is constituted by 3.2,
exclusively depend on cloudiness and, therefore, on the so-called brightness coeﬃcient:
Kt 

Eh
,
Eoh

3.3

where Eoh is the maximum global radiation available. This represents the theoretical limit of
Eh in ideal atmospheric conditions and depends only on spatial latitude ϕ and on time, that
is, on angle δ declination which, in the moment, the sunrays form with the equatorial plane.
Following the procedure recommended by the ESRA, we calculated and reported in
Figure 7 the annual trend of Eoh for diﬀerent latitudes one curve for each. As visible in
the same figure, as ϕ decreases, passing from 60◦ in Finland to 10◦ –15◦ in African countries,
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the diagram tends to flatten so that, for practical purposes, for ϕ < 10◦ , Eoh can be assumed
constant and equal to 10 kWh m−2 day−1 .
By 3.3, knowing Eh from the database and Eoh determined by the graphic of Figure 7,
it is possible to obtain Kt and, consequently, the value of Eh,df /Eh by means of the following
relations:
Eh,df
 0.14
Eh









3.4

if Kt > 0.75;
Eh,df
 1 − 0.273Kt
Eh

2.45Kt2 − 11.95Kt3

9.39Kt4

3.4

if Kt ≤ 0.75.
By calculating Eh,df with the previous relations, by 3.2, it is possible to determine
direct radiation Eh,d .
The next step is to transform Eh,d and Eh,df values into those of Eβ,d and Eβ,df that the
two energies, respectively, direct and diﬀused, assume on the unity area and on an angle β
with respect to the horizon. The formulas to be used, in the case of a panel oriented, as always,
south for the northern and vice versa for the southern hemisphere, are




Eβ,d cos ϕ ∓ β cos δ · sen ωs ωs sen ϕ ∓ β senδ
,

Eh,d
cos ϕ · cos δ · sen ωs ωs · sen ϕ · sen δ
Eβ,df
1

Eh,df

cos β
.
2









3.5

3.5

 
Referring to 3.5 , it must be noted that a minus sign for the northern hemisphere and a plus
sign for the other must be used; furthermore, in addition to the symbols already known, ωs
appears, which is function of δ and ϕ.
To simplify the calculations, even in this case, it was possible to develop graphs
Figure 8 that, for the values assigned to Kt , allow the daily values of Eβ /Eh  Eβ , d
we had to
Eβ,df /Eh to be estimated for several latitudes. To draw them,
 in
 thislastequation

and
of
E
obtained
from
3.5
replace the expressions
of
E
and
3.5
in
the
numerator;
β,d
β,df


 
use 3.2 and 3.4 and 3.4 to write Eh,d and Eh,df as functions of Eh ; reduce the parameters
expressing β as function of ϕ. As will be explained in the next section, this last relationship
was obtained by determining mathematically the optimal value β∗ of β that, for a given ϕ, is
able to maximize the total energy reaching the panel. In doing so, two possible uses of the
pump were taken into account: annual, which, of course, is the most usual, and seasonal,
which is in connection with irrigation that lasts from May to September in our climate.

3.2. Best Panel Tilting
Obviously, the best panel position would be, in principle, that for which every day the sun’s
rays are at astronomical noon, exactly perpendicular to the panel itself, which implies a daily
update of its inclination β. If the values of β, in function of the diﬀerent days of the year,
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Figure 8: Annual trend of Eβ /Eh ratio.

are plotted in a graph, we obtain, for a fixed latitude, a sinusoidal curve that is symmetric
around its lowest point—which is the summer solstice in mid-June—with a maximum at the
winter solstice in mid-December. For instance for a latitude like that of Viterbo ϕ  42◦ ,
approximately β would rise from 17◦ at the winter solstice to 63◦ at the summer solstice.
Indeed, if you do not use the solar tracking that has been mentioned in a previous note,
to give the panel constant inclination, it is usual to refer to a kind of average value choosing
β  ϕ, which implies that the condition of perpendicularity of the sunrays is exactly verified
only in correspondence to the two equinoctial astronomical noons.
This practical rule is common and is very simple, yet it implies that the energy that
annually reaches the panel is not the maximum possible but is lower by about 4–5% in the
case of annual utilization and, on the basis of our evaluations, to a greater extent in the case
of seasonal use irrigation of the pump.
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Therefore, even if it is known that the influence of β is rather modest, we checked
whether there are equally easy alternative rules to optimize the position of the panel in both
utilization cases.
To this end,in thesumEβ  Eβ,d Eβ,df , we replaced the expressions of Eβ,d and Eβ,df ,
obtainable by 3.5 and 3.5 , and tried to find mathematically the inclination values βa∗ and
βs∗ able to maximize the integrals of Eβ extended to the entire year or to the months from May
to September, respectively.
Assuming that Kt,a is the annual average value of Kt , for annual use we obtained the
relationship
βa∗  0.01 · ϕ2

0.4 · ϕ

3.6

that is valid for 0.4 < Kt,a < 0.6 which, in any case, is the range where the values of Kt,a usually
fall. In fact, from the data reported by the ESRA—and also from another database found on
the web So.Da, Joint Research Centre—Kt,a varies between 0.39–0.42 for northern countries
and 0.53–0.60 for Mediterranean countries Morocco, the Middle-East, etc. and north Africa.
With the exception of the equatorial areas, where it is worthwhile to keep the panel
horizontal or nearly so, from 3.6 we can deduce that a practical rule is to adopt an inclination
equal to ϕ minus 6◦ –7◦ , for latitudes between 10◦ and 55◦ .
Greater advantages, of 10–12% even of 17% for northern-Europe and also greater
corrections to the rule that would require β  ϕ, occur when we consider a primarily seasonal
pump utilization. In eﬀect, if we consider the countries for which we have an irrigation
season covering the months from May to September—and therefore those between 30◦ of
latitude of the African Mediterranean countries and 53◦ of the northern Germany—following
the previously described procedure we obtained the empirical relationship:
βs∗  052 · ϕ − 13.2



3.6



which is valid, like 3.6, for 0.4 ≤ Kt,s ≤ 0.6. As for Kt,a , even the usual values of Kt,s are
within these limits. In eﬀect, from the dataset of the ESRA, we can see that Kt,s is only 12–
13% greater than
 correspondent Kt,a .
From 3.6 , we can deduce that in practice we can obtain the optimal panel inclination
by subtracting 13◦ from half the latitude value. This implies very low βs∗ values, from 2◦ to 14◦
for latitudes 30◦ ≤ ϕ ≤ 53◦ , and in particular, for Italian countries 37◦ ≤ ϕ ≤ 46◦ , an almost
horizontal panel disposition βs∗  4◦ –10◦ .
One last note. In the case of a utilization primarily finalized, but not exclusively, for
agricultural uses, it would be worthwhile to increase the panel inclination at the end of the
irrigation season. It is a very simple operation that, with the help of an inclinometer, can be
performed in few minutes and that involves an increase in energy Eβ reaching the panel in
the remaining months of the year by some percentages points from October to April. In
such a case, our elaborations, carried out with the same previously adopted procedure, show
that angle β should be raised to a value equal to latitude ϕ plus 6◦ –8◦ at the end of the irrigation
season.
All the aforementioned conclusions have been verified through simulations. In
particular, reference has been made to the ESRA CD-ROM, for locations and for the years
from 1981 to 1990 of its database, furnishes the values of Eβ related to the various months,
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Table 1: Average value simulations for Tamalè.

Month
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Eh
5766
5994
5917
5624
5433
4640
3900
3623
4003
5352
5771
5686

Rh,m
501
512
495
460
436
369
312
294
332
453
499
497

Eβ
5905
6090
5946
5590
5357
4556
3838
3591
4003
5411
5897
5840

Rβ,m
513
520
497
457
430
363
307
291
332
458
510
510

w
5.28
5.45
5.32
5.00
4.79
4.08
3.43
3.21
3.58
4.84
5.28
5.22

Qm
464
470
449
413
389
328
277
263
300
414
461
461

for each β value assigned; this allows us to proceed by trials to the determination of the β
value that maximizes the sum of Eβ extended to the period
 May–September.


Analogous checks have been performed for 3.5 and 3.5 even if the presence of
some sites on the web which give the value of βa∗ must be cited. Of particular interest—see
bibliography—are the European Commission Joint Research Centre and the So.Da. Project
websites.

4. A Case Study
As a practical application of our work and in response to a specific request from the firm,
we have estimated the performances of a pump of the type that we tested in view of its
installation in the Tamalè area central Ghana; ϕ  9◦ 41  assuming the total head being H 
30 m.
From the So.Da. Project website, monthly mean values of Kt were derived for the years
from 1997 to 2004; they ranged from about 0.40 in the summer months to 0.63–0.65 in the
period from November to February, with an average annual Kt,a value  0.54.
An inclination βa∗  5◦ was assigned to the panel according to 3.6, and in Table 1 the
following are reported:
i in the first and second column the monthly average values of Eh and Rh,m ,
respectively;
ii in columns three and four, the corresponding values of Eβ and Rβ,m , found—for ϕ ≈
10◦ and Kt ≡ Kt,a ≈ 0.5—by means of the graph in Figure 8;
iii in the last two columns, the monthly average values of w and Q estimated,
respectively, by 2.8 and 2.9.
The same procedure is to be followed, obviously, in the case we wish to expand the
estimates, going beyond the simple monthly averages. For example, with reference to the
month of January, we found that, over the arc of the years of observation, the daily values
of Rβ,m ranged between 439 and 544 W m−2 so, by 2.9, they led to values of average daily
flow rates of between 396 and 491 L h−1 . These Qm would correspond to possible peaks of
maximum discharge of the order of 1200–1300 L h−1 in the hottest hours if we consider that,
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on cloudless days, the hourly distribution of the solar radiation presents peaks of about 2.5–3
times the average value.

5. Conclusions
Thanks to an opportunity oﬀered to us by company we became interested in photovoltaic
pumps and, in particular, in the development of a “test bench” that could test the
performances of a whole panel/pump complex. It is not, to our knowledge, a kind of
installation that is frequently created because even if it is quite easy to find information on
photovoltaic panel and pump performances produced by diﬀerent companies, these data are
obtained from tests that were performed on the two components separately, that is, the panel
only or solely the pump, and not with the whole complex consisting of both. The results
are quite misleading because the companies test their pumps inside establishments, coupling
them to the electric network and not to a photovoltaic panel. The reasons for this state of
things are probably many; among them there are certainly economic reasons related to both
the costs of instruments and, above all, the necessarily long duration of the tests.
Our tests have clarified the operating characteristics of the panel/pump system in
the sense that they allowed us to find relationships that link flow rates and daily pumped
volumes to the total head and to the radiation incident on the panel. These results, however,
depending on solar radiation, have only a local validity in that they are useful only for
latitudes equal to those of Viterbo 42◦ 24 North and on a panel inclination equal to that
latitude, as the general routine.
Therefore, we have developed—providing also a practical application—a simple
methodology that can allow
1 reliable assessment of the performances of the panel/pump complex tested in
Viterbo or of another complex whose operating characteristics are known and that
is called upon to operate in areas of diﬀerent geographic coordinates;
2 a more informed choice of the panel inclination that maximizes the energy
incident, both in the case of annual operation of the pump or in the case of such
predominantly seasonal usage as irrigation, for example.
Regarding the panel/pump system we have tested: on the one hand, it proved to be reliable
during the whole long period of our tests, and, on the other, it also highlighted the limitations
typical of all these kinds of devices 12 that use photovoltaic energy.
Eﬃciencies equal to 2–3% are certainly not thrilling; nevertheless, they are not so
small that an installation of this type is not able to satisfy modest demands, both in western
countries and, above all—as in the case study related to Ghana—in those third world
countries where there are often no alternatives.
Of course, despite the progress in recent times, a great deal of work has to be done; just
think that the main reason for this state of aﬀairs lies in the eﬃciency of the panel whose value
is currently about 10–12%. But this is precisely the reason that leads to hope in the future; PV
technology is relatively new and, therefore, as such, is an evolving area in which further
progress can be made in 1980, the average eﬃciency of the panels was approximately 3%.
The cost, even in terms of human lives, of traditional energy sources such as oil has reached
such levels that it is reasonable to expect that, even due to the recent pushing exerted by the
United States of President Obama, also the EU will develop an even stronger interest in this
area which could lead to an increased flow of resources, both human and financial.
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Symbols
For all the parameters we adopted international system units, or ones accepted by it (like
bar), with the exception of flow rates Q expressed, for obviously practical reasons, in liters
per hour.
E0h : Maximum specific energy referred to unit area of daily global
radiation incident on the horizontal plane, expressed in
Wh m−2 day−1
Eh : Specific energy referred to unit area of daily global radiation
incident on the horizontal plane, expressed in Wh m−2 day−1
Eh,d : Specific energy referred to unit area of daily direct radiation
incident on the horizontal plane, expressed in Wh m−2 day−1
Eh,df : Specific energy referred to unit area of daily diﬀuse radiation
incident on the horizontal plane, expressed in Wh m−2 day−1
Eh,r : Specific energy referred to unit area of daily reflected radiation
incident on the horizontal plane, expressed in Wh m−2 day−1
Eβ : Specific energy referred to unit area of daily global radiation
incident on the panel plane, expressed in Wh m−2 day−1
Eβ,d : Specific energy referred to unit area of daily direct radiation
incident on the panel plane, expressed in Wh m−2 day−1
Eβ,df : Specific energy referred to unit area of daily diﬀuse radiation
incident on the panel plane, expressed in Wh m−2 day−1
H: Total head pump m
Hm : Average daily total head pump m
Kt : Brightness index, adimensional
Kt,a : Average yearly brightness index
Kt,s : Average seasonal brightness index
Q:
Flow rate L h−1 
Qm : Average daily flow rate L h−1 
Rh : Global radiation incident on the horizontal plane W m−2 
Rh,m : Average daily global radiation incident on the horizontal plane
W m−2 
Rβ : Global radiation incident on the panel plane W m−2 
Rβ,m : Average daily global radiation incident on the panel plane
W m−2 
2
R : Correlation coeﬃcient
S:
Panel surface m2 
T:
Time duration hours
w:
Volume daily pumped, expressed in m3 day−1
β:
Panel tilt angle; that is, the angle between the normal line to the
surface of the panel and the vertical line of the site ◦ 
∗
Best panel tilt angle ◦ 
β :
∗
βa : Best panel tilt angle in the case of annual use ◦ 
Best panel tilt angle in the case of seasonal use ◦ 
βs∗ :
δ:
Declination angle ◦ 
η:
Panel/pump complex eﬃciency
ηm : Average daily panel/pump system eﬃciency
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Φ: Latitude ◦ 
ωs : Examination site hourly angle at sunset
or sunrise.
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Recently, there is an emerging trend of addressing “energy eﬃciency” aspect of wireless
communications. It has been shown that cooperating users relay each other’s information to
improve data rates. The energy is limited in the wireless cellular network, but the mobile
users refuse to relay. This paper presents an approach that encourages user cooperation in
order to improve the energy eﬃciency. The game theory is an eﬃcient method to solve such
conflicts. We present a cellular framework in which two mobile users, who desire to communicate
with a common base station, may cooperate via decode-and-forward relaying. In the case of
imperfect information assumption, cooperative Nash dynamic game is used between the two
users’ cooperation to tackle the decision making problems: whether to cooperate and how to
cooperate in wireless networks. The scheme based on “cooperative game theory” can achieve
general pareto-optimal performance for cooperative games, and thus, maximize the entire system
payoﬀ while maintaining fairness.

1. Introduction
The continuously growing demand for ubiquitous wireless access leads to the rapid
development of the wireless cellular networks during the last decade. Such tremendous
growth in wireless industry has made it become one of the leading sources of the world
energy consumption, and it is expected to grow dramatically in the future. The electricity
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bill has become a significant portion of the operational expenditure of operators 1. Rapidly
rising energy costs and increasingly rigid environmental standards have led to an emerging
trend of addressing “energy eﬃciency” aspect of wireless communication technologies.
In a typical wireless cellular network, user cooperation can increase the users’ data
rates 2–5. It has been shown that cooperating users relay each other’s information to
improve the data rates 6. One user’s rate increases only when another user expends relay
energy on its behalf. The energy is limited in the wireless cellular network but mobile users
refuse to relay, which renders user cooperation ostensibly unappealing. But it is very
important that user cooperation is advantageous from the perspective of energy eﬃciency.
We need an approach that encourages user cooperation in order to improve their energy
eﬃciency. The game theory is an eﬃcient method to solve such conflicting problems 7. It
was introduced by von Neumann and Morgenstern 8. In 9, a cooperative Nash game
is used between the two users’ cooperation to improve the bits-per-energy eﬃciency, but
it assumed global channel state information, which is often diﬃcult to obtain in practice.
Each player is given a utility function the reward or penalty it receives of its own strategy
and the strategies are played by all the other players or a subset of them. In the general
approach, the game and the strategies are discrete, and therefore, matrices with strategies
and payoﬀs the rewards or penalties may be assembled. The players should make decision
when each player has not a small number of strategies. To tackle the decision-making
problems on whether to cooperate and how to cooperate in wireless networks, a diﬀerential
game was introduced by Isaacs 10. Many research works based on game theory have
been published 11. Cooperative games hold out the promise of socially optimal and
group eﬃcient solutions to problems involving strategic actions. Formulation of the optimal
player’s behavior is a fundamental element in this theory. The schemes based on “cooperative
game theory” can achieve the general pareto-optimal performance for cooperative games
and, thus, maximize the entire system payoﬀ while maintaining fairness 12.
Generally, when solving a game theoretically, one also assumes that one agent or
player has access to the states of the other players involved in the game at all times as well
as their cost functions 13, 14. This is called the perfect information assumption. In fact,
it is impossible to realize that each player knows the decision making of all the others. Little
attention has been paid to how a player may learn to play the game. So in this paper, we adopt
dynamic game, which investigates how decision making takes place over time 15. Robust
Nash Equilibria is derived based on the Robust Maximum Principle 16. This extension of
the traditional Maximun Principle 17, allows us to deal with systems that can be interpreted,
to be presented as a family of ordinary diﬀerential equations, each of which corresponds to a
diﬀerent scenario or possible dynamics. But there are always uncertainties in the game. The
main drawback of this last approach ignores uncertainties. Therefore, in the situation when
there are any unmeasured uncertainties, another design concept must be developed.
Generally, imperfect channel state information has significant impacts on the
performance of not only cellular networks, but also wireless networks. Many works also
assume global channel state information, which is often diﬃcult to obtain in practice.
Moreover, since the channel state information in cellular networks is often limited, we
introduce the possibility of channel prediction. We study an eﬃcient solution, which is ARmodel-based prediction method, to take the prediction for the channel information states. ARmodel-based prediction method has good suitability and robustness that utilizes fast tracking
of channel coeﬃcients, which demonstrates for realistic channel conditions.
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Figure 1: Transmission schedule. During odd time blocks, user 1 acts as source and user 2 acts as relay, and
vice versa for even time blocks.

2. System Models
2.1. Transmission Model
In cellular networks, we consider that two mobile users communicate with a common basestation BS. We assume a simple uplink scenario in Figure 1. User 1 transmits its data to the
BS during the odd time blocks, while user 2 transmits its data during the even time blocks.
The idle user can choose to act as a relay for the active user in order to help to increase the
active users’ rate. The received signals at the relay and destination then 9
y1  hu21 kx2

ξ1 k

even k,

y2  hu12 kx1

ξ2 k

odd k,

y3  hus1 kx1

hus2 kx2

2.1

ξ3 k,

where x1 , x2 are transmission or relay symbols, and ξ is additive white Gaussian noise.

2.2. Channel Prediction Model
We consider a simple uplink transmission scenario from users to the BS in the cellular
networks, as depicted in Figure 1. We assume that the BSs map a set of messages onto a
set of sequences, which are precoded and transmitted symbol-wise over the channel. The
transmission in each single channel access at sample time slot k can be stated as
yk  Hkxk

zk,

2.2

where yk is the received signals, Hk denotes the time-varying channel coﬃcient, xk is
the symbols connected to the messages to be transmitted in channel access k, and zk is the
additive noise at the receiver side, also assumed to be zero-mean Gaussian.
In the AR-model-based algorithm, the prediction of the channel state in time slot k, the
value of channel state Hk is given by 18

Hk


J

j1



dj kH k − j

ek,

2.3

4
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where J is the AR-model order, and Hk − 1 · · · Hk − j · · · Hk − J are J previous
channel samples, and ek is a complex white Gaussian noise signal. The AR-model-based
prediction methods are also often referred to as linear predictors LPs. The knowledge of
the identifying is needed for the computation of the AR coeﬃcients dj k in 2.3. Because
the channel coeﬃcients are unknown and slowly time-variant in practice, it has to be
estimated from noise-corrupted channel observations. Eﬃcient adaptive filtering techniques,
such as recursive least squares estimate RLSE, were used to track the changes of predictor
coeﬃcients dj k in 2.3.
The prediction error, which is defined as the diﬀerence between the predicted value

Hk
and the actual value Hk, is employed as a performance measure 19–21. The
prediction error can be normalized with the respect to the root mean squared value RMS
of the considered fading process 22. The prediction error analysis of M consecutive
predictions can be done by using the variance defined as follows:
γ 2 k 

2

1 M−1
 − m .
Hk − m − Hk
M m0

2.4

In this paper, we use RLSE due to its superior performance in accommodating timevarying system conditions, which results in an eﬃcient method for time-varying radio
channels 23.

2.3. Bits-per-Energy Efficiency
One common method to measure energy eﬃciency is to use bits per Joule 24. Strict
maximization of energy eﬃciency, then, is not typically useful in practice when users have
target rates to meet or delay constraints to satisfy 9. However, the channel prediction in
Section 3 is used to sidestep this obstacle. The total energy expenditure is proportional to
the sum of the power allocations in the previous time blocks. So, the total bits-per-energy
eﬃciency for each user is proportional to 9


ei pr1 , pr2




 
Eh ri prj h
,


1 Eh pri h

2.5

for i /
 j, where pr1 , pr2 are the power allocated by user1 and user2 while acting as the relay.
ri · is the achievable rate, whose expression follows 9




ri k  min max I xi ; xj | xj , Ixi ; x3  , I xi , xj ; y3 ,

2.6

where xi , yi are jointly Gaussian, and the mutual information terms depend on the channel
gains and the source and relay powers at time slot k.

3. Theoretic Formulation of Discrete Dynamic Game
A game consists of three objects: a set of players, a set of strategies which those players can
enact, and a set of cost functions denoting the payoﬀ each player derives from the strategies
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enacted 9. We assume our scenario as a game in which each mobile user is a player whose
strategies are the relay power allocations pri and whose cost functions are the bits-per-energy
eﬃciencies ei pri .

3.1. Noncooperative Games
In order to compare the energy eﬃciency of noncooperative and cooperative users, the energy
eﬃciency expression of noncooperative users is given. The classic solution concept for a
noncooperative game is the Nash equilibrium NE. The payoﬀ of every noncooperative user
is 9

eiNE  Eh log2 1

|hi3 |2



3.1

,

where E· is the expectation.
The noncooperative game is a strategy that the selfish users simply select their
strategies and never interact again. They improve their payoﬀ by lowing their relay power.
While in fact, users can obtain higher payoﬀ by cooperation.

3.2. Nash Equilibrium Dynamic Game
Recently, the game theory of user cooperation has been studied in the literature. However
neither of these works considers the energy eﬃciency. In 9, the paper studies energy
eﬃciency of user cooperation, but it ignores the process of decision making. The results of
these works assume perfect situation in which each player knows the decision making of all
the others. In fact, it is impossible to implement.
In this paper we consider the linear discrete-time dynamic game model with
uncertainties:
xk

1  Axk

buk

3.2

Dgx, k,

where A, B are the known game constant matrices, xk is the state vector of the game, uk is
the control strategies of each user, D is the constant matrix, and gx, k is the unknown noises
or disturbances part. Each vector belongs to an appropriate dimensional Euclidean space.
If the game under study is as it is for this paper between only two players, the system
dynamics 3.2 may be written as
xi k

1  Axi k

bui k

3.3

Dgi x, k,

where i  1, 2 denotes the two users.
With this linear discrete-time system, we associate a quadratic performance index
Ju1 k, u2 k 

K 

|xi k

1|2Qk

k1

 xi 2Q

ui 2 ,

1

|ui k|2


3.4
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where Qk 1 ≥ 0, | · |Q denotes an appropriate Euclidean semi- norm weighted by a
nonnegative definite matrix Q,  ·  denotes a corresponding l2 norm.
Then we give the Nash Equilibrium strategies of the two users. The payoﬀ, now
represented as Lu1 k, u2 k, is given in the form
Lu1 k, u2 k  Ju1 k, u2 k

|xi |2Q .

3.5

In this case it is also assumed that the users who use strategy u1 k, u2 k want to
maximize the payoﬀ L·. Therefore, the objective of the game is to find a saddle-point
solution u∗1 k, u∗2 k to satisfy the Nash-equilibrium condition






L u∗1 k, u2 k ≤ L u∗1 k, u∗2 k ≤ L u1 k, u∗2 k ,

3.6

u∗1 k, u∗2 k is known as a feedback saddle-point solution, then u∗1 k, u∗2 k is characterized
as the point on the Pareto boundary that satisfies 3.6, symmetry between players, and
independence to irrelevant alternatives. The control strategies of the users in a cooperative
game are their relay power allocations and the cost functions are their bits-per-energy
eﬃciencies.

4. Simulation Results and Discussions
In this section, we use computer simulations to evaluate the performance of the proposed
scheme and the influence of uncertainties. The results of numerical experiments are shown
to see the payoﬀ of the cooperation users. The energy eﬃciency of every user increases when
the proposed scheme is used. We compare the proposed scheme with the noncooperation
game scheme, which is a single-stage noncooperative game. The solution to a game depends
on the particular game theoretic frame work employed. We consider a simple case that the
selfish players select strategies in order to maximize individual energy eﬃciency in spite of
the payoﬀ of other players. The players never interact again. Then another user cooperation
scheme which does not use dynamic game and assumes perfect channel state information 9
is compared with the proposed scheme.
Figure 2 shows the coeﬃcients in the AR-model-based channel prediction algorithm
of one wireless channel, d1 and d2 , which are defined in 2.3. As we can see from
the figure, the AR-model coeﬃcients vary with simulation time due to the time-varying
wireless channel. The recursive least square estimate RLSE algorithm presented in Section 3
can accommodate the time-varying wireless channel conditions to make accurate channel
predictions.
The performance of the channel prediction algorithm can be measured by using the
error variance, which is defined in 2.4. Figure 3 shows the error variance in the AR-modelbased channel prediction algorithm. In Figure 3, we can observe that, when the simulation
time increases, the error variance decreases, meaning that the channel prediction becomes
more accurate. In addition, we can see that the variance drops below 1 quickly in the
simulation, which means that the prediction algorithm is suﬃciently accurate.
Because there is time-varying external disturbance and uncertainties in the cellular
network, the cooperation of users should consider the eﬀect of them for energy eﬃciency. It
is assumed that the external disturbance is given by wd k 1  0.95wd k with wd 0  1.
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Figure 2: The coeﬃcients in the AR-model-based channel prediction algorithm.
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Figure 3: The error variance in the AR-model-based channel prediction algorithm.

1.2
1
Disturb

0.8
0.6
0.4
0.2
0
−0.2

10

20

30

40

50

60

70

80

90

100

Sample k

Figure 4: Time-varying external disturbance.

Figure 4 shows the plot of the time-varying external disturbance. It is also assumed that there
is an unknown uncertainty which is time-varying in the range |vun k| ≤ 1. The time-varying
uncertainty vun k is randomly generated as shown in Figure 5.
Figure 6 depicts the variation bit per Joule eﬃciency of the user cooperation in the
uplink scenario. The result indicates that the cooperation of the users is helpful to increase
the energy eﬃciency. We set the expected interuser gains to set user 2’s expected gain Eh223  
10 dB and make Eh213  dB vary between −5 dB and 20 dB in order to compare with 9. This
range allows us to see the cooperation performance of the proposed scheme when users’
channel conditions are asymmetric, which gives us a reasonable result. Figure 6 shows that
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Figure 5: Time-varying external disturbance.
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Figure 6: The energy eﬃciency of diﬀerent schemes.

each user’s bit per Joule eﬃciency by using the proposed scheme is the largest, and the 9 is
the second. The bit per Joule eﬃciency of the users without cooperation is the smallest. This
shows it can benefit from the cooperation for selfish users by using the proposed scheme.

5. Conclusion
In wireless cellular networks, it is very important to increase the energy eﬃciency of the radio
access networks to meet the challenges raised by the high demands of traﬃc and energy
consumption. In this paper, we proposed a dynamic game based on the control-theoretical
approach to study the energy eﬃciency issues in cooperative wireless cellular networks with
cellular communications. In addition, we use a predictor in our control-theoretical approach
to supervise the data of imperfect channel state information. Simulation results have been
presented to show the eﬀectiveness of the proposed scheme.
Mutiuser cooperation case is considered in the future work. We also consider
heterogeneous cellular networks with femtocells, which is another promising technique to
increase the indoor network coverage and capacity for the growing demands of cellular
services, and it has been integrated in current and future radio access networks. In addition,
intercell interference will be considered in our control-theoretical framework.
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Modern agriculture is an extremely energy intensive process. However, high agricultural
productivities and the growth of green revolution has been possible only by large amount of
energy inputs, especially those coming from fossil fuels. These energy resources have not been
able to provide an economically viable solution for agricultural applications. Biomass energybased systems had been extensively used for transportation and on farm systems during World
War II: the most common and reliable solution was wood or biomass gasification. The latter
means incomplete combustion of biomass resulting in production of combustible gases which
mostly consist of carbon monoxide CO, hydrogen H2  and traces of methane CH4 . This
mixture is called syngas, which can be successfully used to run internal combustion engines both
compression and spark ignition or as substitute for furnace oil in direct heat applications. The
aim of the present paper is to help the experimentation of innovative plants for electric power
production using agro-forest biomass derived by hazelnut cultivations. An additional purpose is
to point out a connection among the chemical and physical properties of the outgoing syngas by
biomass characterization and gas-chromatography analysis.

1. Introduction
The global environment conditions are badly influenced by the exploitation and the extreme
utilization of typical energetic sources, which is mainly due to industrialized countries
and exponential population growth. Industrialization leads to atmospheric emissions of
pollutants and greenhouse gases, whose carbon dioxide CO2  is considered as the most

2
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important. Even if it is not toxic, CO2 is extremely dangerous because it may cause global
overheating and climate change. This work is based on the idea of energetically independent
agroforest farms, able to generate electric power using renewable sources as agroforest
biomass from agricultural discards 1, 2.
If we consider this idea applied on a large scale, we could create an agroenergetic
ecodistrict. This concept would have potential benefits for environment, such as reduction of
CO2 emissions, and also for farmers, because they could sell the electric power and receive
green certificates. The aim of the present work is to help the experimentation of innovative
plants for electric power production using agroforest biomass. An additional purpose is to
point out a connection among the chemical and physical properties of the outgoing syngas
by biomass characterization and gas chromatography analysis.

2. Material and Methods
The tests were carried out using hazelnut Corylus avellana L. shells by farms located in the
area of Lake of Vico, in the province of Viterbo Latium region. The gasification reactor is
a small plant: its capacity reaches 30 kWe and 60 kWt which are the appropriate values for
small local farms. The used biomass and the outgoing syngas were analyzed in laboratory
in order to assess the potential energy of the residual biomass in relation to that of the
produced syngas. This is to evaluate the eﬀectiveness of the gasification process. The purpose
of this study is to obtain a gas which can be successfully used in internal combustion engines
in cogeneration. According to that, specific cleaning systems are located at the end of the
gasification process in order to make it suitable for the oxidation step in internal combustion
engines. Moreover, they avoid any possible damage to the mechanical parts of the gasifier
and reduce harmful emissions for environment and human beings. It should be underlined
that the most significant problems in the usage of syngas are associated with the presence of
particulate, sulfur compounds, and nitrogen 3, 4.

2.1. Gasification Processes
The “gasification” is the use of heat to transform solid biomass or other carbonaceous solids
into a synthetic “natural gas like” flammable fuel. Gasification can convert nearly any dry
organic matter into a clean burning, carbon neutral fuel that can replace fossil fuels in many
cases. Furthermore, gasification will transform common “waste” into a flexible gaseous fuel
which can be successfully used to run internal combustion engine, cooking stove, furnace,
or flamethrower. This does not depend on the initial biomass wood chips, walnut shells,
construction debris, or agricultural waste.
Thus, gasification is a partial combustion of solid fuel biomass: temperatures close to
1000◦ C are required. The reactor is called “gasifier.” The combustion products, coming from
complete combustion of biomass, generally contain nitrose, water vapor, carbon dioxide,
and surplus of oxygen. However, when gasification is characterized by solid fuel surplus
incomplete combustion, the products of combustion are combustible gases, such as carbon
monoxide CO, hydrogen H2 , traces of methane and unhelpful products i.e., tar and char.
The main reactions take place in combustion and reduction zone 5, 6.
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Combustion Zone (Exothermic Reactions)
The combustion products of solid fuel are usually carbon, hydrogen, and oxygen. When
complete combustion occurs, carbon dioxide is obtained from hydrogen, usually as steam.
The main reactions, therefore, are
C  O2 −→ CO2



complete combustion



2.1



1
C  O2 −→ CO partial combustion .
2

2.2

Reaction Zone
The products of partial combustion water, carbon monoxide, and uncombusted partially
cracked pyrolysis now pass through a red-hot charcoal bed where the following reduction
reactions take place:
CO  H2 O −→ CO2  H2



water-gas shift reactions

C  2H2 −→ CH4



2.3

methane formation


CH4  H2 O −→ CO  3H2
hydrogen formation

2.4

C  CO2 −→ 2CO


C  H2 O −→ CO  H2
water-gas reaction .

2.6

2.5

2.7

As residence time of biomass, temperature, and pressure of the process increase, higher
fuel conversion occurs. Temperature rises leading to more endothermic reactions and, as
a consequence, CO and H2 . High pressure values help those reactions aimed at reducing
the number of moles and at producing CO2 , CH4 , and H2 O. The content of CO and H2 is
regulated through incoming water as shown in reaction 2.3 called “water gas shift.” Humidity
content influences the ratio between CO and H2 and, at the same time, is the most important
tool to reduce temperature 7, 8.

2.2. The Downdraft Gasifier Prototype
The experimental gasifier is a fixed cocurrent bed, fed with hazelnut shells Figure 1. The
developed prototype is a small sized plant. The electrical capacity is 30 kW and the thermal
power reaches 60 kW. The internal structure is made of stainless steel 304.
The outline of the gasifier Figure 2 consists of a loading hopper in which hazelnut
shells are stored. The hopper 1 is connected to the gasification reactor by means of a cochlea
with horizontal axis 2 which allows the biomass to enter the upper part of the reactor 4
and separates the input zone from the combustion air 5. Air enters the reactor from the
opening in 3. The biomass conversion into gaseous phase, with the consequent production
of ashes, takes place during the descent inside the bed. The obtained syngas comes out from

4
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Figure 1: Biomass used in the process.
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Figure 2: Gasification system layout.

the bottom part of the reactor. Moreover, in order to remove the coarse particulate, it passes
first through a cyclone and a cooling air system 3 and then in a filter. The latter step is to
clean TAR and smaller sized particles. The gas, leaving the filter, is mixed with air 7 and
combusted in torch 8.
Figure 3 shows the detailed layout of the gasification reactor used for the experiments.
It is interesting to note that the internal structure is characterized by a narrowing or “throat”
where the highest process temperatures occur. They are aimed at TAR thermal cracking
which is contained in vapor and comes from pyrolysis in the upper parts. In the part below
the throat, reduction reactions occur and lead to the production of the greatest interesting
molecular species: H2 and CO.
The gasification test starts with the aid of an initial pilot flame, necessary to allow
the achievement of the thermal conditions required for self-maintenance of the gasification
process Figure 4.
SKC-1 L Tedlar bags black layered Figure 5 have been used depending on the biomass
quality to analyze the chemical and physical properties of the syngas. The latter has been
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Figure 3: Reactor gasifier layout Render.

Figure 4: Start phase of the test.

analyzed by gas chromatography in order to point out the main chemical components
according to the type of biomass used during the process.
The experiment was carried out under established thermodynamic conditions,
necessary for the startup and the maintenance of the gasification process Figure 6. In
more detail, temperature values were detected with the aim of maintaining the process in
the suitable range for the optimal biomass conversion into synthesis gas. After adding the
biomass into the reactor, the combustion process starts by entering the necessary air and using
a pilot flame required for the achievement of process temperatures. Once the thermodynamic
conditions—required for the self-maintenance of the thermochemical process—are reached,
the test continues without the help of the pilot flame or other external heating sources but
only by the introduction of hazelnut shells and combustion air. From this moment on, the
sampling gas started. During the gasification test, temperatures between 900 and 1000◦ C are
reached inside the reactor with pressure values close to 0.025 bar.

2.3. Energy Characterization of Biomass: Analysis in Laboratory
The laboratory tests were carried out at CIRDER Energy Biomass Certification Laboratory
of the University of Tuscia in Viterbo. Sampling of hazelnut shells, coming from a hazelnut
orchard in Caprarola, was carried out according to ISO 14778.

6
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Figure 5: Tedlar bags, before the sampling.

Torch
Biomass input
Cyclone
Syngas sampling

Temperature gauge

Gasification reactor

Filter
Pressure gauge

Particulate collection
Temperature gauge

Figure 6: Gasification system.
Table 1: Characterization of hazelnut shells.
Parameter
Moisture content
Lower calorific value
Carbon content
Hydrogen content
Nitrogen content
Ash content

Value
6.4
18.83
51.14
5.7
0.42
1.71

Unit of measurement
% on dry basis
MJ/kg on dry basis
% by mass
% by mass
% by mass
% by mass

Table 2: Syngas composition.
Test number H2 %
1
12.00
2
11.83
3
11.78
4
11.73
5
11.81
6
11.69

N2 %
57.00
56.12
56.53
56.45
56.43
56.48

CO %
13.00
12.50
13.00
12.80
12.98
12.96

CO2 %
10.00
9.97
10.00
9.98
10.2
10.1

CH4 %
3.17
3.11
3.12
3.30
3.24
3.19

O2 %
3.09
2.86
2.82
2.78
2.74
2.74

Mathematical Problems in Engineering

7

60
50

(%)

40
30
20
10
0

H2

N2

CO

CO2

CH4

O2

(%)

Figure 7: Average composition of the syngas.

The preparation of biomass samples was carried out following ISO 14780 and analysis
lead to the determination of moisture content on a dry basis complying with the ISO 14774-1,
ash content following ISO 14775, lower calorific value on a dry basis according to ISO 14918
and mass content of carbon, hydrogen, and nitrogen as ISO 15104 established.
The results of analysis—carried out on the hazelnut shells used as biomass in the
gasification experiment—are shown in Table 1.

2.4. Syngas Analysis
The outgoing gas from the experimental gasifier was analyzed by the gas chromatograph
CP-4900 Micro GC Varian in order to estimate the molecular species of gaseous mixture. The
syngas is collected in pockets of tedlar through donor sites located along the duct between the
filter and the air premixing zone for combustion in torch. Once the bags are filled, the placing
of the gas inside the gas chromatography is carried out through the use of a latex tube which
acts as a connecting element between the valve of the bag and the analysis tool.

3. Results and Discussion
The analysis of the synthesis gas has allowed determination of the molecular species present
in the gaseous mixture obtained as the result of hazelnut shells gasification inside the
experimental gasifier presented in this paper. The gas chromatography results are shown
in Table 2.
Figure 7 shows the average composition of the molecular species present in the
gaseous mixture.
H2 and CO2 have been the main components of the syngas produced by the
gasification process Figure 8. Moreover, comparing the results with literature data, it can
be seen that the highest values were obtained in the gasification of hazelnut shells, except for
CO2 . This diﬀerence could be due to size, homogeneity, and a better calorific value, which is
the main factor for thermochemical processes like gasification.
Literature fixes the syngas quality on the basis of the oxidant agents; keeping the same
oxidant agents, highest values of the syngas components have been founded than the ones
previously stated Figure 8 and Table 3.
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Figure 8: Comparison between literature data and tests average.

Table 3: Syngas quality on the basis of oxidant agents ISES Italia, 2005 4.
%
CO
CO2
H2
CH4
N2

Air
12–15
14–17
9-10
2–4
56–59

Oxygen
30–37
25–29
30–34
4–6
2–5

Water vapour
32–41
17–19
24–26
12.4
2.5

In particular tests showed a proportional increase of H2 2.8%, CO 0.87%, and CH4
around 1.1% and a proportional decrease of CO2 and N2 . Generally, the results show that
the produced syngas is relatively rich in carbon dioxide, methane, and hydrogen and also
contains a large amount of nitrogen.
The carbon dioxide resulting from partial combustion process takes place simultaneously with biomass gasification. The prototype worked properly producing good quality
syngas. However, it should be noted that it could be improved, providing a better automation
and electronic system. This is to ensure technical and economical sustainability. Further
researches will be carried out in the future.
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