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In recent years, the combined application of wind generation
and energy storage has received more and more attention
around the world. Technically, wind generation systems
including energy storage can offer many benefits, such
as power oscillation damping, economic energy dispatch,
voltage-frequency stabilization, and fault ride-through (FRT)
capability enhancement. This special issue is to provide a
platform for presenting the latest research results on wind
generation systems including energy storage.

This special issue compiles 8 original researches that
describe the technical evaluation, economic performance,
low-voltage ride-through (LVRT) capability, optimal capac-
ity, numerical simulation, and experimental verification of
wind generation systems including energy storage.

There are three papers on the performance evaluation
of wind generation systems. The paper by D. H. Didane
et al. conducts the evaluation of wind energy potential as
a power generation source in Chad, and a comprehensive
wind database and wind map are presented. The paper by
H.-K. Chen et al. studies the economic evaluation of three
available solutions for promotion of wind power integration,
and here the pumped hydrostorage (PHS), heat storage
(HS), and electric boiler (EB) are selected to do a detailed
comparison. From the given results, the HS requires the
least investment and has good performance of coal-saving
when accommodating the same amount of curtailed wind
power. And the EB has the greatest potential for wind power
integration with huge growth of installed capacity of wind

power in the future. In the paper by M. Majidniya et al.,
enhancing the stability of the horizontal axis wind turbine
(HAWT) system is regarded as a research objective, and
both of a pumped hydrostorage (PHS) and extra produced
electricity are taken into account. The economic analysis of
them is performed, and some preliminary discussions on the
electricity price and the real interest rate are conducted.

There are two papers on the transient characteristics of
wind generation systems. The paper by X. Zhou et al. pro-
poses the use of a superconducting magnetic energy storage
(SMES) to improve the LVRT capability of the doubly fed
induction generators- (DFIGs-) based wind turbine systems.
The demonstrated results show that utilizing the SMES in
the rotor side can help to produce a desired output voltage
and absorb excess energy under faults, so as to enhance the
robustness of wind power generation to a certain extent.
In the paper by H. He et al., wind power is transmitted
through a voltage source converter- (VSC-) based high
voltage direct current (HVDC) system, and the researches
on overvoltage calculation and insulation coordination are
carried out. It is found that the most serious overvoltage is
caused by the fault clearing of theDC breaker, and further the
insulation coordination for the overhead lines is addressed in
accordance with the calculated overvoltage level.

In addition, the paper by X. Liu et al. investigates
the optimal sizing for wind/PV/battery system by use of
Fuzzy c-means clustering with self-adapted cluster number.
Meanwhile, a feasible power balance strategy is introduced
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to guide the optimization process with the genetic algorithm,
and the optimal configuration is established by considering
the minimized cost, reliability, and environmental factors.

Finally, there are two papers on the simulation and
experiment of wind generation systems. The paper by J. M.
Garcia-Bravo et al. presents the variable ratio hydrostatic
transmission simulator for optimal wind power drivetrains.
According to the simulation and experimental results, the
electrical power output can be regulated further if an energy
storage device is used to absorb voltage spikes produced by
abrupt changes in wind speed or wind direction. In the paper
by I. Marchevsky and V. Puzikova, a software package is
developed for numerical simulation of wind turbine rotors
autorotation, and the modified LS-STAG level-set/cut-cell
immersed boundary method is used. From the simulation
analyses, it is verified that the computational results are in
good qualitative agreement with the experimental data.

It is hoped that these papers enable enriching our readers
and offer useful information about the current contributions
and potential challenges related to the wind generation
systems including energy storage.

Lei Chen
Li Ren

Lin Zhu
Tao Wang

Yuanzheng Li
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The voltage-sourced converter-based HVDC link, including the modular multilevel converter (MMC) configuration, is suitable for
wind power, photovoltaic energy, and other kinds of new energy delivery and grid-connection. Current studies are focused on the
MMCprinciples and controls and few studies have been done on the overvoltage of transmission line for theMMC-HVDC link.The
main reason is that environmental factors have little effect on DC cables and the single-phase/pole fault rate is low. But if the cables
were replaced by the overhead lines, although the construction cost of the project would be greatly reduced, the single-pole ground
fault rate would bemuch higher.This paper analyzed themain overvoltage types inmultiple-terminalMMC-HVDCnetworkwhich
transmit electric power by overhead lines. Based on ±500 kVmultiple-terminal MMC-HVDC for wind power delivery project, the
transient simulation model was built and the overvoltage types mentioned above were studied. The results showed that the most
serious overvoltage was on the healthy adjacent line of the faulty line caused by the fault clearing of DC breaker.Then the insulation
coordination for overhead lines was conducted according to the overvoltage level. The recommended clearance values were given.

1. Introduction

The voltage-sourced converter- (VSC-) based high-voltage
DC (HVDC) transmission system is considered for a wide
range of applications for wind power, photovoltaic energy, or
other kinds of new energy delivery and grid-connection due
to flexibly control of active power and reactive power output
capability [1–4]. The Nanhui MMC-HVDC demonstration
project and the Nanao multiple-terminal MMC-HVDC link
have been put into operation already and achieved the stable
and reliable wind power transmission [5, 6].

At present, the study focuses on the MMC principles and
controls and less research has been done on the overvoltage
of transmission line for the MMC-HVDC project. And there
are few studies on the overvoltage characteristics of multi-
terminal MMC-HVDC [7, 8]. State Grid Beijing Economic
and Technical Research Institute has done research on the
Dalian MMC-HVDC project considering the short circuit
fault at AC bus, grid side and valve side of connection
transformer, smoothing reactor, and DC pole bus. According
to the simulation results of overvoltage, the reference voltage
and switching impulse withstanding voltage of MOAs in the

converter station were determined [9]. Based on the Trans
BayMMC-HVDCproject, ZhejiangUniversity studied the 14
kinds of fault and found the most serious overvoltages were
caused by the single-phase grounding fault at valve side of
converter transformer, the short circuit of transformer, the
ground short circuit fault at valve head, DC bus grounding
fault, and DC line grounding fault. The MOA configuration
and insulation coordination scheme were proposed. The
withstanding voltages of equipment were determined by
deterministic method and the margin coefficient between
withstand voltage and impulse overvoltage could be selected
as 15%, 20%, and 25% for switching impulse, lighting impulse,
and steep impulse, respectively [10].

The researches mentioned above were focused on the
converter station. Most of the MMC-HVDC projects adopt
cables for power transmission all around the world. The
cables buried in the ground are not affected by the surround-
ing environment, so the failure rate is lower [11, 12]. However,
cables lines are expensive and the overhead lines can greatly
reduce the cost of construction. The overhead lines are sus-
ceptible to the surrounding environment, such as lightning
and pollution, and the single-pole grounding fault rate is
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much higher than using cable lines. Therefore, it is necessary
to study the overvoltage generated by overhead line faults to
support the design of line insulation.

This paper focuses on the overvoltage level of overhead
lines in multiple-terminal MMC-HVDC project. Firstly it
pointed out the main overvoltage types of overhead lines in
multiple-terminal MMC-HVDC link. Based on an ±500 kV
multiple-terminal MMC-HVDC for wind power delivery
project, the transient simulation model was built and various
overvoltage types mentioned above were studied. Then the
insulation coordination for overhead lines was conducted
according to the overvoltage level. In the end the recom-
mended clearance values were given.

This paper is organized as follows. Section 2 is devoted
to analyzing the main overvoltage types of overhead lines
in multiple-terminal MMC-HVDC link and the differences
between it and conventional point-to-point LCC-HVDC
project while Section 3 presents the simulation overvoltage
results based on a multiple-terminal MMC-HVDC project
according to Section 2. Then insulation coordination for
overhead lines is conducted and the recommended clearances
are given in Section 4. Finally, conclusions are drawn in
Section 5.

2. Overvoltage Types of Overhead Line in
Multiple-Terminal MMC-HVDC Project

LCC-HVDC systems are usually 2 terminals adopting over-
head transmission lines and the occurrence probability of
single-pole grounding fault is the highest. Statistical data
show that the single-pole lightning flashover rate of ±500 kV
DC transmission lines is 0.28 times per 100 kmevery year. In a
bipolar operation, a grounding fault occurring at one polewill
induce the slow front overvoltage at the sound pole through
the coupling between two poles and reflection and refraction
of traveling wave at both ends of line. The magnitude of the
overvoltage can be estimated by the following formula:

𝑈𝑝 = 𝑈𝑑𝑐 (1 + 𝑍𝑚0 − 𝑍𝑚1𝑍𝑚0 + 𝑍𝑚1 + 2𝑅𝑒) , (1)

where 𝑍𝑚0 and 𝑍𝑚1 are zero sequence and positive sequence
wave impedance of transmission line, respectively; 𝑅𝑒 is the
grounding resistance.

The induced overvoltage at sound pole caused by single-
pole grounding fault should also be considered for overhead
lines in multiple-terminal MMC-HVDC project and the
magnitude of the overvoltage can be estimated by formula
(1) too. In order to improve the availability of MMC-HVDC
project, the DC circuit breaker would be installed for fault
clearing at DC side. So the line fault clearing overvoltage and
reclosing overvoltage should be considered.

(1) The line fault clearing overvoltagemainly refers to the
overvoltage on the sound pole line and the adjacent
sound line generated by the fault tripping. It is equiva-
lent to superimposing a current source with a reverse
fault current on the circuit breaker when the circuit
breaker interrupts the fault current.The current wave
propagation and reflection on the adjacent sound line

form transient overvoltage.The fault current is related
to the main circuit parameters of converter station,
the operation characteristics of DC circuit breaker,
and the fault grounding resistance.

(2) When the DC line is switched on or reclosing, the
overvoltage is generated due to the difference between
the initial voltage of the line to the ground and the
forced voltage at the end of the transition process.The
magnitude of the overvoltage can be estimated by the
following formula:

𝑈𝑝𝑐 = 2𝑈𝑤 − 𝑈0, (2)

where 𝑈𝑤 is the forced voltage at the end of the tran-
sition process and 𝑈0 is the initial voltage of the line
to the ground.

Therefore 3 kinds of overvoltage are as follows, which
should be studied for overhead lines of multiterminal MMC-
HVDC systems:

(1) Induced overvoltage on healthy pole line caused by
single-pole grounding fault

(2) Fault clearing overvoltage
(3) Closing and reclosing overvoltage.

3. Analysis of Overvoltage of Overhead
Transmission Lines in Multiple-Terminal
MMC-HVDC Project

3.1. Simulation Parameters

3.1.1. Main Circuit Parameter. A 4-terminal ±500 kV MMC-
HVDC for wind power delivery project, using half bridge and
real bipolar connection, has 245 levels and DC rated voltage
is 535 kV. The rated voltage of AC power network is 230 kV
at delivery end A, which can send wind power out with 17 kA
three-phase short circuit current, and the rated capacity of A
is 3000MW under the normal operation in island. The rated
voltage of AC power network is 230 kV at delivery end B,
which can send wind power out with 17 kA three-phase short
circuit current, and the rated capacity of B is 1500MW under
the normal operation in island.The rated voltage of ACpower
network is 525 kV at delivery end C, which can send wind
power out with 18 kA three-phase short circuit current, and
the rated capacity of C is 1500MW. The rated voltage of AC
power network is 525 kV at delivery end D, which can send
wind power out with 63 kA three-phase short circuit current,
and the rated capacity of D is 3000MW.

The lengths of DC transmission lines of 4-terminal
system are shown in Figure 1. The type of conductors is 4× JL/G2A-720/50 with 12.8m pole distance, and the type of
ground wire is OPGW-150 with 12m horizontal distance,
together with the model JNRLH60/G1A-400/35 of metallic
return line which has the horizontal distance of 9m. Typical
tower model of tangent tower is shown in Figure 2, and
the transmission line is simulated by Frequency Dependent
(Phase) Model in PSCAD. In the converter station, the
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Figure 1: Schematic diagram of 4-terminal transmission lines.

current limiting reactors are arranged on the pole lines and
the metallic return lines; the values of reactance are 150mH
on the pole line and 300mHon the neutral line.The reference
voltage of pole line arrester is 629 kV and residual voltage is
904 kV under switch operation with 2 kA current.

According to empirical equation (3), the arc resistance𝑅𝐺
in the air can be calculated:

𝑅𝐺 ≈ 1050𝐿𝐺𝐼𝐺 , (3)

where 𝐿𝐺 is the length of arc and 𝐼𝐺 is the rms. of current with
the unit ampere. In the simulation, the sum resistance of arc
and grounding tower is 4Ω.
3.1.2. Control and Protection Model of Converter Station. A
double closed-loop controller is established in PSCAD to
achieve converter station-level control. Double closed-loop
control can be divided into an outer loop controller and an
inner loop controller. The outer loop controller can calculate
the current reference value of the current-mode inner loop
controller according to the active and the reactive power
command.The inner loop controller keeps the dq axis current
tracking its reference value by adjusting the output voltage
of the inverter. The control system used in the simulation is
shown in Figure 3 [13–16].

According to Figure 3, the dynamic differential equation
of AC side in three-phase stationary coordinate system is
shown as

[[
[

𝑢𝑠𝑎
𝑢𝑠𝑏
𝑢𝑠𝑐

]]
]
= 𝐿 𝑑𝑑𝑡 [[[

𝑖𝑠𝑎
𝑖𝑠𝑏
𝑖𝑠𝑐
]]
]
+ 𝑅[[

[

𝑖𝑠𝑎
𝑖𝑠𝑏
𝑖𝑠𝑐
]]
]
+ [[
[

𝑢𝑐𝑎
𝑢𝑐𝑏
𝑢𝑐𝑐

]]
]
, (4)

where 𝑢𝑠𝑎, 𝑢𝑠𝑏, and 𝑢𝑠𝑐 are the measured phase A, phase B,
and phase C voltages at grid side of converter transformer,
respectively. 𝑖𝑠𝑎, 𝑖𝑠𝑏, and 𝑖𝑠𝑐 are the measured phase A, phase
B, and phase C currents at grid side of converter transformer,
respectively. 𝑢𝑐𝑎, 𝑢𝑐𝑏, and 𝑢𝑐𝑐 are themeasured phase A, phase
B, and phase C voltages at valve side of converter transformer,
respectively. 𝐿 is the equivalent reactance. 𝑅 is the equivalent
resistance.

After the park transformation, the active power𝑃 injected
into the converter station from the AC system is as (5). The
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Figure 2: Typical tower diagram of single circuit transmission line.

reactive power 𝑄 injected into the converter station from the
AC system is as (6). So the decoupled control of active power
and reactive power can be realized:

𝑃 = 3
2 (𝑢𝑠𝑑𝑖𝑠𝑑 + 𝑢𝑠𝑞𝑖𝑠𝑞) =

3
2𝑢𝑠𝑑𝑖𝑠𝑑, (5)

𝑄 = 3
2 (𝑢𝑠𝑑𝑖𝑠𝑞 − 𝑢𝑠𝑞𝑖𝑠𝑑) =

3
2𝑢𝑠𝑑𝑖𝑠𝑞, (6)

where 𝑢𝑠𝑑 and 𝑢𝑠𝑞 are the 𝑑 axis and 𝑞 axis voltages derived
from park transformation of 𝑢𝑠𝑎, 𝑢𝑠𝑏, and 𝑢𝑠𝑐, respectively. 𝑖𝑠𝑑
and 𝑖𝑠𝑞 are the 𝑑 axis and 𝑞 axis currents derived from park
transformation of 𝑖𝑠𝑎, 𝑖𝑠𝑏, and 𝑖𝑠𝑐, respectively.
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Figure 3: The schematic diagram of MMC control system.

3.1.3.Wind PowerModel. Twowind farms provide the power
sources for 2 substations of the 4-terminal ±500 kV MMC-
HVDC project. In order to calculate the accurate overvoltage
level, the influence of the wind farms on overvoltage was
considered.

In the simulation, the electromagnetic transient model
based on the𝑑𝑞0 transformof doubly fed induction generator
was established. The 𝑑𝑞 coordinate system based on rotation
speed of rotor was adopted. The voltage and current on the
armature side and the exciting side satisfy [17]

𝑉𝑃 = −𝑅𝑃𝑖𝑃 − 𝑑𝜆𝑃𝑑𝑡 + 𝜔𝑁𝜆𝑃, (7)

𝑉𝐸 = −𝑅𝐸𝑖𝐸 − 𝑑𝜆𝐸𝑑𝑡 , (8)

𝑁 = [[
[

0 0 0
0 0 −1
0 1 0

]]
]
, (9)

where 𝑉𝑃 and 𝑉𝐸 are voltages on the armature side and the
exciting side, respectively. 𝑅𝑃 and 𝑅𝐸 are resistance on the
armature side and resistance on the exciting side, respectively.𝑖𝑃 and 𝑖𝐸 are currents on the armature side and the exciting
side, respectively. 𝜆𝑃 and 𝜆𝐸 are flux linkage matrixes on
the armature side and the exciting side, respectively. 𝜔 is the
angular velocity of rotor rotation.

3.2. Overvoltage Analysis. Two modes of operation are con-
sidered during the simulation:

(1) Normal mode:

All the stations access the network.

(2) Abnormal mode:

Some of the stations are unconnected to the network,
which leads to a longer transmission line than normal mode.

The specific calculation process is as follows. The DC
operation voltage is 535 kV before fault. The fault line is
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Table 1: Overvoltages of transmission lines under normal mode.

Lines Overvoltages of pole lines
kV p.u.

A-D 950 1.78
C-D 974 1.82
B-C 991 1.85
A-B 888 1.66
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Figure 4: The overvoltage distribution and probability distribution
of B-C line caused by A-D line fault under normal mode.

divided into 10 sections. Along the line each section is
grounded. Then the circuit breakers at the ends of fault line
trip remove the temporary ground fault, and after the delay
time the DC circuit breakers reclose. Both the overvoltages
caused during the grounding and reclose processes are taken
into consideration. Besides, the overvoltages caused by faults
on other lines should be calculated too.

3.2.1. Normal Mode. The overvoltage levels of all pole lines
are shown in Table 1.Themaximum overvoltage of 990.77 kV
(1.85 p.u., 1 p.u. = 535 kV) appeared in the B-C line, caused
by the A-D line fault. The overvoltage distribution and
probability distribution of B-C line are shown in Figure 4.
The statistics overvoltage along the line is umbrella type
distribution. In the middle of line the overvoltage is high
and to both ends of the line diminishing. This is due to the
installation of the arrester on the pole line bus, which can
suppress the overvoltage.

3.2.2. AbnormalMode. Theovervoltage levels of all pole lines
were simulated under abnormal mode, which means some
of the stations were unconnected to the DC grid during the
simulations. The maximum overvoltage, out of hundreds of
simulation results of different unconnected stations, occurred
in case C station is unconnected. In this section, overvoltages
of transmission lines when C station is unconnected are
shown in Table 2. The maximum overvoltage has the peak
of 1034 kV (1.93 pu), appearing in the CD line, caused by

Table 2: Overvoltages of transmission lines under abnormal mode
(C station is unconnected).

Lines Overvoltages of pole lines
kV p.u.

A-D 998 1.87
C-D 1034 1.93
B-C 1010 1.89
A-B 896 1.68
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Figure 5: The overvoltage distribution and probability distribution
of C-D line caused by A-B line fault with unconnected C station.

the A-B positive line ground fault. The overvoltage distribu-
tion and probability distribution of C-D line are shown in
Figure 5, under situation of the unconnected C station. The
maximumovervoltage waveform and the corresponding pole
bus waveform are shown in Figure 6. It can be seen that the
maximum overvoltage occurs during the DC circuit breaker
opening process. Depending on the time difference between
peaks, the peaks of the waveform in Figure 6 were caused by
the differentwave velocities of reflected positive sequence and
zero sequence waves.

4. Insulation Coordination of Pole Lines

According to IEC 60071-3, the switching impulse 50%
flashover voltage 𝑈50%𝑠 of air gap between wire and tower
can be calculated in (10), which can be used for insulation
coordination of pole lines:

𝑈50%𝑠 = 𝐾𝑎𝐾3(1 − 2𝜎𝑠)𝑈𝑚, (10)

where 𝑈𝑚 is maximum voltage of system (535 kV in this
paper), 𝐾𝑎 is discharge voltage correction coefficient of air
density and humidity of the switch impulse voltage,𝐾3 is the
per unit value of overvoltage, and 𝜎𝑠 is the standard deviation.

Altitude correction can be conducted by IEC60071-2with
safety margin. The calculation formula is showed by

𝐾𝑎 = 𝑒𝑚(𝐻/8150), (11)
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Table 3: Required values of air gaps under switch impulse overvoltage for a 4-terminal MMC-HVDC project.

Lines Switching overvoltage level (p.u.) Required 50% switching impulse discharge voltage Altitude (m)
0 1000 2000

A-D 1.9 p.u. 1130 2.73 3.13 3.63
C-D 1.93 p.u. 1147 2.79 3.21 3.73
B-C 1.9 p.u. 1130 2.73 3.13 3.63
A-B 1.7 p.u. 1011 2.4 2.75 3.2
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Figure 6:The waveforms of maximum overvoltage on C-D line and
pole bus of D station under the mode of unconnected C station.

where 𝐻 is the altitude above sea level measured in meters
and the value of𝑚 depended on the type of voltage impulse.

The discharge curve of air gap of double circuit tower
is provided by CEPRI tested on upper layer of ±500 kV DC
double circuit transmission line, and the discharge curve of
air gap of single circuit tower is tested on ±500 kV real type
towerwithV-type insulator string.The air gap flashover curve
could be obtained by referring to relevant papers [18]. The
calculated air gaps of single circuit and double circuit on one
tower under switch impulse voltage are shown in Table 3.The
required values of air gaps are considered under normalmode
and abnormal mode (without C substation).

5. Conclusion

(1) It is different from circuit breaker adopted MMC-
HVDC system and LCC-HVDC when confronted
with overvoltage of transmission line. In LCC-
HVDC, only the induced overvoltage on sound line
caused by single-pole line fault is considered. Besides
the induced overvoltage, the fault clearing overvoltage
and reclosing overvoltage of transmission line have to

be taken into consideration in the case of multitermi-
nal MMC-HVDC project.

(2) The statistics overvoltage on the sound line caused by
ground fault presents the umbrella type distribution
along the line. In the middle of line the overvoltage
is high and to both ends of the line diminishing. In
this paper, the simulated overvoltage of the project
is up to 1.93 p.u., occurring during the DC circuit
breaker clearing the DC side failure. The suppression
measures of DC circuit breaker causing overvoltage
need further study.

(3) The required minimal clearance of pole lines under
switch impulse overvoltage can be selected as 2.79m
at an altitude of 0m. Differential air gap selection for
various transmission lines is also recommended.

(4) Themechanism for the generation of overvoltages has
not been clearly explained.The quantitative influence
of the line length, the grounding mode of the valve
side of converter, and the network structure on the
overvoltage level should be further studied to support
the project design.
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A software package is developed for numerical simulation of wind turbine rotors autorotation by using the modified LS-STAG
level-set/cut-cell immersed boundary method. The level-set function is used for immersed boundaries description. Algorithm of
level-set function construction for complex-shaped airfoils, based on Bézier curves usage, is proposed. Also, algorithm for the
level-set function recalculation at any time without reconstructing the Bézier curve for each new rotor position is described. The
designed second-order Butterworth low-pass filter for aerodynamic torque filtration for simulations using coarse grids is presented.
To verify themodified LS-STAGmethod, the flow past autorotating Savonius rotor with two blades was simulated at Re = 1.96 ⋅105.

1. Introduction

The rotor is the first element in the chain of functional
elements of a wind turbine. Its aerodynamic and dynamic
properties, therefore, have a decisive influence on the entire
system in many respects. The designer faces the problem of
finding the relationship between the actual shape of the rotor,
for example, the number of rotor blades or the airfoil of its
blades, and its aerodynamic properties.

To simulate rotor’s dynamics [1–6] and, in particular,
its autorotation, there is a need to solve coupled aeroelastic
problems. Such problems are complicated for numerical
solution, since it is necessary to take into account interference
between the flow and moving immersed body. So, the aim of
this research is to develop an efficient numerical method for
simulation of wind turbine rotors autorotation.

In case of massive body, when its average density is
significantly higher than density of the flow, coupled aeroe-
lastic problems can be solved using “step-by-step” weak-
coupling numerical algorithm, firstly simulating flow around
the body, which moves according to known parameters,
and then computing the dynamics of the body under
known hydrodynamic loads. Such case is considered in this
research.

Immersed boundary methods [7] are suitable for numer-
ical simulation in coupled aeroelastic problems, since they
do not require a coincidence of cell edges and boundaries of
the computational domain and allow solving problems when
domain shape is irregular or it changes significantly in the
simulation process due to aeroelastic body motion.Themain
advantage of these methods is that the mesh should not be
reconstructed at every time step.

In the present study, the LS-STAG cut-cell immersed
boundary method [8] is used for rotors autorotation simula-
tion.This method permits solving problems on the Cartesian
grid. The immersed boundary is represented with the level-
set function [9]. Linear systems resulting from the LS-STAG
discretization of the Navier-Stokes or Reynolds-averaged
Navier-Stokes equations are solved using the BiCGStab
method [10] with the ILU and Multigrid [11, 12] precondi-
tioning. An original algorithm for the solver cost-coefficient
estimation [13] is used for the optimal parameters of the
multigrid preconditioner choice.

2. Governing Equations

The problem is considered in 2D unsteady case when the
flow around a rigid airfoil is assumed to be viscous and
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Figure 1:The airfoil of irregular shape with one rotational degree of
freedom and schematic view of vortex wake behind it.

incompressible.The continuity andmomentum equations are
as follows:

∇ ⋅ k = 0,
𝜕k𝜕𝑡 + (k ⋅ ∇) k = 1𝜌∇𝑝 + ]Δk. (1)

Here k is the velocity vector, 𝑝 is the pressure, 𝑡 is the time,𝜌 is the flow density, and ] is the flow kinematic viscosity.
Theboundary conditions on the outer boundaries of the com-
putational domain are as follows:

k|inlet = k∞,
𝜕k𝜕n
outlet = 0,

𝜕𝑝𝜕n
inlet&outlet = 0.

(2)

Here k∞ is the velocity vector on the inlet boundary and n
is the unit outer normal vector. The boundary conditions on
the surface line of the airfoil are no-slip conditions:

k|airfoil = kib,
𝜕𝑝𝜕n
airfoil = 0.

(3)

Here kib is the velocity of the immersed boundary.
To simulate the rotation of wind turbine rotors, the

following dynamics equation is being solved:

𝐼�̈� + 𝑘�̇� = 𝑀flow. (4)

Here 𝛼 is the rotation angle of the rotor, 𝐼 is the polar inertia
moment of the rotor, 𝑘 is the viscous friction coefficient in the
axis, and𝑀flow is the aerodynamic torque. Two-dimensional
problem is considered, so𝑀flow = 𝑀𝑧 (Figure 1).
3. Numerical Method

The Cartesian mesh with cells Ω𝑖,𝑗 = (𝑥𝑖−1, 𝑥𝑖) × (𝑦𝑗−1, 𝑦𝑗)
is introduced in the rectangular computational domain. It is
considered that Γ𝑖,𝑗 is the face of Ω𝑖,𝑗 cell and x𝑐𝑖,𝑗 = (𝑥𝑐𝑖 , 𝑦𝑐𝑗)
is its center. Unknown components 𝑢𝑖,𝑗 and V𝑖,𝑗 of velocity
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Figure 2: Staggered arrangement of the variables on the modified
LS-STAG mesh.
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vector k are computed in the middle of fluid parts of the
cell faces. These points are the centers of control volumesΩ𝑢𝑖,𝑗 = (𝑥𝑐𝑖 , 𝑥𝑐𝑖+1) × (𝑦𝑗−1, 𝑦𝑗) and ΩV

𝑖,𝑗 = (𝑥𝑖−1, 𝑥𝑖) × (𝑦𝑐𝑗 , 𝑦𝑐𝑗+1)
with faces Γ𝑢𝑖,𝑗 and ΓV𝑖,𝑗, respectively (Figure 2). The main idea
of this numerical method is described in our previous papers,
for example, in [14].

Cells which the immersed boundary intersects are the so-
called cut-cells (Figures 3 and 4).These cells contain the solid
part together with the liquid one. The level-set function 𝜑 is
used for immersed boundary Γib description. The boundaryΓib is represented by a line segment on the cut-cellΩ𝑖,𝑗. Loca-
tions of this segment’s endpoints are defined by a linear inter-
polation of the variable 𝜑𝑖,𝑗 = 𝜑(𝑥𝑖, 𝑦𝑗).

A few notes should be mentioned about construction
of the level-set function. The level-set function cannot be
constructed analytically for rotor with complex shape, that
is, Darrieus rotor, as for circular airfoil and for simple rotor
shapes, for example, for Savonius rotor (Figures 5 and 6). For
this reason, it is necessary to approximate the rotor surface
line with a curve, which would make it possible to simulate
both smooth parts of the boundary and the sharp edges.
Moreover, it is desirable that the distance from an arbitrary



International Journal of Rotating Machinery 3

i,j

ui−1,j pi,j

i,j−1

ui,j

u

y

i,j
,



x

i,j

u

x

i,j
,


y

i,j

(a)

ui−1,j
pi,j

i,j−1

ui,j

u

y

i,j
,



x

i,j
u

x

i,j
,


y

i,j

(b)

i,j

ui−1,j

ui,j

i,j−1

pi,j

u

x

i,j
,


y

i,j



x

i−1,j

u

y

i−1,j

(c)

ui,j

pi,j

i,j−1

u

y

i,j
,



x

i,j

u

x

i,j
,


y

i,j

(d)

Figure 4: Locations of the variables discretization points in case of generic cells on the modified LS-STAG mesh: (a) Cartesian fluid cell; (b)
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Figure 5: Schematic of the two-bucket Savonius rotor.

point to the boundary can be calculated easily. An efficient
approach for the level-set function construction for an airfoil
of arbitrary shape, which corresponds to the mentioned
requirements, is described in [15]. The airfoil’s surface line

Figure 6: Flow past autorotating Savonius rotor with two blades.

approximation by using Bézier curve is taken as a basis of the
developed algorithm.

In order to avoid the Bézier curve reconstruction at every
time step for the airfoil surface line, the following approach
can be used. At the beginning of the computation, the Bézier
curve and its derivative should be built for the rotor blade



4 International Journal of Rotating Machinery

airfoil at position 𝛼 = 0. Then, the level-set function 𝜑𝑛 in
point (𝑥𝑖, 𝑦𝑗) can be computed as 𝜑𝑛(𝑥𝑖, 𝑦𝑗) = 𝜑0(𝑥𝑖, 𝑦𝑗) for
the rotor rotated by angle 𝛼𝑛 counterclockwise. Here 𝜑0 is the
level-set function built for the rotor surface line at position𝛼 = 0 by using the Bézier curve and (𝑥𝑖, 𝑦𝑗) is the image of the
point (𝑥𝑖, 𝑦𝑗) after clockwise rotation on the angle 𝛼𝑛. Thus,
the level-set function can be recalculated at any time without
reconstructing the Bézier curve for each new rotor position.

The cell-face fraction ratios 𝜗𝑢𝑖,𝑗 and 𝜗V𝑖,𝑗 are introduced.
They take values in interval [0, 1] and represent the fluid
parts of the east and north faces of Γ𝑖,𝑗, respectively. One-
dimensional linear interpolation of 𝜑(𝑥𝑖, 𝑦) on the segment[𝑦𝑗−1, 𝑦𝑗] and 𝜑(𝑥, 𝑦𝑗) on the segment [𝑥𝑖−1, 𝑥𝑖] is used for the
cell-face fraction ratios computing:

𝜗𝑢𝑖,𝑗 = min (𝜑𝑖,𝑗−1, 𝜑𝑖,𝑗)
min (𝜑𝑖,𝑗−1, 𝜑𝑖,𝑗) −max (𝜑𝑖,𝑗−1, 𝜑𝑖,𝑗) ,

𝜗V𝑖,𝑗 = min (𝜑𝑖−1,𝑗, 𝜑𝑖,𝑗)
min (𝜑𝑖−1,𝑗, 𝜑𝑖,𝑗) −max (𝜑𝑖−1,𝑗, 𝜑𝑖,𝑗) .

(5)

According to the concept of the LS-STAG method, nor-
mal Reynolds stress components are sampled on the base
mesh (similar to pressure discretization) and shear ones are
sampled in the upper right corners of the base mesh cells.

The time integration of the differential algebraic sys-
tem resulting from continuity and momentum equations
sampling in space is performed with a semi-implicit Euler
scheme [8]. Predictor step leads to discrete analogues of the
Helmholtz equation for velocities prediction at the next time
layer. Corrector step leads to discrete analogue of the Poisson
equation for pressure correction. After computation of the
flow variables, the dynamics equation for the airfoil motion
(4) should be solved.

The rotor angular velocity is 𝜔 = �̇�. So difference ana-
logue of (4) can be written in the following form:

𝐼𝜔𝑛+1 − 𝜔𝑛Δ𝑡 + 𝑘𝜔𝑛 = 𝑀𝑛𝑧 . (6)

The aerodynamic torque at the 𝑛-th time step can be com-
puted as follows:

𝑀𝑛𝑧
= ∑

Cut-cells Ωib𝑖,𝑗

[(𝑥𝐶𝑖 − 𝑋𝐶) 𝐹ℎ𝑦𝑎𝑛𝑖,𝑗 − (𝑦𝐶𝑗 − 𝑌𝐶) 𝐹ℎ𝑥𝑎𝑛𝑖,𝑗] . (7)

Here (𝑥𝐶𝑖 , 𝑦𝐶𝑗 ) are coordinates of the center of Ω𝑖,𝑗 cell,(𝑋𝐶, 𝑌C) are coordinates of the point aroundwhich the airfoil
rotates, and𝐹ℎ𝑥𝑎|𝑛𝑖,𝑗 and𝐹ℎ𝑦𝑎|𝑛𝑖,𝑗 are the drag and lift forces acting
on the solid part of the cut-cellΩ𝑖,𝑗 at the 𝑛-th time step:

𝐹ℎ𝑥𝑎𝑖,𝑗 = [𝑛𝑥Δ𝑆]ib𝑖,𝑗 (𝑝𝑖,𝑗 − ]
𝜕𝑢𝜕𝑥
𝑖,𝑗)

− ]Quadib𝑖,𝑗 (𝜕𝑢𝜕𝑦→𝑒 𝑦 ⋅ →𝑛) ,
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Figure 7: The time dependency for the torque 𝑀flow = 𝑀𝑧(𝑡) (on
the coarse grid 272 × 292 with time step Δ𝑡 = 0.0001) and filtered
time dependency𝑀flow = 𝑀𝑧(𝑡) for the torque.

𝐹ℎ𝑦𝑎𝑖,𝑗 = −]Quadib𝑖,𝑗 ( 𝜕V𝜕𝑥→𝑒 𝑥 ⋅ →𝑛)
+ [𝑛𝑦Δ𝑆]ib𝑖,𝑗(𝑝𝑖,𝑗 − ]

𝜕V𝜕𝑦
𝑖,𝑗) .

(8)

Here [𝑛𝑥Δ𝑆]ib𝑖,𝑗 = (𝜗𝑢𝑖−1,𝑗−𝜗𝑢𝑖,𝑗)Δ𝑦𝑗, [𝑛𝑦Δ𝑆]ib𝑖,𝑗 = (𝜗V𝑖,𝑗−1−𝜗V𝑖,𝑗)Δ𝑥𝑖,Δ𝑦𝑗 = 𝑦𝑗 − 𝑦𝑗−1, Δ𝑥𝑖 = 𝑥𝑖 − 𝑥𝑖−1, and Quadib𝑖,𝑗 are the quad-
ratures of the shear stress which depend on the cut-cells [8].

The value of the rotor angular velocity at the next time
step is computed from (6). New rotor position and the
immersed boundary velocity can be defined by using this
value:

𝛼𝑛+1 = 𝛼𝑛 + 𝜔𝑛Δ𝑡,
kib,𝑛+1𝑖,𝑗 = {{{

− 𝑦𝐶𝑗 − 𝑌𝐶𝑦𝐶𝑗 − 𝑌𝐶 ⋅ 𝜔
𝑛 𝑥𝐶𝑖 − 𝑋𝐶 , 𝑥

𝐶
𝑖 − 𝑋𝐶𝑥𝐶𝑖 − 𝑋𝐶

⋅ 𝜔𝑛 𝑦𝐶𝑗 − 𝑌𝐶}}}
.

(9)

Such approach allows reconstructing the level-set function
and all matrices and the source terms required for the next
time step.

When investigating some complicated physical phe-
nomenon, preliminary qualitative estimations for the consid-
ered construction behavior are very important. They allow
finding domains for grid refinement, prediction of the struc-
ture’s dynamic, and estimation of the CFL number. But large
fluctuations in the aerodynamic loads can occur on the coarse
grid. So the values of the torque acting on the airfoil should
be filtered by the low-pass filter (Figure 7). For this purpose,
a second-order Butterworth low-pass filter [16] is designed.

It is necessary to explain the reasons for choosing this
filter. Filters with infinite impulse response are less expensive
from a computational point of view than filters with finite
impulse response.The frequency response of the Butterworth
filter is maximally flat (i.e., has no ripples) in the passband
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and rolls off towards zero in the stopband [16]. Compared
with a Chebyshev type I/type II filter or an elliptic filter, the
Butterworth filter has a slower roll-off and thus will require
a higher order to implement a particular stopband speci-
fication, but Butterworth filters have a more linear phase
response in the passband than Chebyshev type I/type II and
elliptic filters can achieve [16].

The transfer function of the Butterworth second-order
filter is as follows:

𝐻(𝑠) = 1
(𝑠 − (𝑖 − 1) /√2𝜀𝑝) (𝑠 + (𝑖 + 1) /√2𝜀𝑝)

= 𝜀𝑝
1 + √2𝜀𝑝𝑠 + 𝜀𝑝𝑠2 .

(10)

Here 𝑠 ∈ C, 𝑖 = √−1, 𝜀𝑝 = √10𝑅𝑝/10 − 1, and𝑅𝑝 is a distortion
level in the passband.As practice shows, filters of higher order
can lead to the appearance of numerical instability in the
filtered signal. For this function, 𝐻(0) = 𝜀𝑝. Therefore the
following transfer function corresponds to the normalized
Butterworth second-order filter:

𝐻norm (𝑠) = 1
1 + √2𝜀𝑝𝑠 + 𝜀𝑝𝑠2 . (11)

In order to control the filter cutoff frequency, it is necessary
to use the following transfer function:

𝐻LP (𝑠) = 𝐻norm ( 𝑠Ω𝑥) . (12)

The sampling frequency of the torque is equal to 𝑓𝑑 =1/Δ𝑡 in the numerical simulation (Δ𝑡 is a time discretization
step). It is necessary that the filter cut-off frequency is equal to𝑓𝑠 = 5Hz and the suppression level on the cut-off frequency
is equal to 𝑅𝑠 = 3 dB. So, the following condition imposed on
the required filter frequency response function |𝐻LP(𝑖 ⋅ 𝜔)|
(Figure 8) must be satisfied for the required filter transfer
function𝐻LP(𝑠):𝐻LP (𝑖 ⋅ Ω𝑠) = 𝛾 = 10−𝑅𝑠/20,

Ω𝑠 = tan(𝜋𝑓𝑠𝑓𝑑 ) = tan (𝜋𝑓𝑠Δ𝑡) . (13)

Solution of (13) leads to the following result:

1
√1 + (√𝜀𝑝/Ω𝑥)4Ω4𝑠

= 𝛾 ⇐⇒

√𝜀𝑝Ω𝑥 = 4√1 − 𝛾2
√𝛾Ω𝑠 = 𝜉.

(14)

Thus, the desired filter transfer function can be written as
follows:

𝐻LP (𝑠) = 1
1 + √2𝜉𝑠 + (𝜉𝑠)2 . (15)



5ΩsΩs 3Ωs 4Ωs2ΩsΩs/3

 (rad/s)

0.0

0.2

0.4

0.6

0.8

1.0

   H
LP

(i

)   

Figure 8: The required filter frequency response function.

To obtain the corresponding digital filter coefficients,
there is a need to use the bilinear transformation [16]:

𝐻LP (1 − 𝑧−11 + 𝑧−1)
= 1 + 2𝑧−1 + 𝑧−2
(1 + √2𝜉 + 𝜉2) + 2 (1 − 𝜉2) 𝑧−1 + (1 − √2𝜉 + 𝜉2) 𝑧−2 .

(16)

Here 𝑧 ∈ R. It is known that

𝐻LP (1 − 𝑧−11 + 𝑧−1) = 𝑏0 + 𝑏1𝑧−1 + 𝑏2𝑧−21 + 𝑎1𝑧−1 + 𝑎2𝑧−2 (17)

for the second-order low-pass filter with infinite impulse
response. Therefore, it can be obtained from formulae (16)
and (17) that the designed digital filter coefficients are the
following:

𝑏0 = 𝑏2 = 1
1 + √2𝜉 + 𝜉2 ,

𝑏1 = 2
1 + √2𝜉 + 𝜉2 ,

𝑎1 = 2 (1 − 𝜉2)
1 + √2𝜉 + 𝜉2 ,

𝑎2 = 1 − √2𝜉 + 𝜉2
1 + √2𝜉 + 𝜉2 .

(18)

So, the filtered value of the torque acting on the airfoil from
the flow at the time 𝑡𝑛+1 = (𝑛 + 1)Δ𝑡 is

𝑀𝑛+1𝑧 = 𝑏0 ⋅ 𝑀𝑛+1𝑧 + 𝑏1 ⋅ 𝑀𝑛𝑧 + 𝑏2 ⋅ 𝑀𝑛−1𝑧
− (𝑎1 ⋅ 𝑀𝑛𝑧 + 𝑎2 ⋅ 𝑀𝑛−1𝑧 ) . (19)

4. Numerical Experiments

Weconsidered autorotation of Savonius rotor with two blades
(Figure 5) at Re = 1.96 ⋅ 105. The radius of rotation 𝑅 was
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measured from the axis of rotation to the outer edge of the
buckets. The turbine-swept area𝐴 𝑠 is equal to 𝜋𝑅2. Reynolds
number is based on rotor diameter.The following parameters
were used in the simulation:

𝑉∞ = 1.0,
𝑅 = 𝐷2 = 1.0,
𝐷 = 0.1𝐷,
ℎ = 0.05𝑅,
𝑘 = 0.0,
𝐼 = 10.0,
𝛼0 = 𝛼 (0) = 𝜋18 .

(20)

It should be noted that the above-proposed algorithm for
level-set reconstruction can be easy to apply for rotors of
other shapes, that is, Darrieus rotor.

The dimensionless average rotor angular velocity is in the
following range:

𝜔 = 0.4, . . . , 1.6. (21)

Averaging was carried out over 16 dimensionless time units.
This time is enough for the rotor to make full turn with the
smallest value of average rotor angular velocity 𝜔 = 0.4. At
the chosen values of the parameters, tip speed ratio is equal
to

𝑋∞ = 𝑅𝜔𝑉∞ = 𝜔; (22)

torque coefficient value 𝐶𝑄 is obtained by averaging of
nonstationary dependency 𝐶𝑄(𝑡) over time, where

𝐶𝑄 (𝑡) = 2𝑀𝑧 (𝑡)𝜌𝑉2∞𝑅𝐴 𝑠 =
2𝑀𝑧 (𝑡)𝜋 . (23)

Similarly, the power coefficient 𝐶𝑃 is obtained by averaging
of nonstationary dependency 𝐶𝑃(𝑡) over time, where

𝐶𝑃 (𝑡) = 2𝑀𝑧 (𝑡) 𝜔𝜌𝑉3∞𝐴 𝑠 = 2𝑀𝑧 (𝑡) 𝜔𝜋 . (24)

A number of computations have been performed on non-
uniform grid 544 × 496. The uniform mesh block with space
discretization stepΔℎ = 𝐷/128was used in the vicinity of the
rotor. Time discretization step was equal to Δ𝑡 = 10−5. Com-
putations were performed on a server based on the Intel C610
platform using the Intel Xeon E5-1620 V3 4-core processor
(3.5 GHz) with Hyper-Threading support (8 logical cores).
The server is equipped with 16GB of ECC DDR4-2133 RAM
and two hard drives (2 TB), united in a RAID1 disk volume.
This server is running Windows Server 2012 R2 operating
system. To simulate 1 dimensionless time unit, about 24 hours
are required.
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Figure 9: Comparison of computed power coefficients 𝐶𝑃 for a
two-bucket Savonius rotor at Re = 1.96 ⋅ 105 with experimental
data (Sheldahl et al. [17] at Re = 3.9 ⋅ 105 and Shankar [18] at
Re = 1.96 ⋅ 105).
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Figure 10: Time evolution of the power coefficient 𝐶𝑃(𝑡) at Re =1.96 ⋅ 105 and 𝜔 = 0.9. The red line corresponds to the average value𝐶𝑃.

The computed values of the power coefficient 𝐶𝑃 were
compared with the experimental data [17, 18] presented in
[18]. As can be seen from Figure 9, the computational results
are in good agreement with experiment. An example of simu-
lated nonstationary dependency𝐶𝑃(𝑡) and computed value of
the corresponding power coefficient𝐶𝑃 at Re = 1.96 ⋅105 and𝜔 = 0.9 is shown in Figure 10.

5. Conclusions

We have the following conclusions

(i) A software package is developed for numerical sim-
ulation of wind turbine rotors autorotation by using
the modified LS-STAG level-set/cut-cell immersed
boundary method.This software package can be used
for rotors of other shapes (Savonius rotor, Darrieus
rotor, etc.).

(ii) Algorithms for level-set function construction and
recalculation are described.
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(iii) A second-order Butterworth low-pass filter is de-
signed for aerodynamic torque filtrating at simulation
on the coarse grid.

(iv) Simulation of flow past autorotating Savonius rotor
with two blades is considered at Re = 1.96 ⋅ 105.

(v) Computational results are in good qualitative agree-
ment with the experimental data.
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Integrating wind generation, photovoltaic power, and battery storage to form hybrid power systems has been recognized to be
promising in renewable energy development. However, considering the system complexity and uncertainty of renewable energies,
such as wind and solar types, it is difficult to obtain practical solutions for these systems. In this paper, optimal sizing for a
wind/PV/battery system is realized by trade-offs between technical and economic factors. Firstly, the fuzzy 𝑐-means clustering
algorithm was modified with self-adapted parameters to extract useful information from historical data. Furthermore, the Markov
model is combined to determine the chronological system states of natural resources and load. Finally, a power balance strategy is
introduced to guide the optimization process with the genetic algorithm to establish the optimal configuration withminimized cost
while guaranteeing reliability and environmental factors. A case of islandhybrid power system is analyzed, and the simulation results
are compared with the general FCMmethod and chronological method to validate the effectiveness of the mentioned method.

1. Introduction

Hybrid power systems (HPS) [1, 2], especially those depen-
dent on renewable energy generations (REGs), such as solar
photovoltaic (PV), together with wind turbine generations
(WTGs), have been regarded as the most promising config-
urations for remote areas power supply, since it is neither
economical nor practical for delivering power over long
distances. Although these clean energies provide significant
contributions and opportunities, the unpredictable nature [3]
of these resources has posed serious challenges to power
systems [4, 5]. In the context of remote HPS, the greatest
obstacle is to maintain power balance, because the adjustable
capacity depends merely on REGs and batteries [6]. Hence,
the dynamic characteristic of the wind speed and solar
irradiance, together with the power management of batteries,
should be investigated to obtain practical configurations for
HPS.

In previous literature, various methods have been intro-
duced for sizing optimization ofHPS.The stochastic nature of
the REGs has been investigated with several probabilistic and

chronological methods. The autoregressive moving average
(ARMA) is utilized to model the uncertainties of wind
generation, photovoltaic (PV) power, and load in [3, 7, 8].
However, methods for parameters estimation of ARMA are
always somewhat cumbersome. Reference [9] put forward an
efficient approach for sizing optimization in a stand-alone
HPS with Hybrid Big Bang-Big Crunch algorithm. Reference
[10] analyzed the different results obtained by four heuris-
tic algorithms; nevertheless the uncertainties of renewable
energies have not been considered detailedly. Reference [11]
suggested a method for technical and economic optimization
in an isolated PV system; the solar radiation classification and
power supply reliability calculation are performed hourly.
However, only the cluster corresponding to the minimum
solar radiation is selected, which may not be suitable in the
context of HPS. The other investigations are based on gross
chronological data [12, 13] where the computation time is
always too unbearable. In [14], the traditional fuzzy 𝑐-means
(FCM) is adopted, which divides the data of wind speed, solar
radiation, and load evenly. Thus the inherent characteristics
of the data are handled in a somewhat arbitrary way.
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This proposed methodology will be complementary to
the previous studies and take a step further. First of all, time
series analysis [15] was used to describe the characteristic of
hourly wind and solar and load data with FCM, the function
of which is to group the elements of data sets that have
analogous characteristics. Considering that FCM is sensitive
to the initialization number of clusters [16], a parameters
self-adaptive method is introduced to optimize the initial
state. Furthermore, the Markov model [17] is combined to
obtain the system scenarios of HPS. Then the correlation
and time dependency of data sets are maintained with the
time-dependent clusters of the renewable generations and
load power consumption. The optimal sizes for WTGs, PV,
DG, and batteries are determined with the genetic algorithm
(GA), in which a power balance strategy is designed to ensure
that the capitalized and operational costs are minimized
and the reliability requirements, CO2 emission, and batteries
constraints are preserved at the same time.

The remaining parts of the article can be demonstrated
in the following manner. The models of the components in
HPS and the technique of FCM with self-adapted clustering
number are introduced in Section 2. Section 3 presents the
objective function and constraints for optimal sizing method
in HPS. Section 4 utilizes a case of stand-alone hybrid system
located in Hainan, China, to verify the advantage of the
proposed methodology, where the comparison between the
self-adapted FCM model and the traditional model with
chronological data is analyzed. In Section 5, conclusions are
summarized and the relationship between reliability and cost
is discussed.

2. Models of the Components in HPS

2.1. The Components in HPS

2.1.1. WTGs Generation System. The output power of each
WTG [10, 18] is obtained by (1), and the power curve of IEC
61400-12 standard is displayed in Figure 1.

𝑝𝑊 (𝑡) =
{{{{{{{{{{{{{{{

0, 0 ≤ V ≤ Vci,
𝑎V3 (𝑡) − 𝑏𝑝𝑟, Vci ≤ V ≤ V𝑟,
𝑝𝑟, Vci ≤ V ≤ Vco,
0, Vco ≤ V.

(1)

The parameters 𝑎 and 𝑏 are calculated by

𝑎 = 𝑝𝑟(V3𝑟 − V3ci) ,

𝑏 = V3ci(V3𝑟 − V3ci) ,
(2)

where V denotes the rated wind speed, Vci and Vco are,
respectively, the cut-in wind speed and cut-off wind speed.𝑝𝑟 means the rated power of WTGs.
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Figure 1: Power curve of IEC 61400-12 standard.

The overall wind power 𝑃𝑡𝑊 can be derived with (3), and
the total wind energy 𝐸𝑡𝑊 can be obtained with (4):

𝑃𝑡𝑊 = 𝑁𝑊 × 𝑝𝑡𝑊, (3)

𝐸𝑡𝑊 = 𝑃𝑡𝑊 × Δ𝑡, (4)

where𝑁𝑊 is the number of wind turbines and Δ𝑡 is the time
step.

2.1.2. PV System. For each PV panel, the output power can be
obtained [10] with

𝑝PV = 𝑝𝑝V𝑟 × ( 𝐺
𝐺Ref

) × [1 + 𝛼𝑇 (𝑇𝑐 − 𝑇Ref)] , (5)

where 𝑝PV(𝑡) denotes the PV module power at time 𝑡. 𝑃𝑝V𝑟
means the rated power, 𝐺 means the solar irradiance, and𝑅Ref means the referenced solar irradiance, in 1000W/m2.𝑇Ref means the referenced temperature on the surface of
panels, which can be set to be equal to 25∘C. 𝛼𝑇 means the
temperature-coefficients of PV panels, and it can be set to
be equal to −3.7 × 10−3. The temperature 𝑇𝑐 of each cell is
deduced with

𝑇𝑐 = 𝑇air + (((𝑇stc − 20)
800 ) × 𝑅) , (6)

where 𝑇air is the atmospheric temperature. 𝑅 means the
solar irradiance and 𝑇stc means the standard operation cell
temperature and set to be 25∘C.

The overall wind power 𝑃𝑡PV can be obtained with (7), and
the total wind energy 𝐸𝑡PV can be calculated with (8):

𝑃𝑡PV = 𝑁PV × 𝑝𝑡PV, (7)

𝐸𝑡PV = 𝑃𝑡PV × Δ𝑡, (8)

where the number of PV panels is given with𝑁PV.
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2.1.3. Battery Bank and the Power Balance Strategy. To
accommodate the stochastic behavior of PV and wind
resources, battery banks are widely utilized for hybrid power
systems. The power balance strategy is mainly based on
the flexibility of batteries and diesel generations. The diesel
generator in [14] is the only adjustable power generation
without consideration of storage devices. Thus the power
balance strategy is limited to only one pattern, namely, the
diesel generators run to make up for the power shortage of
renewable energies. To maximize the utilization of REG and
minimization of diesel generation, a power balance strategy
is illustrated in Figure 2.

2.2. FCM with Self-Adaptive Cluster Number. In this section,
FCM clustering is modified to identify the operation state
of HPS. The calculation complexity can be significantly
optimized considering the number of states will be much less
than the 8760 h in the chronological methods. Traditional
FCM clustering algorithm can only deal with a prescribed
data set with clustering number given in advance, which is
not flexible in the context of large data sets. A new validity
function [19] is introduced to construct the proportion of
compactness and divergence; thus the cluster number can be
obtained according to the given data set.

2.2.1. FCM Clustering for HPS. The FCM clustering algo-
rithm established by Dunn and then further improved by
Bezdek has been used extensively.

The given data set is divided into 𝑐 clusters relating to
some given criterions to optimize an objective function. The
problem can be formulated as

min 𝐽𝑚 (𝑈, 𝑉) =
𝑐∑
𝑖=1

𝑛∑
𝑗=1

𝑢𝑚𝑖𝑗 𝑑2𝑖𝑗,
𝑐∑
𝑖=1

𝑢𝑖𝑗 = 1, 1 ≤ 𝑗 ≤ 𝑛.
(9)

An effective partition of a given data set should be
divergent and compacted. The degree of compactness and
divergence are evaluated with a clustering validity function.
Hence, a new validity function is adopted in

𝐿 (𝑐) = ∑𝑐𝑖=1∑𝑛𝑗=1 𝑢𝑚𝑖𝑗 V𝑖 − 𝑥2 / (𝑐 − 1)
∑𝑐𝑖=1∑𝑛𝑗=1 𝑢𝑚𝑖𝑗 𝑥𝑗 − V𝑖

2 / (𝑛 − 𝑐) , (10)

where 𝑚 is the fuzzy weighting index and greater than 1 and𝑐 means the clustering number. 𝑛 is the subscript index of
the data set 𝑋, in which 𝑥𝑗 (𝑗 = 1, 2, . . . , 𝑛) is each pattern.𝑥𝑗 (𝑗 = 1, 2, . . . , 𝑛) is the clustering prototype. ‖ ⋅ ‖means the
statistical distance of the very data set. The central vector of
the overall data is given with 𝑥 = (1/𝑛)∑𝑐𝑖=1∑𝑛𝑗=1 𝑢𝑚𝑖𝑗 𝑥𝑗.
2.2.2. Clustering Procedure. Then, the FCM algorithm with
self-adapted clustering number is outlined with the proposed
validity function 𝐿(𝑐). The clustering procedure is illustrated
in Figure 3.

The partition matrix 𝑈(0) is set as an initial condition;
merely two local values of 𝐿(𝑐) are required to be compared

since the solution is locally minimized of the object function,
which validates the effectiveness of Step 4 in Figure 3.

In [14], the cluster number forWTGs is selected by evenly
dividing the range between the cut-in and cut-offwind speed.
The selection of cluster number of PV and load is the same.
However, the inner uncertain nature of the wind resource
may be disregarded by this means, and the accuracy of this
method may be reduced significantly.

In this paper, the cluster numbers for WTGs, PV, and
load are obtained via the method proposed in Section 3.1.
More specifically, the wind speed V, solar irradiance, and
load power can be divided into 𝐶WT, 𝐶PV, and 𝐶LD clusters
coherently. The cluster centers 𝑃𝑊𝑐, 𝑃PV𝑐, and 𝑃LD𝑐 are the
representative in this cluster, namely, the representative state
of wind speed, solar radiation, and load.

2.2.3. The Markov Stochastic Process. In the analysis of a
stochastic process, the Markov chain is an effective method
to relate the probability of a state with the frequency of
the corresponding event. The operation states are 𝑃WT(𝑐WT),𝑃PV(𝑐PV), and 𝑃LD(𝑐LD), where 𝑐WT, 𝑐PV, and 𝑐LD are the state
indices obtained by the proposedmethod in Section 3.1. Take
a wind farm with fourMarkov states as an example, shown in
Figure 4.The state transfer probability and failure rate among
different states are given with 𝜆 and 𝜇, respectively.

If 𝑝𝑐, 𝑐 = 1, 2, . . . , 𝐶, are probabilistic for𝐶 states (𝐶 is the
cluster number), then they should satisfy

𝐶∑
𝑐=1

𝑝𝑐 = 1,
[𝑇] [𝑝1, . . . , 𝑝𝐶]𝑡 = 0.

(11)

The diagonal elements 𝑇𝑐,𝑐 are equal to the negative-
sum of each off-diagonal element at column 𝑐 of transition
probability matrix 𝜑, and the elements in other positions
correspond, respectively, to 𝜑.

𝜑𝑖,𝑗 = 𝑃 (𝑋𝑡+1 = 𝑗 | 𝑋𝑡 = 𝑖) ,
∑𝜑 = 1,
𝜑𝑖,𝑗 = 𝑛𝑖,𝑗

𝑁𝑖 ,
𝑖 ̸= 𝑗,

(12)

where 𝑛𝑖,𝑗 denotes the transition number from state 𝑖 to 𝑗, and𝑁𝑖 means the number of states 𝑖. Rate of departure (RD) is
the modulus of the diagonal elements; the frequency (𝐹𝑖) and
duration for state 𝑖 (𝐷𝑖) can be formulated as

𝐹𝑖 = 𝑝𝑖 ∑
𝑗=1,𝑗 ̸=𝑖

𝜑𝑖,𝑗, 𝑖 = 1, 2, . . . , 𝑐,

𝐷𝑖 = 1
∑𝑗=1,𝑗 ̸=𝑖 𝜑𝑖𝑗 , 𝑖 = 1, 2, . . . , 𝑐.

(13)

The system states of HPS are mainly determined by the
combination of WT and PV states, which also determine the
state of DG and batteries.



4 International Journal of Rotating Machinery

Start

Data input

Yes

Yes

Batteries in charge state

Wind and solar curtailment

No

Batteries in discharge state 

Yes

No

No

Diesel generation operates

Yes

No

End

PW + P０６ ≥ P，＄

E ⩽ Et
＂；Ｎ ⩽ E

E＂；Ｎ,ＧＣＨ ⩽ Et
＂；Ｎ ⩽ E＂；Ｎ,Ｇax

Et
＂；Ｎ = Et−1

＂；Ｎ × (1 − ) +

(Et
０６ + Et

W − Et
，＄) × ＂；Ｎ

Et
＝ＯＬＮ = Et

０６ + Et
W − Et

LD −

E＂；Ｎ,Ｇ；Ｒ + Et−1
＂；Ｎ × (1 − )/＂；Ｎ

Et
＂；Ｎ = Et−1

＂；Ｎ × (1 − ) −

(Et
，＄ − Et

PV − Et
W) × ＂；Ｎ

＃／2 ≤ ＃／2Ｇ；Ｒ

，０３０ ≤ ，０３０Ｇ；Ｒ

Et
DG = Et

，＄ − Et
０６ − Et

W −

Et−1
＂；Ｎ × (1 − ) + E

LPSP and ＃／2 calculation

＂；Ｎ,ＧＣＨ ＂；Ｎ,Ｇax

＂；Ｎ,ＧＣＨ

Figure 2: Power balance strategy of HPS.

Stop

Yes

No

No

Yes

Initialization

Partition matrix 

Prototypes calculation

Start

c > 2,  > 0, k = 0, V(0) , L (1)

V
(k+1) − V(k) < 

k = k + 1

L(c − 2)

L(c)
< L(c − 1)

u(k)
ij = 1/ ∑c

r=1(d
(k)
ij /d(k)

rj )2/(m−1)

(k+1)i = ∑n
j=1 (u(k)

ij )
m
xj/ ∑

n
j=1 (u(k)

ij )
m

Figure 3: Self-adapted clustering procedure.



International Journal of Rotating Machinery 5

P1

P4

P3

P2

21

12
32

23

31

41

14 34

43

13

Figure 4: Four-state Markov model.

3. Sizing Optimization
3.1. Objective Functions. In the proposed optimal sizing
methodology of HPS, the main goal is to determine the
amounts of each kind of DG. For a given system load, the
objective can be set for the overall cost optimization.

Min 𝐶𝐹 (𝑥) = min∑𝑁𝑖𝐶𝑖,𝑗, (14)

where subscript 𝑖 denotes the type of generations, namely,
WT, PV, DG, and batteries, and 𝑗 contains the cost of the unit,
installation, and fuel consumption of the HPS.

The fuel consumption of the DGs using fossil fuel is given
with

𝑓 (𝑃𝑑) = 𝑎 + 𝑏 ⋅ 𝑃𝑑 + 𝑐 ⋅ 𝑃𝑑2. (15)

Then the cost model of a diesel generator is

𝐶𝑑 = (𝑐1 ⋅ 𝑃𝑑𝑟 + 𝑐2 ⋅ 𝑃𝑑𝑟 + 𝑓 (𝑃𝑑) ⋅ 𝑐3) ⋅ 𝑁𝑑. (16)

For the DGs using renewable energy resources like WG
and PV, the operation cost can be ignored. For the DGs using
fossil fuel, the operation cost should be accumulated in the
studied period. The combustion of fossil fuel will contribute
to the emission of CO2 and gaseous pollutants. The ramping
characteristics of diesel generation are neglected in the article
since the time resolution is set to be one hour.

In (17), the fuel consumption cost 𝐶𝑑 can be obtained.

𝐶fuel
𝑑sum = 8760∑

ℎ=1

𝐶fuel
𝑑 (𝑃𝑑 (ℎ)) . (17)

By means of FCM clustering, it can be reduced to

𝐶fuel
𝑑sum = 𝐶fuel

𝑑 (𝑃𝑑 (𝑐)) × 𝐹 (𝑐) × 𝐷 (𝑐) × 8760, (18)

where 𝑃𝑑 can be obtained with the proposed power balance
strategy.

3.2. Constraints. On the basis of normal operation in the
stand-alone HPS, in order to associate the reliability factor
and environmental factors, the main constraints of the
proposed methodology are as follows.

3.2.1. Power Balance in the Given Time Resolution. The
foundation of the sizing optimization problem is the power
balance.Thepower balance strategy in this paper is illustrated
in Figure 2 (power balance strategy of HPS). The power
balance equation is

𝑁𝑥.𝑖.𝑡∑
𝑗=1

𝑃𝑖.𝑡.𝑗 = 𝑃𝐿.𝑡, (19)

where 𝑁𝑥.𝑖.𝑡 means output power of each kind of DG in the
given time interval 𝑡, the length of which is associated with
the length of the planning period and is set to be 1 h in this
paper.

3.2.2. The Minimum and Maximum Scale of the DGs

𝑁𝑖min ≤ 𝑁𝑖 ≤ 𝑁𝑖max, (20)

where the subscripts max and min mean the maximum and
minimum restraints for DG scales, respectively.

3.2.3. Battery Constraints. At time 𝑡, the value of charge level
for each battery bank should satisfy

𝐸Bat,min ⩽ 𝐸Bat (𝑡) ⩽ 𝐸Bat,max. (21)

The battery banks capacity (𝑆Bat) sets the maximum
value of charge level (𝐸Bat,max) and the depth of discharge
(DOD) determines theminimum value of charge level for the
batteries (𝐸Bat,min).

𝐸Bat,min = (1 − DOD) × 𝑆Bat. (22)

3.2.4. Reliability Index. LPSP (loss of power supply probabil-
ity) is selected for its simplicity, which can be derived from
the division of total time of power unbalance and the studied
period with

LPSP = ∑TP
𝑡=1 (𝐸Load (𝑡) − 𝐸Gen (𝑡))

∑𝑇𝑡=1 𝐸Load (𝑡) . (23)

The subscript “max” signifies the maximum limits.

3.2.5. Environmental Factors. The CO2 emission of the DGs
using fossil fuel can be obtained with (24), when considering
it in the total period, and should be constrained by a
maximum CO2

max.

CO2 = 𝑑 + 𝑒 ⋅ 𝑃𝑑 + 𝑓 ⋅ 𝑃𝑑2 (24)
CO2 ≤ CO2

max. (25)

In this article, 𝑑, 𝑒, and 𝑓 of a 30-kW diesel generator are
set to be 0.028144, 0.001728, and 0.0000017.

3.3. Using Genetic Algorithm to Get Optimal Solution. The
genetic algorithm (GA) is chosen to solve the sizing problem
considering its ability to obtain a globally optimal solution
for optimization problems. It is inspired by the process
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of biological evolution, namely, crossover, mutation, and
selection.The population of individual solutions is repeatedly
modified with a “fitness” function, typically related to the
objective function.

In this article, the optimization problem (14)∼(25) is
handled with GA, where the variables 𝑁WT, 𝑁PV, 𝑁DG, and𝑁BAT are linked to form the gene strings in the state variable
(chromosome), and (14) is set to be the fitness function.

4. Results

4.1. Case Introduction. The data from an island in Hainan
province of China are used to analyze the proposed problem.
There are abundant wind and solar resources in this island.

4.2. Simulation Results and Analysis. The monthly average
wind speed, solar irradiation, temperature, and load power
profile consumption are shown in Figures 5–8.

Firstly, the wind speed V, illumination𝐺, and temperature𝑇 are imported to the HPS model to obtain the power output
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of WTGs (𝑃𝑊) and PV (𝑃PV). Then the cluster numbers for
WT, PV, and load are obtained via the method proposed in
Section 2.1.The cluster centersVc,Gc, andLc are, respectively,
the representative states for wind speed, solar irradiance, and
load, illustrated in Tables 1–3.

According to the simulation results from self-adaptive
FCM, the optimal cluster numbers for windWT, PV, and LD
are 10, 5, and 8. Namely, eachWT has 10 states, each PV has 5
states, and the overall load has 8 states. There are 80 possible
states for the renewable energy generations as a whole. It can
be noted here that the scenario of HPS has been significantly
simplified.

The operation scenario considered here is greatly simpli-
fied to be the aggregation of clustering states. The outputs
of DGs and batteries are also determined by these states,
according to the power balance strategy demonstrated before.

For a new state, the probability is the multiplication of
state probabilities for every individualWTG, PV, and LD.The
frequency 𝐹 and duration time 𝐷 for a new scenario can be
obtained likewise.
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Table 1: Markov model of WT/35 kW.

State (𝑐1) Pw/kW ps RD 𝐹/(oc⋅h−1) 𝐷 (h)
1 0.20 0.08 0.47 0.03 2.15
2 3.90 0.09 0.65 0.05 1.53
3 7.48 0.15 0.52 0.08 1.92
4 10.99 0.08 0.82 0.07 1.22
5 14.56 0.08 0.59 0.05 1.69
6 18.08 0.09 0.62 0.12 1.61
7 21.86 0.09 0.85 0.08 1.18
8 25.89 0.06 0.72 0.06 1.39
9 30.19 0.09 0.84 0.08 1.20
10 34.87 0.19 0.76 0.07 1.32

Table 2: Markov model of PV/200W.

State (𝑐1) 𝑃PV/W ps RD 𝐹/(oc⋅h−1) 𝐷 (h)
1 1.37 0.61 0.37 0.22 2.71
2 83.14 0.10 0.62 0.06 1.63
3 37.23 0.13 0.44 0.06 2.29
4 134.05 0.09 0.59 0.05 1.69
5 188.58 0.07 0.26 0.02 3.82

Table 3: Markov model of load.

State (𝑐1) 𝑃PV/W ps RD 𝐹/(oc⋅h−1) 𝐷 (h)
1 135.66 0.16 0.67 0.11 1.49
2 83.78 0.18 0.56 0.10 1.77
3 156.19 0.17 0.74 0.13 1.34
4 217.17 0.07 0.82 0.05 1.23
5 182.49 0.10 0.63 0.07 1.60
6 63.81 0.17 0.22 0.04 4.46
7 111.11 0.13 0.51 0.06 1.96
8 268.08 0.03 0.28 0.01 3.61

Then the results from chronology-based, traditional FCM
based, and the self-adapted clustering number based GAs are
compared; results are illustrated in Table 4. GA is capable
of realizing global optimization but cannot guarantee it. The
chronological-based method requires 8760 iterative loops,
and the traditional FCM based method needs 920 (=23 ∗ 4 ∗
10) iterative loops, and the proposed method needs 400 (=10∗ 5 ∗ 8) iterative loops.

It should be noted that the wind energy is superfluous
in the winter nights. The output power of PV panels is
redundant in the summer daytimes.

It can be found that chronology-based method is the
most time-consuming due to complicate loops. With regard
to the overall cost, the proposed method still has advantages.
Figure 9 shows the iteration performance for the mentioned
algorithms.

The proposed self-adapted FCM clustering model is
superior to traditional method in two aspects:

(1) Compared to chronological-based methods, with the
reduction of investigated data set, the number of
system scenarios of HPS can be significantly reduced,
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Basic FCM
Chronology data
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Figure 9: Iteration performance comparison.

and the computation burden and CPU time can be
significantly reduced, shown in Table 4.

(2) Compared to the traditional FCM based method,
the clustering numbers of data sets are inherently
obtained and optimized, which increases the prob-
ability to obtain a global optimum solution. While
the traditional method simply makes the partition by
uniform division, the scenarios selection is somewhat
arbitrary and disregards the inner stochastic charac-
teristic of the data sets. Thus the basic FCM based
method finally obtains a locally optimized solution.

In the proposed method, the benefits of the renewable
energies are thought to be the reduction of CO2 and the
improvement of LOSP, which has been set as constraint to the
very problem. Considering the impacts of different reliability
index on the investment cost, let CO2

max be 30000 kg/y. The
overall investment cost grows higher as the reliability request
(LPSPmax) increases, as shown in Figure 10. The impact of
CO2 is similar to the LPSP index.

Actually, the benefits of the reduction of CO2 and the
improvement of LOSP are negatively related to the cost
optimization procedure. We have modified the discussion on
this issue in our revised manuscript.

5. Conclusion

In this paper, a novel method utilizing the self-adapted
FCM clustering combined with the Markov model and GA
is proposed to determine the best mix of HPS. A power
balance strategy is also designed to guide the optimization
process. The self-adapted FCM clustering can handle the
stochastic characteristics of REGs, and theMarkovmodel can
significantly reduce the operational scenarios of REGs. The
proposed method has comparable competitive overall cost,
and it can be concluded that the benefits of the reduction of
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Table 4: Performance comparison.

Method 𝑁𝑤 𝑁PV 𝑁𝑑 𝑁bat Cost/M$ CO2/kg Time/s
Proposed method 15 126 62 864 2,03M 556,000 27.5
Basic FCM 10 96 56 956 2.20M 542,000 27.8
Chronology-based 13 104 64 886 2.06M 560,000 126
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Figure 10: Sensitivity analysis of LPSPmax and cost.

CO2 and the improvement of LOSP are negatively related to
the cost optimization procedure.

The future work will include the following:

(1) Improving the clustering model to further study the
correlation among renewable resources

(2) Adding the local and global control strategy to the
power balance analysis process

(3) Extending the proposedmethod to the operation plan
stage of the HPS.
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This work presents a hydromechanical transmission coupled to an electric AC motor and DC generator to simulate a wind power
turbine drive train. The goal of this project was to demonstrate and simulate the ability of a hydrostatic variable ratio system to
produce constant electric power at varying wind speeds. The experimental results show that the system can maintain a constant
voltage when a 40% variation in input speed is produced. An accompanying computer simulation of the system was built and
experimentally validated showing a discrete error no larger than 12%. Both the simulation and the experimental results show that
the electrical power output can be regulated further if an energy storage device is used to absorb voltage spikes produced by abrupt
changes in wind speed or wind direction.

1. Introduction

Wind power generators are a technology that contributes
to sustainable energy and low impact to the environment.
However, some of the challenges that the current wind power
industry face are high installation and maintenance costs
and reliability issues [1–4]. To be able to reduce the cost of
wind power energy in general, the wind power industry must
invest resources in developing wind power technologies that
decrease the total cost of the produced energy. This can be
done if wind power turbines operate efficiently at broader
wind speed ranges, while maintaining optimum electrical
generator shaft speeds, so they can generate more electric
power regardless of the wind speed. There is a great impact
on the turbine reliability whenmajor components of the wind
power turbine like the gearbox or the generator fail because
this creates an extended mean time to repair (MTTR) [4–6].
Therefore, reducing failure and maintenance of these major
components reduces the cost of operation of the wind power
turbine, which in turn reduces the cost of energy itself.

The power coefficient 𝐶𝑝 in (1) is a parameter used for
measuring the efficiency of the wind energy captured by the

turbine; this coefficient represents the ratio of themechanical
power output of the turbine to the power input from thewind.

𝐶𝑝 =
𝜂𝑑
𝜂𝑚𝜂𝑔
. (1)

𝜂𝑑 is the aerodynamic efficiency of the turbine and
𝜂𝑚 and 𝜂𝑔 are the electric generator efficiency and the
gearbox efficiency, respectively [7].Themaximum theoretical
achievable 𝐶𝑝 is 59%; this condition, which is derived from
fluid mechanics principles is known as the Betz limit [7]. The
direct consequence of this limit is that no more than 59% of
the available power in the wind can be captured.

The tip speed ratio 𝜆 (see (2)) is parameter used to define
the ratio between the tangential velocity of the blade and the
wind speed. The family of plots shown in Figure 1 illustrates
the effect of the tip speed ratio on the power coefficient𝐶𝑝 for
various pitch angles of the same blade.

𝜆 = TSR = 𝜔𝑅
𝑉
=
2𝜋𝑅𝑁

𝑉
, (2)

where 𝜔 is the rotational speed of the blades, R is the
radius of the wind turbine, and V is the wind speed. As
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Figure 1: Power coefficient versus tip speed ratio [8].

the wind speed varies, the pitch angle of the blade needs to
be adjusted to operate at the optimal 𝐶𝑝. Inevitably, when
the wind speed varies, the shaft speed of the generator also
changes because the rotor’s shaft is directly (direct drive)
or indirectly (gearbox) coupled to the generator’s shaft.
That means that the electric generator will produce electric
power at variable frequencies that need to be conditioned
using power electronics to match the constant frequency
standard of the electric grid. The challenge of using this
approach is the increased complexity, cost, weight, and size
of the wind turbine components and it reduces its efficiency
and reliability. Additionally, most common current electric
generators operate more efficiently at their constant rated
shaft speed, which is normally a single value between 1800
and 2200RPM. This is particularly true, for field induced
generators, but it also affects permanent magnet motors
because the amount of power produced is proportional to the
input shaft speed.

Various studies [9–15] have proposed the use of hydro-
dynamic, hydrostatic, or mechanical continuously variable
transmissions (CVT) instead of using fixed or variable speed
gearboxes; the objectives of incorporating a CVT to replace
the gearbox are to improve the overall reliability of the wind
turbine, reduce the weight of the nacelle components, reduce
down-time, and significantly reduce the cost of installation
and operation. The use of power electronics systems used to
convert the electric output of the generator with the grid is
known [11] to reduce the captured wind power in the 93-94%
range for wind speeds between 6 and 11m/s.

When replacing the fixed ratio mechanical gearbox or
the power electronics systems in a wind power drive train
with a CVT, the overall efficiency of the turbine will be
increased because the generator’s shaft will turn at its optimal
speed while maintaining an ideal tip speed ratio 𝜆 to achieve
a maximum power coefficient 𝐶𝑝 [7]. While the hydraulic
hydrostatic transmission will introduce a power loss due
to its overall efficiency of approximately 86–93%, the cost,

reliability, and maintenance benefits of implementing this
solution would offset the ∼1–12% loss in energetic efficiency.

The hydrostatic transmission will be the focus of this
project because it is a technology that has been proven
to be reliable and cost effective. Additionally, hydrostatic
transmissions allow novel and flexible designs where the
generator is placed at the floor level for easier, less costly, and
safer maintenance. A hydrostatic transmission is a variable
speed rotary drive that consists of one or more positive
displacement hydraulic pumps connected to one or more
positive displacement hydraulic motors. The main function
of the hydrostatic transmission is to convert mechanical
power into hydraulic power (pressure and flow) and after
transmitting it through piping or hoses convert it back into
mechanical power to be used in an application. A hydrostatic
transmission fitted with a fixed or a variable displacement
(flow) pump and a fix or a variable displacementmotor allows
the output shaft to deliver a nearly constant power at varying
speeds, similar to the requirement for wind power turbines.

The work by Thul et al. [9] provided theoretical evidence
that these types of transmissions would dampen the large
torque impulses created from wind gusts and turbulence,
which translates into lower loads on the bearings of the
generator, therefore increasing their life. Preliminary sim-
ulation results from Thul et al. [9] and Yang et al. [12]
revealed that a wind power turbine fitted with pitch control
and or a continuously variable transmission could operate
at an optimal power coefficient even at speeds close to the
cut in speed (minimum operating speed); this would allow
capturing more energy from the wind at these lower speeds
and capturing more power at the turbine’s rated speed.

The main challenge for using hydrostatic transmissions
in wind power generation is the lack of pumps and motors
that can match the power requirements of current mid-sized
(250 kW to 750 kW) and large sized wind power turbines
(750 kWormore); most of the larger displacement pumps are
rated for a little less than 250 kW. Researchers investigating
the use of hydrostatic transmissions for wind power use
have recurred to three alternatives: (1) limiting the wind
power capacity to less than 250 kW [9], (2) using more
than one pump and more than one motor to meet the flow
requirements of larger size wind turbines [11], and (3) design-
ing hydrostatic transmissions with an experimental large
displacement pump.Wind power turbines larger than 150 kW
are typically fitted with three phase alternating current (AC)
generators at 690V; this current is then sent to a transformer
to increase the voltage several thousand volts up to 30,000
volts, making it up for transmission in high voltage lines [16].

The aim of this project was to design, build, and test a
small scale experimental bench system with the flexibility
to simulate various wind speed profiles. At the same time,
the principal objective was to integrate control algorithms
for measuring and demonstrating a variable ratio hydrostatic
transmission.

The design of the simulator encompasses two associated
fields: hydraulics and electrical systems. The first system is
involved in the transmission of the mechanical energy from
the wind turbine into the electrical generator by using a
hydrostatic transmission. The second system, is in charge of
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controlling the different gear ratio of the system tomaintain a
constant voltage output and also adjusting the simulatedwind
speed.

2. Theoretical Approach

This study section focuses on the flow of power through
the system, as it is depicted in Figure 2. The magnitude of
the power available in the wind 𝑃wind is quantified using the
expression in

𝑃wind =
1

2
𝜌𝐴𝑉3, (3)

where 𝜌 is the density of the air at the altitude at the wind
turbine is location, 𝐴 is the transversal area that is being
passed by the wind, in this case the area swept by the blades
while it is spinning, and 𝑉 is the velocity of the wind.

The power that the turbine extracts from the wind (𝑃𝑡),
as it was mentioned in the background section, is calculated
using the power coefficient using (3):

𝑃𝑡 = 𝐶𝑝 (TSR, 𝛽) 𝑃wind =
1

2
𝐶𝑝𝜌𝐴𝑉

3. (4)

The power extracted by the turbine is equal to the power
on the shaft, if the rotor is assumed to be rigid (no torsion).

𝑃𝑡 = 𝜔tS𝑇aero. (5)

Then, the mechanical power from the rigid shaft is
converted into hydraulic power by a hydrostatic pump.

𝑃ℎ = 𝜂𝑝tot𝑃𝑡. (6)

And the hydraulic power is defined as

𝑃ℎ = Δ𝑝𝑄. (7)

The total efficiency of the pump (𝜂𝑝tot) is the product
between the volumetric (𝜂vol) and the mechanical (𝜂mec)
efficiencies of the pump. The volumetric efficiency of a
hydraulic machine is defined as the ratio between the real
flow produced and the theoretical flow. Meanwhile, the
mechanical efficiency is equal to the ratio between the real
torque and the theoretical torque required to drive the pump.

𝐷 is the hydraulic machine displacement and 𝑛 is the shaft
speed in RPM.

𝜂vol =
𝑄

𝐷𝑛
,

𝜂mec𝑝 =
𝐷Δ𝑝

𝑇
.

(8)

Once the fluid is pressurized by the pump, it is trans-
ported by the hoses to the hydraulic motor where the power
is transformed back intomechanical power and coupled to an
electrical generator shaft.

𝑃GS = 𝜂tot𝑚𝑃ℎ. (9)

The total efficiency in the case of the hydraulic motor
is similar to the pump; the total efficiency is the same
product between the volumetric and mechanical efficiency.
The volumetric efficiency is expressed the same way; the
difference is in the mechanical efficiency; the expressions are
reversed.

𝜂mec𝑚 =
𝑇

𝐷Δ𝑝
, (10)

where 𝑇 corresponds to the ideal hydraulic machine’s shaft
torque and 𝜔 is the rotational speed. Power on the generator
shaft is expressed in the following equation.

𝑃GS = 𝜔GS𝑇elec. (11)

Finally, the energy is transformed frommechanical power
to electrical power by means of the generator using the
electromagnetic theory.

𝑃elec = 𝜂gen𝑃GS. (12)

3. Materials and Methods

3.1. Wind Speed. The rotational energy generated by a wind
power turbine is proportional to the kinetic energy in the
wind. The simulator replaces the wind turbine by a Brook
Crompton Americas, 3-phase, 60Hz, NEMA 56 electric
motor (BF4N.33-2). The variation of the kinetic energy of
the wind is simulated with the inclusion of a Teco Westhing-
house electric inverter (JNEV-101-H1). The electric inverter
varies the frequency at the motor power lines from 0Hz
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Figure 3: Test bench hardware setup.

to its nominal value of 60Hz, proportionally affecting the
rotational shaft speed of the motor between approximately
0 to 1800 rpm. These values of the frequency are assumed to
be linearly proportional to the input wind speed, where 0Hz
corresponded to 0 wind speed and 60Hz corresponded to
themaximumpermissible wind speed on a small wind power
turbine (<50 kW) of approximately 15m/s.

3.2. Hydraulic System. The electric motor is coupled to a
10.3 cc/rev variable displacement pump (Hydro-Gear, PG-
1HCC-DL1X). This is the first component of a hydrostatic
transmission, transducing the mechanical power from the
electric motor into hydraulic power. The hydraulic power is
then transmitted to a fixeddisplacement hydraulic gearmotor
(Double AHydraulics, MFG 2), which converts the hydraulic
energy back into mechanical energy. The hydraulic motor
is coupled to a permanent magnet generator (GS Electric,
B4CPM-102T) which converts the mechanical energy into
electrical energy.

The variable displacement hydraulic pump regulates the
amount of energy transferred to the hydraulic motor by
adjusting the angle of the swashplate, hence adjusting the
volumetric flow rate delivered by the pump. Regardless
of the mechanical energy generated by the electric motor,
the hydraulic power delivered to the hydraulic motor is
adjusted to maintain an approximated constant power. The
adjustment of the swashplate is accomplished by means of
a linear actuator attached to the pump trunnion arm. The
simulator regulates the angle according to the amount of the
electrical energy required at the output of the DC generator.
The rotation of the generator’s shaft generates a current
proportional to the rotational speed, which in turn is rectified
into a DC signal (Figure 3).

3.3. Control. The wind speed is simulated by adjusting
the driving frequency of the 3-phase electric motor. The
frequency range can be adjusted from 0 to 60Hz. The actual
rotation speed depends on the mechanical load applied at the
rotor. The wind profile tested is described in Section 5.

The driving frequency is controlled by using the EI. The
frequency can be manually adjusted using a knob or via an
analog signal at a predefined input port of the EI. The con-
venience of using an analog signal to control the frequency
relies on the ability to implement an automatic system that
programmatically changes the frequency following a given
pattern or data set. This feature allows the system to simulate
a wind profile.

Mechanical coupling between the electric motor and the
hydraulic pump is achieved by the use of a jaw type couplings.
These couplings include an elastomer insert between metal
hubs. The insertion of the nonmetallic elastomer creates
the opportunity to place a proximity sensor (Allen-Bradley,
872C-D3NN12-D4) to measure the rotational speed. A revo-
lution of the rotor is measured by the number of teeth sensed.
On a three teeth hub, a full revolution occurs when six teeth
are sensed.

The rotational displacement of the rotor is transduced
into hydraulic flow and pressure at the variable hydraulic
pump. This variable capability is of crucial importance for
the system. By adjusting the flow, the energy transduced by
the electric generator can be controlled, hence maintaining a
constant output voltage independent of the wind speed.

The flow rate at variable hydraulic pump is achieved
by adjusting the angle of the swashplate. The swashplate is
attached to a trunnion arm that can be externally manipu-
lated to control the flow. A linear actuator is connected to
the trunnion arm. The direction and rate of displacement of
the actuator are performed by a power driver connected to a
personal computer.

The hydraulic pump is connected to a hydraulicmotor via
hydraulic hoses. A flow meter and pressure sensor measure
these two parameters at one of the hoses that connect the
pump to the motor. Due to the nature of the system, the
hydraulic flow is allowed to go in only one direction.

The hydraulic motor then transfers the energy to an
electric generator. The mechanical coupling is accomplished
through a jaw type coupling, where the rotational speed is
measured using a hall effect sensor (Cherry, MP1005).

The permanent magnets of the electric generator create
the excitation field necessary to induce current on the station-
ary coil. Additionally, a rectifier circuit converts the resulting
AC voltage from the coil into a DC signal which is measured
using the voltmeter (Tenma, 72-7735). Figure 4 shows a
schematic representation of the hardware components.

3.4. Instrumentation and Control Algorithm. The instrumen-
tation includes two hall effect sensors, a flow meter, and a
pressure sensor. All these signals are sensed using a data
acquisition card DAQ (NI USB-6221) connected to the
personal computer. The multimeter is connected directly to
the PC via its serial port.

Two output signals are controlled by the system, driving
frequency at the EI, and flow rate at the hydraulic pump.The
frequency is adjusted by an analog signal generated at the
DAQ card, while the flow rate is controlled by adjusting the
length of the linear actuator connected to the trunnion of the
hydraulic pump.
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The control algorithm follows a state machine architec-
ture. Each state corresponds to a particular activity in the
system as presented in Figure 5. The system starts by setting
the desired frequency at the motor driver. This frequency
corresponds to a particular simulated wind speed. Then,
different variables are measured in the system: selected
frequency, revolutions perminute (RPM) at themotor driver,
RPM at the generator, hydraulic flow rate, pressure at outlet
of the variable displacement pump, actuator position, and
voltage at the electric motor.

The control of the variable displacement hydraulic pump
is achieved by adjusting the swashplate using a linear actuator.
A proportional control commands the adjustment of the
actuator stroke length, either reducing or increasing it. The
adjustment is performed until the signal error reaches ±0.5 V
from the desired output voltage at the DC generator.

4. System Characterization

4.1. Hardware Characterization. The system was character-
ized to identify its operating range: frequency and DC output
voltage. In the first series of tests, the angle of the variable
swashplate was kept constant, starting at 25% of its maximum
flow, increasing in steps of 25%, up to 100% displacement.

100%

75%
50%

25%

5 10 15 20 25 30 35 40 45 50 55 600
Frequency (Hz)

0

10

20

30

40

50

60

Vo
lta

ge
 (D

C)

Figure 6: Voltage generation at different swashplate angles.

The control system was disabled and the electric load was the
voltmeter. Figure 6 shows the polynomial fits of the collected
voltage data; the fitted data is shown here to cleanly depict
the frequency trends at various pump displacement values.
It this figure, it can be seen that at 25% pump displacement
the system can generate a maximum of 22V. The maximum
output voltage increaseswith the swash plate angle, up to 52V.
It is important to notice that increasing the swash plate angle
does not necessarily implies reaching a higher output voltage.
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Figure 8: Voltage control for a constant ratio of frequency change.

This can be observed for the case when the angle is 100%.The
voltage follows a similar path as per 75%; however at around
20V the voltage decreases as the frequency increases.This can
be explained because of the reduced capacity (displacement)
of the hydraulic motor with respect to the pump. Because of
its smaller size, the motor cannot admit 100% of the pump
output; this creates an increase in the system pressure that in
turn dampens the hydraulic pump, reducing the speed of the
rotor. Hence, a hydraulic motor with a larger input capacity
can produce a larger output voltage.

Due to the hardware constrains, it was decided to operate
the system with a maximum output voltage of 48V to avoid
overheating of the input electric motor when the damping
increases at the hydraulic pump. A second set of tests
investigated the performance of the control at different output
voltages. The frequency decreases on each case steadily by
1.5Hz from 58Hz down to the point where the rotor at the
electric motor stops rotating due to damping. From Figure 7
it can be seen that there is a minimum voltage that any given
frequency can generate, which follows the following equation.

𝑉min = 1.5𝐹 − 4.5, (13)

where 𝑉min represents the minimum DC voltage and 𝐹 is the
generator’s frequency in Hz.

To evaluate the performance of the controller, the output
voltage set-point was fixed to 24V, while the input frequency
was varied between 35 and 58Hz every 60 s, as shown in
Figure 8. In all the cases the electric load at the DC generator
was the voltmeter with a 10MΩ input impedance.

Figures 9 and 10 present a detailed view of the test
when the input frequency was increased and decreased,
respectively. Right after the frequency changes, the output
voltage increases its error relative to the set-point. Few
seconds later, the system adjusts the flow to reduce this error
to a maximum of ±0.5 V error band.
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Figure 9: System adjustment as the frequency increases by 1.5Hz.
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The previous test was repeated reducing the time of
the intervals between frequency changes, from 60 s to 1.5 s.
Figure 11 shows the standard error deviation as the interval
was reduced. The error increases as the time reduces; the
system becomes less stable. At higher rates of change, the
system cannot maintain the set voltage at the same pace as
the frequency.

4.2. Computational Model of the System. A computational
model of the hardware was built using Matlab Simulink. The
system characterization presented in the previous sectionwas
used to model the hydraulic and electric systems present
in the test bench. Figure 12 shows the full implementation
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Figure 12: Computational model of the hydraulic wind power drive train.

Table 1: Model main parameters.

Parameter Units Value
Input shaft speed RPM Variable
Electric motor inertial mass Kg⋅m2 0.0008
Pump displacement cm3/rev 18.02
Fluid viscosity cSt 55.4
Fluid density Kg/m3 890
Bulk modulus bar 14560
Hydraulic motor displacement cm3/rev 0.29
Electric motor armature resistance ohms 0.6
Torque constant N⋅m/A 0.159

of the model. The simulation included all of the hydraulic
components, theDCelectric generator, the controller, and the
DC linear actuator. All of these models were validated using
the experimental data and are summarized in Table 1.

5. Results and Discussion

A wind profile obtained from a real wind power turbine was
used to evaluate the system. The data depicted in Figure 13
represents the wind measurements obtained over a period of
24 hours, one data point every hour. The data points were
used in weighted estimates to span from 32Hz to 58Hz
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Figure 13: Voltage generation with control disabled.

to represent wind speeds between 0.4 and 17.2m/s. These
frequencies were used to drive the electric motor effectively
simulating a variable wind speed.

An initial test evaluated the response of the system as
the simulated wind was being changed. In this first test no
control was enabled. The electric generator was connected
to a 24V gear motor to simulate a constant load. The gear
motor was estimated to consume an approximate 6W of
power. The results of this test are shown on Figure 13. The
variable hydraulic pump was adjusted at the beginning of the
test to generate 24V at 47Hz. The voltage at the generator
follows the same path as the driving frequency of the electric
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Figure 14: Voltage output for a varying wind speed input with
control disabled.

motor, as expected. This case represents a fix gear ratio drive
train, where the connection between the nacelle and the
electric generator is fixed. This means the amount of power
captured from the wind is reduced when the wind speed is
lower than the nominal wind speed. However, if the wind
speed is higher than the nominal value, the aerodynamic
efficiency of the turbine is reduced to accommodate the
optimal generator speed. At a certain high wind speed above
the cut-off speed the nacelle is repositioned so that the
turbine spins at a lower RPM. The generator output shown
in Figure 13 demonstrates that undesirable variable voltage
outputs are obtained at variable winds speeds; this system
would be inefficient because the generated electric power
would need to be rectified and regulated in order to be used
by an electrical application.

The computational model was tested using the disabled
controller. A comparison between the experimental data and
the simulation is shown in Figure 14.The simulation followed
the experimental results very closely with an accuracy as low
as 12.5% at the worst case at 29 volts DC. The simulation
was able to dynamically replicate the input signal without a
significant time delay.

In the next experiment, the control was enabled and the
test was performed under the same conditions described
for the first experiment. It can be observed in Figure 15
that the system automatically adjusts itself to maintain a
constant 24V despite the input frequency. Overshoots can be
observed when the frequency changes significantly; however,
the voltage returns to the set-point within and average of
15 sec. These overshoots could be reduced if a hydraulic
accumulator or another energy storage device was added to
the system. A hydraulic accumulator is a device that captures
hydraulic energy by storing pressurized fluid in a vessel; the
pressurized vessel will increase its pressure as more fluid is
pushed into the accumulator. Likewise the pressurized energy
is released when the fluid is evacuated from the vessel. The
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Figure 15: Hydraulic wind power drive train with enabled con-
troller.
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Figure 16: Voltage output for a varying wind speed input with
control enabled.

accumulator contains a gas chamber that is allowed to change
in volume such that when pressurized fluid rushes into the
accumulator, the gas chamber is compressed, hence storing
energy in the form of pressurized gas.

Results byDutta et al. [17] show an estimated 4.1% percent
increase in energy production on a 50 kW turbine by adding a
60 lt. accumulator. They also revealed how power generation
can be regulated by absorbing voltage peaks and drops by
adding such a hydraulic component.

The plot in Figure 16 shows a comparison of the simulated
and the experimental behavior of the DC voltage generator
when the controller is enabled. The simulation results show
a lower magnitude of the overshoots when the frequency
(wind speed) is changed, which means that the simulated
system has not completely captured the dynamic effects of the
physical system. There were instances where some drift from
the desired voltage value was observed for the region of lower
wind speeds recoded between 1100 s and 1200 s. This means
the simulated controller was not able to adjust the angle of
the swash plate in the pump to maintain a 24VDC output at
frequencies below 36Hz. On the other hand, the experimen-
tal results also show that the experimental controller used
was not able to effectively maintain the desired output at or
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below this simulated speeds corresponding to approximately
14.96m/s.

6. Conclusions

A system capable of simulating a small wind power turbine
drive train fitted with an infinitely variable transmission
was built and tested in laboratory conditions. This system
was demonstrated to effectively maintain the electric power
output constant despite the input conditions at the nacelle,
that is, a hydromechanical solution to maintain the RPM of
the electric generator constant regardless of the simulated
wind speed.The simple control strategy used to maintain the
output voltage of the DC generator proved to be an accept-
able method to improve wind power turbine generation at
speeds higher than 15m/s for a small wind power generator
(10–100 kW). New control strategies will be implemented in
the test setup for an improved wind speed range and dynamic
behavior. Lastly, the experimental results show that adding an
energy storage device could be an effective and inexpensive
method to absorb voltage overshoots created by wind gusts
and sudden changes in wind direction.
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An Internal Reforming Solid Oxide Fuel Cell (IRSOFC) is modeled thermodynamically; a Horizontal AxisWind Turbine (HAWT)
is designed; the combined IRSOFC-HAWT system should create a reliable source of electricity for the demand of a village
located in Manjil, Iran. The output power of HAWT is unstable, but by controlling the fuel rate for the IRSOFC it is possible
to have a stable power output from the combined system. When the electricity demand is over the peak or the wind speed is
low/unstable/significantly high, the generated power may not be sufficient. To solve this problem, two scenarios are considered:
connecting to the grid or using a Pumped Hydro Storage (PHS). For the second scenario, the extra produced electricity is saved
when the production ismore than demand and can be usedwhen the extra power is needed.The economic analysis is done based on
the economic conditions in Iran.The results will show a period of return about 9.5 and 13 years with the levelized cost of electricity
about 0.0747 and 0.0882 $/kWh for the first and second scenarios, respectively. Furthermore, effects of some parameters such as
the electricity price and the real interest rate are discussed.

1. Introduction

Making a balance between energy productions and energy
demands is a challenging issue for Renewable Energy (RE)
systems. Energy production from RE sources is affected by
low efficiencies, high capital costs, unreliable energy sources,
and environmental impacts. Recently, combined systems are
introduced to create efficient and economical power sources
and mostly to overcome the unreliability of RE systems such
as wind turbines. Based on the local conditions and the main
energy source, the way that systems are combined varies.
One of the options is combining the systems with a fuel cell.
A fuel cell is a Renewable Energy source with controllable
output electricity. A fuel cell has a short startup time. It is
possible to add or remove cells immediately from the power
cycle without any trouble. An SOFC is a common type of
fuel cells for power plant applications. Recent studies include
an SOFC in the power generation systems. In the following,
some of the recent combinations of SOFC with other systems
are discussed.

Soheyli et al. [1] analyzed a combined system in a
hypothetical hotel in Kermanshah, Iran. The final optimized
system was a combination of 10 wind turbines, 430 PV
modules, 11 SOFCs, 106 batteries, and 2 heat storage tanks.
Their results showed that the fuel consumption and pollu-
tion were decreased 263 and 353 times, respectively. Fathy
[2] studied a system including photovoltaic modules, wind
turbines, and fuel cells in Egypt. Obara et al. [3] used a
numerical analysis to stabilize photovoltaic cyclic fluctuations
by using a governor-free control of an SOFC and a flywheel
inertia system. Hosseini et al. [4] analyzed a combination
of photovoltaic-electrolyzer, SOFC, and a heat recovery unit
for a residential area. The system supported an absorption
chiller and a heat recovery steam generator using the excess
heat of an SOFC. They conducted an energy and exergy
analysis of the system. Vigneysh andKumarappan [5] studied
a combination of photovoltaic cells, an SOFC, and a battery
energy storage system. For making a balance between power
generation and consumption, a fuzzy logic method was
applied. The SOFC was a backup generator. It reached its
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Figure 1: Schematic of the system: (a) first scenario and (b) second scenario.

rated power when the charge of the battery energy storage
system was at the minimum limit. Tenfen and Finardi [6]
presented amathematicalmodel tomanage the energy from a
microgrid. They modeled a micro turbine and an SOFC and
combined them with a battery bank, photovoltaic cells, and
a wind turbine. Akikur et al. [7] developed a mathematical
model for a reversible SOFC combined with photovoltaic
cells. To produce 100 kW of electricity, they investigated
thermodynamically and economically three modes: a solar-
SOFCmode for low solar radiation, a solar-solid oxide steam
electrolyzer mode for high solar radiation, and an SOFC
mode at night. Bai et al. [8] modeled and controlled an SOFC
with photovoltaic cells.They used two PI controllers using an
artificial bee colony.

It was shown that the combination of an SOFC with
a wind turbine or photovoltaic cells is a state-of-the-art
topic. In this study, a PHS is also added to a combined
system of a HAWT and an IRSOFC. The system can run on
grid or off grid with the aid of PHS as an energy storage
component.The results are compared based on the economic
and thermodynamic analysis to study the feasibility of each
scenario; this comparison has not been done before based
on the knowledge of the authors. In addition, the systems
should fulfill the power demand of a village located inManjil,

Iran.The parameters are chosen based on the local economic
and environmental conditions, making this study unique. It
should be noticed that the system is sized based on monthly
average wind speed and the needed electricity. That means
the wind speed may not always match the needed electricity.
For solving this problem, the two following scenarios are
introduced.

The First Scenario (Figure 1(a)). The system is connected
to the grid. It is possible to sell and buy electricity from
the grid. The electricity can be sold to the grid when the
produced electricity is more than demand.The electricity can
be bought from the grid when the production cannot meet
the demand. It is assumed that the prices of the selling and
buying electricity are the same.

TheSecond Scenario (Figure 1(b)).The system is not connected
to the grid. The extra electricity production of the wind
turbine is saved by a Pumped Hydro Storage (PHS) system
and can be released when it is needed. A PHS is a system
that contains a pump, a turbine, and two reservoirs, a higher
reservoir and a lower one.During high electricity production,
the PHS pumps the water from the lower reservoir to
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the higher one to save the energy. When the electricity is
needed, the water goes from the higher reservoir to the
lower one through a turbine. Because of the pump and
the turbine efficiencies and the other losses, some of the
energy will be lost during these processes. To make up
this energy, the size of the HAWT has been increased.
The size of the PHS is assumed to be equal to the maxi-
mum needed electricity minus maximum production of the
IRSOFC.

The case study is to produce power for a village with 100
houses located in Manjil, Iran. An economic analysis will
show the possibility of the study.

Based on two scenarios, the main components, the
IRSOFC and the HAWT, are modeled and designed in
Sections 2 and 3. The economic method is described in
Section 4. After validating the IRSOFC and the HAWT in
Section 5, the results of the modeling and the economic
analysis are discussed in Section 6.

2. Thermodynamic Modeling of IRSOFC

The modeling of components is done by home codes. The
assumptions of the fuel cell modeling are

(i) ideal gases,

(ii) linear variation of enthalpy,

(iii) working in a steady condition,

(iv) being isolated with no heat exchange,

(v) no contact resistance,

(vi) ignoring radiation heat transfer between the gas canal
and the solid container,

(vii) tubular cells and stack.

2.1. Direct Internal Reformer. For a fuel cell consuming
natural gas, an internal or an external reformer is needed.
Since an external reformer needs a cooling system and is less
cost-effective than an internal one, the internal reformers are
preferred [9].

In the internal reforming process, the occurring reactions
are very endothermic, while the heat is provided by the fuel
cell. The reactions in this process are the steam reforming
reaction (𝑥 ⇒ CH4 + H2O → CO + 3H2) and the gas
water shifting reaction (𝑦 ⇒ CO + H2O → CO2 +
H2). According to these reactions, natural gas transforms
to hydrogen in the fuel cell. Hydrogen takes part in an
electrochemical reaction (𝑧 ⇒ H2 + (1/2)O2 → H2O). Here,𝑥, 𝑦, and 𝑧 are the molar rate progress of reforming, shifting,
and electrochemical reactions, respectively [10]. This molar
rate progress is calculated based on the relation among the
equation constants, the temperature, and the pressure of the
gasses.

Table 1: IRSOFC resistivity constants [12].

𝐴 (Ω⋅cm) 𝐵 (K) 𝛿 (cm)
Anode 0.00298 1392 0.01
Cathode 0.00811 −600 0.19
Electrolyte 0.0294 −10350 0.004
Internal connections 0.1256 −4690 0.0085

2.2. Reversible Voltage. The reversible voltage (𝐸rev) of the cell
can be found by using Nernst equation:

𝐸rev = 𝐸∘ + Δ𝐸 = −Δ𝐺∘𝑛𝑒𝐹 + −Δ𝐺𝑛𝑒𝐹
= −Δ𝐺∘2𝐹 + 𝑅𝑇2𝐹 ln

𝑝H2
𝑝0.5O2𝑝H2O

.
(1)

Because of the irreversibilities, the voltage of a real fuel
cell is less than that of a reversible one. These irreversibilities
are called overpotentials. Overpotentials can be divided
into three categories: Ohmic (𝜂Ohm), activation (𝜂Act), and
concentration (𝜂Conc). The magnitude of these overpotentials
grows as current density increases, which results in reducing
the voltage of the cell. The cell voltage can be described as
([11])

𝐸 = 𝐸rev − (𝜂Act + 𝜂Ohm + 𝜂Conc) . (2)

2.2.1. Ohmic Overpotential. Ohmic overpotential (𝜂Ohm) can
be calculated as

𝜂Ohm = 𝑖𝑟, (3)

where 𝑟 is the resistance:
𝑟 = 𝛿𝜌. (4)

𝛿 is the thickness (Table 1) of components and 𝜌 is the
resistivity:

𝜌 = 𝐴 exp (𝐵𝑇) . (5)

𝐴 and 𝐵 are resistivity constants (Table 1).

2.2.2. Activation Overpotential. Butler–Volmer equation [13]
describes

𝑖 = 𝑖0 {exp (𝛽𝑛𝑒𝐹𝜂Act𝑅𝑇 ) − exp (− (1 − 𝛽) 𝑛𝑒𝐹𝜂Act𝑅𝑇 )} . (6)

𝛽 is the heat transfer coefficient and 𝑖0 is the exchange
current density. The heat transfer coefficient is the ratio of
the exchange in the potential drop which results in changing
the rate of constants. The value of 𝛽 for a fuel cell is 0.5. For𝛽 = 0.5, (6) can be

𝑖 = 2𝑖0 sinh(𝑛𝑒𝐹𝜂Act2𝑅𝑇 ) . (7)
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Table 2: Values of activation overpotential constants [11].

Cathode Anode
𝛾 A/m2 1.49 × 1010 2.13 × 108𝐸Act kJ/mol 110 160

Therefore,

𝜂Act,An = 2𝑅𝑇𝑛𝑒𝐹 sinh−1 ( 𝑖2𝑖0,An) ,
𝜂Act,Ca = 2𝑅𝑇𝑛𝑒𝐹 sinh−1 ( 𝑖2𝑖0,Ca) .

(8)

Equation (7) should be applied to both anode and cathode
[13].

𝑖0,An = 𝛾An (𝑝H2𝑝ref )(
𝑝H2O𝑝ref ) exp(−

𝐸Act,An𝑅𝑇 ) ,
𝑖0,Ca = 𝛾Ca (𝑝O2𝑝ref )

0.25

exp(−𝐸Act,Ca𝑅𝑇 )
(9)

𝛾 (preexponential factor) like the activation energy (𝐸Act)
depends on electrode materials [11] (Table 2).

2.2.3. Concentration Overpotential. Concentration overpo-
tential can be calculated as

𝜂Conc = 𝑅𝑇𝑛𝑒𝐹 (1 −
𝑖𝑖𝑙) , (10)

where 𝑖𝑙 is the limiting current density. Considerable growth
of concentration overpotential will be observed if the current
density meets its limit.

3. HAWT Modeling

Ahome code for designing aHAWT iswritten based onBlade
Element Momentum (BEM) method. For a rotor of a HAWT
with the radius (𝑅), the blade should be divided into some
sections or elements. Each section (𝑖) has a distance 𝑟 from
the hub of the rotor.

For each element, the local chord of the blade (𝑐(𝑟)) can
be calculated from Schmitz formulation [14]:

𝑐 (𝑟) = 8𝜋𝑟𝑁𝐶𝐿 (1 − cos(23 tan−1 ( 𝑅𝑟𝜆𝑟))) . (11)

𝜆𝑟 is the local tip speed ratio,𝑁 is the number of blades,
and𝐶𝐿 is the lift coefficient.The power coefficient (𝐶𝑝) of the
turbine is determined from the following equation [15]:

𝐶𝑝 = 8𝜆𝑅𝑁
𝑁∑
𝑖=𝑘

𝐹𝑖sin2𝜑𝑖 (cos𝜑𝑖 − 𝜆𝑟𝑖 sin𝜑𝑖)
⋅ (sin𝜑𝑖 + 𝜆𝑟𝑖 cos𝜑𝑖) [1 − 𝐶𝐷𝐶𝐿 cos𝜑𝑖] 𝜆𝑟𝑖

2,
(12)

where 𝐹 is Prandtl’s correction factor, 𝜑 is the angle between
the resultant velocity and the rotor plane, and 𝐶𝐷 is the drag
coefficient.

3.1. Corrections. In (12), 𝐹 is Prandtl’s correction factor. This
factor is calculated as [16]

𝐹 = 2𝜋cos−1 (𝑒−𝑓) ,
𝑓 = 𝑁2 𝑅 − 𝑟𝑟 sin𝜑 = 𝑁2 1 − 𝑟/𝑅(𝑟/𝑅) sin𝜑.

(13)

Another correction applied to the modeling is based on
the Reynolds number. For the variable range of the Reynolds
number, Hernandez and Crespo [17] suggested a correction
in which the lift coefficient remains unchanged and the drag
coefficient is corrected:

𝐶𝐷 = 𝐶𝐷,ref (RerefRe
)0.2 . (14)

Reref is the Reynolds number inwhich the drag coefficient
(𝐶𝐷,ref) of the blade is computed and Re is the Reynolds
number based on the working conditions.

Glauert correction is also applied in this modeling to
calculate the induced velocities.

4. Economic Modeling

Economic analysis is developed based on the Annualized
Cost of System (ACS). In this method, revenues and costs are
converted to a uniform annuity payment. ACS is the combi-
nation of annualized capital cost (𝐶acap), annualized replace-
ment cost (𝐶arep), annualized maintenance cost (𝐶amain), and
annualized operating cost (𝐶aope) [18].

ACS

= 𝐶acap (total instrument)
+ 𝐶arep (total instrument)
+ 𝐶amain (total instrument)
+ 𝐶aope (labor cost + fuel cost + insurance cost) .

(15)

Annualized capital cost of the system is

𝐶acap = 𝐶cap ⋅ CRF (𝑖, 𝑌proj) ,
CRF (𝑖, 𝑌proj) = 𝑖 (1 + 𝑖)𝑌proj

(1 + 𝑖)𝑌proj−1 .
(16)

𝐶cap is the capital cost of each component in terms of US
dollar and 𝑌proj is the lifetime of each component in terms of
years. The rate of payback (CRF) calculates the present value
of the annual cost (a set of annual homogeneous cash flows).
The annual real interest rate (𝑖) is

𝑖 = 𝑗 − 𝑓1 + 𝑓. (17)

In (17), 𝑓 is annual inflation rate and 𝑗 is the nominal
interest rate. For an initial cost of equipment, see Table 3.
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Table 3: Initial capital costs of instruments ([18–20]).

Component Cost

Compressor 𝐶comp = 91562(�̇�comp445 )
0.67

Heat exchanger 𝐶HX = 8500 + 409 (𝐴HX)0.85
IRSOFC 𝐶SOFC = (𝑛cells𝜋𝐷cell𝐿 cell)(2.96𝑇cell − 1907)
IRSOFC auxiliary component 𝐶aux,SOFC = 0.1𝐶SOFC

Inverter 𝐶inv = 105 (�̇�cell500 )
0.7

GT 𝐶GT = �̇�GT (−98.328 ln (�̇�GT) + 1318.5)
Combustion chamber 𝐶cc = (1 + exp (0.018𝑇GT − 26.4)) × ( 46.08�̇�cc0.995 − 𝑃GT/𝑃cc )
HAWT 1300 ($/kW)
PHS 2000 ($/kW)

The annual replacement cost for this project is considered
to be zero; that means the lifetime of the components is equal
to the lifetime of the project. For each element, 5% of the
initial cost is considered for the cost of the maintenance [18].

The annual costs of labor, fuel, and insurance are consid-
ered as the annual operating costs [18].

4.1. Net Present Value (NPV). The NPV in the engineering
economics is one of the standard methods to evaluate the
economic plans:

NPV = ACS
CRF (𝑖, 𝑌proj) . (18)

NPV is the present value of installing and operating the
system over its lifetime in a project.The higher the amount of
NPV is, the more profitable the project is. If NPV is negative,
the project will lose money and it is infeasible in terms of
economics [18].

4.2. Levelized Cost of Product (LCOP). The LCOP is the
average cost of total usable power production capacity of the
system [18]:

LCOP = ACS
SOPC

. (19)

The SOPC is Summation of Product Costs in a year.

4.3. Other Economic Parameters. Since the LCOP is based on
total cost in the lifetime of the project, the Prime Cost (PC) is
used based on the market price [18]:

PC = OFC
VOP

. (20)

TheOFC orOperating FlowCosts include operating cost,
fuel cost, labor cost, and the insurance cost for a year. The
VOP is the Volume of Product in a year.

The period of return (POR) is the ratio of the capital costs
to the Net Annual Benefit (NAB). Projects with a shorter

PORaremore attractive for the investment compared to plans
which have longer periods. The POR means the total time to
earn the entire initial capital by the profit [18]:

POR = 𝐶Cap

NAB
. (21)

𝐶Cap is the capital cost. The NAB is the subtraction of
income taxes fromAnnual Benefit (AB). AB can be calculated
as [18]

AB = SOPC −OFC. (22)

5. Validation

5.1. IRSOFC. Themodeled fuel cell is validated with a model
proposed by Pirkandi et al. [10] (Figures 2(a)–2(d)). The fuel
cell was run based on Pirkandi et al.’s [10] condition which
was a tubular fuel cell at 1273K and 100 kPa with 0.85 of fuel
utilization factor and 9000A/m2 of limiting current density.
The fuel composition was 97%methane, 1.5% carbon dioxide,
and 1.5% nitrogen. The air composition was 21% oxygen and
79% nitrogen. In Figure 2, the variation of total voltage and
overpotentials are compared with the results of Pirkandi et al.
[10]. Since the compared curves are close, the currentmodel is
valid and reliable. Increasing the current density (𝑖) enriches
the overpotential values (Figures 2(a)–2(c)), resulting in
decreasing the cell voltage (Figure 2(d)).

5.2. HAWT. The home code is validated by the experimental
work of Khalfallah and Koliub [21] for a three-bladedHAWT.
The current home code was run for the referred conditions.
The output powers from the home code were compared with
the results of Khalfallah and Koliub [21] from cut-in wind
speed to the designed wind speed, where the maximum
power is accessible. As it is shown in Figure 3, the overall
agreement between two curves is visible.

6. Results and Discussion

The required power for the targeted village is 320 kW, but,
in this study, the generated power of 347 kW is considered.
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Figure 2: IRSOFC validation: (a) ohmic overpotential, (b) concentration overpotential, (c) activation overpotential, and (d) cell voltage.
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Figure 3: Validation of HAWT.

Then, based on 347 kW power which is assumed to be
the targeted power demand, an IRSOFC and a HAWT are
modeled.

6.1. Designed HAWT. Based on 10-year NASA records [22],
the monthly averaged wind speeds at 50 meters above the
surface of the earth for Manjil, north of Iran, were extracted.
According to these data, a stall regulated wind turbine with
nominal wind speed at 7.9m/s is chosen. For the selection of
airfoils, the blade is divided into three parts. An airfoil from
the S-serious NREL families is selected for each part.

The details of the design of the wind turbine for two
scenarios are provided in Table 4. As it was mentioned in the
second scenario (off-grid IRSOFC-HAWT-PHS) the size of
HAWTwill increase because of the PHS efficiency and energy
loss. The rated power of the HAWT for the first scenario is
347 kW. For the second scenario, the rated power is increased
about 30%.

The chosen airfoil profiles were shown in Figure 4. The
S818 airfoil, a thin airfoil, is used at the tip to absorb the

S818
S830
S831

Figure 4: Selected airfoils.

Table 4: Details of the modeled HAWT.

First scenario Second scenario
Tip speed ratio 6 6
Number of blades 3 3
Rotor diameter (m) 58.14 66.14
Blade radius (m) 26.67 30.34
Hub height (m) 50 50
Airfoils S818, S830, S831 S818, S830, S831

maximumpower. From the tip to the root, the airfoils become
thicker. S830 and S831 are the airfoils used for themid and the
root of the blade, respectively. The variations of blade pitch
(𝜑) and the chord during the blade are shown in Figure 5.
The behaviors of both scenarios are almost the same.

After designing the HAWT and based on the wind speed
variations, monthly power generation from the HAWT for
both scenarios is shown in Figure 6. Because of the low wind
speed from September to February, the power production of
the HAWT has the lowest values in these months. In July and
August, the power reaches its maximum values as the wind is
so strong.
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Figure 6: Monthly power generation from the HAWT.
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Figure 7: A schematic of the IRSOFC cycle.

6.2. IRSOFC Model. IRSOFC works at 1 bar pressure. The
fuel that is fed to the IRSOFC is methane. A schematic of it
is shown in Figure 7. The details of the IRSOFC inputs are
provided in Table 5.

According to the power generated by the wind turbine
during a year (Figure 6), the rest of the needed power should
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Figure 8: Variation of IRSOFC power production versus current
density (first scenario).

be generated by the IRSOFC.The results of IRSOFCmodeling
for both scenarios are shown in Table 6. The fuel flow rate
in Table 6 is based on a full load operation. The IRSOFC
does not work under full load all the time but using full load
fuel flow rate for the whole year in economic analysis will
provide a safetymargin that the village will always have stable
electricity.

In the second scenario, the size of the PHS equals 94 kW,
which is the difference between the power demand and
the IRSOFC capacity. Power and efficiency variation versus
current density for the first scenario are shown in Figures 8
and 9, respectively. There is no significant difference between
the results of two scenarios. As it is shown, increasing current
density (up to 0.65A/cm2) increases the power but decreases
the efficiency of the system because the fuel consumption
strongly depends on the current density. Thus, the current
density of IRSOFC is set to 2000A/m2.
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Figure 9: Variation of IRSOFC efficiency versus current density
(first scenario).

Table 5: Input parameters for IRSOFC system.

Component efficiency
Combustion chamber 95 %
Heat exchanger 80 %
Inverter 96.5 %

Pressure drop
Heat exchanger 1 %
SOFC 2 %
Combustion chamber 1 %

SOFC input data
Area 0.0834 m2

Recirculation ratio 60 %
Limiting current density 9000 A/m2

Current density 2000 A/m2

Fuel utilization factor 85 %
Air utilization factor 25 %

Table 6: Results of IRSOFC modeling.

First scenario Second scenario
Electrical efficiency % 55.3 55.3
Number of cells 2554 2371
SOFC power production kW 272.5 253.0
Fuel flow rate kg/s 0.0099 0.0091

6.3. Economic Study. It is assumed that government is going
to run this project. The goal is to compare the current
results with those from the conventional methods to produce
electricity. Therefore, the electricity price and the fuel price
are considered based on the prices for the government. For
inputs and conditions, see Table 7.

Because of the size of the systems, grid connection cost
(first scenario), and the PHS cost (second scenario), the
economic results from two scenarios are different. The wind
farm price is divided into 69% for the turbine, 12% for the

Table 7: Economic parameter.

Number of labors 3
Labor’s salary 500 $/month
Project lifetime 20 Year
Price of products 0.0879 $/kWh
Interest rate 22 %
Annual inflation rate 15.6 %
Tax 8 %
Fuel price 0.23 $/m3

Table 8: Economic results.

First scenario Second scenario
ACS $ 2.2709 × 105 2.6833 × 105𝐶acap $ 1.0919 × 105 1.3206 × 105

𝐶arep $ 0 0
𝐶amain $ 6.5046 × 104 7.8674 × 104𝐶aope $ 5.2854 × 104 5.7591 × 104

LCOP $/kWh 0.0747 0.0882
NPV $ 2.7056 × 106 3.1970 × 106

AB $ 1.4941 × 105 1.3104 × 105

PC $/kWh 0.0388 0.0448
POR Year 9.4645 13.0515

grid connection, 8% for the foundation, 3% for the internal
grid, 3% for the installation, and 5% for the rest [23]. For the
second scenario, the cost of grid connection is replaced by the
PHS cost. The results of the economic analysis are shown in
Table 8.

All economic parameters are dominated by the capital
cost which is the highest in the second scenario. The POR
and the PC for the second scenario are about 38% and 15%
higher than those of the first one, respectively. Thus, because
of the capital cost of the PHS system, the first scenario ismore
economical than the second scenario.

In both projects, PC is lower than the price of electricity
(POP); in the first scenario, PC is 126% lower than POP and,
in the second scenario, this number is 96%, which is the
advantage of using renewable energies with low energy costs.

Figure 10 shows the effects of the real interest rate
on economic parameters. Increasing the real interest rate
decreases the NPV and increases the LCOP and the ACS of
the system (Figure 10).The slopes of the curves for the second
scenario are higher than those of the first scenario. The real
interest rate for the current project is 0.0554 (Figure 11), which
is a high value; the detailed values are provided in Table 7 for
Iran. That means, in countries with the low values of the real
interest rate, the project will be more profitable in particular
for the second scenario. For example, 10% lessening the real
interest rate can improve all parameters about 2% (Figure 10).
As it is seen, the economic parameters are not too sensitive to
real interest rate.

The value of POP for this project is 0.0879 (Table 7), which
is shown in Figure 11. For this project, the period of return
(POR) is 9.46 years for the first scenario and 13.05 years for
the second one. In Figure 11, the slopes of the curves at the
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beginning are very high; then, small changes in the POP can
make significant changes in the POR. For the second scenario,
about 15% increase in POP decreases the POR under 10 years
making the project more economical.

7. Conclusion

For a combined IRSOFC-HAWT system, thermodynamic
and economic analyses were done based on two scenarios: an
on-grid-IRSOFC-HAWT system and an off-grid-IRSOFC-
HAWT system with a PHS. Based on the thermodynamic
analysis, the best working condition for the IRSOFC was
chosen and then a proper HAWT was designed to generate
the demand power of a village inManjil, Iran.Thehigh capital

cost of the PHS dominated the economic parameters and
made the second scenario the worst one from the economic
point of view. The POR for the second scenario is about 3
years longer compared to that of the first scenario which was
9.46 years. Although the second scenario is less economical,
for the case of having no access to the grid, this scenario
makes the project possible. If the price of the electricity or
the POP was increased only 15%, around 30% of the years of
the PORwould be reduced,making the second scenariomore
economical. In both projects, PC is lower than the price of
electricity (POP), which is the advantage of using renewable
energies with low energy costs.

It is suggested for the future work of this study that the
waste heat of the system be used directly for the heating and
cooling purposes, making both scenarios more profitable.

Nomenclature

𝐴: Area [m2]
AB: Annual Benefit [$]𝐴, 𝐵: Constants [—]
ACS: Annualized Cost of System [$]𝑐: Chord [m]𝐶: Cost [$]𝐶𝐷: Drag coefficient [—]𝐶𝐿: Lift coefficient [—]𝐶𝑝: Power coefficient [—]
CRF: Capital Recovery Factor [—]𝐷: Diameter [m]𝐸: Cell voltage [V]
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𝐸Act: Activation energy [kJ/mol]𝑓: Annual inflation rate [—]𝐹: Prandtl’s correction factor [—]𝐹: Faraday constant [C]𝑖0: Exchange current density [A/m2]𝑖: Current density [A/m2]𝑖: Real interest rate [—]𝐼: Current density [A/cm2]𝑖𝑙: Limiting current density [A/m2]𝑗: Nominal interest rate [—]𝐿: Length [m]
LCOP: Levelized Cost of Product [$/kW]�̇�: Mass flowrate [kg/s]𝑛: Number of cells [—]𝑁: Number of blades [—]
NAB: Net Annual Benefit [$]𝑛𝑒: Number of electrons [—]
NPV: Net Present Value [$]
OFC: Operating Flow Cost [$]𝑝: Partial pressure [—]𝑃: Pressure [bar]
PC: Prime Cost [$/kW]
POP: Price of Product [$/kW]
POR: Period of return [year]𝑟: Resistance [Ω]𝑟: Radius [m]𝑅: Universal gas constant [J/mol]𝑅: Radius [m]
Re: Reynolds number [—]
SOPC: Summation of Product Cost in a year [$]𝑇: Temperature [K]
VOP: Volume of Product [kW]�̇�: Power [Watts]𝑥, 𝑦, 𝑧: Molar rate [mol/s]𝑌: Year [—].

Greek Letters
𝛽: Heat transfer coefficient [—]𝛾: Preexponential factor [A/m2]𝛿: Thickness [cm]Δ𝐺∘: Gibbs free energy changes at standard

condition [—]𝜂: Overpotential [V]𝜆𝑟: Tip speed ratio at radius 𝑟 [—]𝜌: Resistivity [Ω⋅cm]𝜑: Angle between the resultant velocity and
the rotor plane [degree].

Subscript
acap: Annualized capital cost
Act: Activation
amain: Annualized maintenance cost
An: Anode
aope: Annualized operating cost
arep: Annualized replacement cost
Ca: Cathode
Cap: Capital
cc: Combustion chamber

comp: Compressor
Conc: Concentration
GT: Gas turbine
HX: Heat exchanger𝑖: Section number of the blade
inv: Inverter
proj: Project
ref: Reference
rep: Replacement
rev: Reversible.
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The necessary Low Voltage Ride Through (LVRT) capability is very important to wind turbines. This paper presents a method to
enhance LVRT capability of doubly fed induction generators- (DFIGs-) based wind turbine systems with series superconducting
magnetic energy storage (SMES) in the rotor side. When grid fault occurs, series SMES in the rotor side is utilized to produce a
desired output voltage and absorbs energy. Compared with other methods which enhance LVRT capability with Superconducting
Fault-Current Limiter-Magnetic Energy Storage System (SFCL-MESS), this strategy can control the output voltage of SMES to
suppress the transient AC voltage component in the rotor directly, which is more effective and rapid.Theoretical study of the DFIG
under low voltage fault is developed; the simulation results are operated by MATLAB/Simulink.

1. Introduction

Wind energy generation has experienced a fast development
in the last two decades [1]. DFIG is the most widely used
wind turbine, but it is vulnerable to low voltage fault. Many
wind turbines trip off from the grid due to the lack of LVRT
capability [2].

There are many enhanced ways to solve this problem.
Crowbar is a commonly used protection method to imple-
ment the LVRT capability [3–5]; it can effectively suppress
overvoltage and overcurrent but it needs to absorb a large
amount of reactive power from the grid, which will do harm
to the grid. Improving control strategy of grid converter or
rotor converter has been studied by many researchers [6–8],
but it cannot work effectively when deep voltage drop occurs.
Energy storage device is suitable for dynamic matching
of intermittent wind power. The use of supercapacitors or
batteries forWTGs has been studied by some researchers [9–
11]. SMES used in DFIGs to reduce power fluctuation and
alleviate the influence on power quality has been studied in
some papers [12]. The application of SFCL-SMES in the rotor
side of the DFIG has been carried out. But it is connected
with the DFIG through a three-phase diode rectifier; thus
the SFCL-MES is inserted into rotor circuit as an impedance,

which will not provide help in enhancing the controllability
of the RSC.

This paper presents a new method to enhance LVRT
capability of DFIG with SMES. SMES, with its high efficiency
and quick response ability to power compensation, could
be a good choice for ESD in DFIG. Most studies applied
ESD to solve the problem which are usually in parallel
with the DC side. The proposed method in this paper is
to generate a desired output voltage utilizing series SMES
in the rotor side. Through the analysis of the rotor side
voltage under low voltage fault, counter-electromotive force
generated by SMES can counteract overvoltage and then
overcurrent quickly and effectively. The mathematical model
of DFIGwill be illustrated first.Then, behavior of theDFIG in
normal situation and under low voltage fault will be analyzed
and the control strategy of VSC-SMES will be introduced.

2. Math Model of DFIG

The stator windings of the DFIG wind turbine are directly
connected to the grid. The rotor winding is connected to
the grid via back-to-back transformers, where the converter
near the grid side is called grid sided converter (GSC) while
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near the rotor side converter it is called rotor sided converter
(RSC). The stator voltage is provided by the grid. The rotor
voltage is provided by the back-to-back transformers, which
can be adjusted in frequency, phase, and amplitude.

In this paper, the control system is implemented consid-
ering a stator voltage oriented (SVO) control philosophy in
the 𝑑/𝑞 reference frame [13]. In this kind of systems, the 𝑑/𝑞-
axes are aligned with the stator voltage.Thus, the park model
of the DFIG can be expressed as follows:

𝑢𝑑𝑟 = 𝑅𝑟𝑖𝑑𝑟 +
𝑑𝜓𝑑𝑟
𝑑𝑡

− (𝜔1 − 𝜔𝑟) 𝜓𝑞𝑟

𝑢𝑞𝑟 = 𝑅𝑟𝑖𝑞𝑟 +
𝑑𝜓𝑞𝑟
𝑑𝑡

+ (𝜔1 − 𝜔𝑟) 𝜓𝑑𝑟

𝑢𝑑𝑠 = 𝑅𝑠𝑖𝑑𝑠 +
𝑑𝜓𝑑𝑠
𝑑𝑡

− 𝜔1𝜓𝑞𝑠

𝑢𝑞𝑠 = 𝑅𝑠𝑖𝑞𝑠 +
𝑑𝜓𝑞𝑠
𝑑𝑡

+ 𝜔1𝜓𝑑𝑠

𝜓𝑑𝑠 = 𝐿 𝑠𝑖𝑑𝑠 + 𝐿𝑚𝑖𝑑𝑟
𝜓𝑞𝑠 = 𝐿 𝑠𝑖𝑞𝑠 + 𝐿𝑚𝑖𝑞𝑟

𝜓𝑑𝑟 = 𝐿𝑚𝑖𝑑𝑠 + 𝐿𝑟𝑖𝑑𝑟
𝜓𝑞𝑟 = 𝐿𝑚𝑖𝑞𝑠 + 𝐿𝑟𝑖𝑞𝑟,

(1)

where 𝜓 is the magnetic flux, 𝐿 is the inductances, 𝑢 and
𝑖 are voltage and current, respectively, 𝑅 is the resistance,
subscripts 𝑠, 𝑟, 𝑚 represent the stator, rotor, and mutual,
respectively, and 𝜔1 and 𝜔𝑟 are the synchronous and rotating
angular frequencies (𝜔𝑠 = 𝜔1 − 𝜔𝑟).

Once there is a grid fault, the stator voltage will change
immediately because it is connected to the grid directly.
But, according to the principle of flux conservation, the
amplitude of stator flux will not transition. At the moment
when the voltage drops, the stator flux linkage contains an
AC component and a DC component, which will induce
overvoltage in rotor side with different frequencies.

As analyzed in [14], the rotor back EMF voltage can be
expressed as follows:

𝑢𝑟𝑑𝑞 = 𝑗
𝐿𝑚
𝐿 𝑠
𝜔𝑠𝜓𝑠2𝑑𝑞

− 𝑗𝐿𝑚
𝐿 𝑠
𝜔𝑟 (𝜓𝑠0𝑑𝑞 − 𝜓𝑠2𝑑𝑞) 𝑒

−𝜎𝑡𝑒−𝑗𝜔𝑠𝑡,
(2)

where 𝜓𝑠0𝑑𝑞 and 𝜓𝑠2𝑑𝑞 are normal-state stator flux and fault-
state stator flux.The rotor backEMFvoltage ismainly decided
by part two of (2) because the slip frequency is much smaller
than rotor frequency. And the second part in (2) is decided by
the stator flux which can be several times the default value.

3. Methodology of DFIG and SMES Model

Unlike SFCL-MES, this paper controls the SMES output volt-
age through converter switch control, which could suppress
the overvoltage in rotor side.
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Figure 1: Topology of the whole system.

+ C

VSC DC-DC chopper

SMES coil
ia

iDC

ib

ic

Lf

Ga

G�㰀
a

Gb

G�㰀
b

Gc

G�㰀
c

uDC

G1

imag

Rsc Lsc

G2

D1

D2

−

Figure 2: Topology of VSC-SMES.

ir
Ri

Li

++

+ −−−

uＬ＝ur

u３－％３
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The topology of the whole system is shown in Figure 1.
SMES is connected to the rotor side by a Voltage Source Con-
verter (VSC). Topology of VSC-SMES is given in Figure 2.
SMES can exchange active and reactive powerwith the system
quickly and independently [13].

In the case of normal power supply, SMES is in standby
mode. In this case, the series SMES will introduce resistance
and reactance to DFIG.Thus the rotor voltage will not equate
to rotor converter voltage. As shown in Figure 3, 𝑅𝑖 and 𝐿 𝑖
are the introduced resistance and reactance, respectively. In
order to eliminate the influence of the rotor voltage by series
SMES, the control of series SMES is to realize

𝑢𝑟 = 𝑢rc. (3)
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When low voltage fault occurs, the SMES outputs the
voltage to suppress the rotor back EMF voltage induced by
stator; thus the rotor current is supposed to be zerowhen fault
occurs and the rotor back EMF voltage induced by stator 𝑢∗𝑟
can be shown as follows:

𝑢∗𝑑𝑟 = 𝐿𝑚
𝑑𝑖𝑑𝑠
𝑑𝑡

𝑢∗𝑞𝑟 = 𝐿𝑚
𝑑𝑖𝑞𝑠
𝑑𝑡
.

(4)

The stator current under grid fault after doing Laplace
transform can be expressed as follows [15]:

𝑖𝑑𝑠 =
(𝐿 𝑠 + 𝑅𝑠) 𝑢𝑑𝑠 + 𝜔1𝐿 𝑠𝑢𝑞𝑠

(𝐿 𝑠2𝑠2 + 2𝐿 𝑠𝑅𝑠𝑠 + 𝑅𝑠2 + 𝜔12𝐿 𝑠2)

−
(𝐿 𝑠𝑠2 + 𝑅𝑠𝑠 + 𝜔12𝐿 𝑠) 𝐿𝑚𝑖𝑑𝑟 − 𝑅𝑠𝜔1𝐿𝑚𝑖𝑞𝑟

(𝐿 𝑠2𝑠2 + 2𝐿 𝑠𝑅𝑠𝑠 + 𝑅𝑠2 + 𝜔12𝐿 𝑠2)

𝑖𝑞𝑠 =
(𝐿 𝑠 + 𝑅𝑠) 𝑢𝑞𝑠 − 𝜔𝑠𝐿 𝑠𝑢𝑑𝑠

(𝐿 𝑠2𝑠2 + 2𝐿 𝑠𝑅𝑠𝑠 + 𝑅𝑠2 + 𝜔12𝐿 𝑠2)

−
(𝐿 𝑠𝑠2 + 𝑅𝑠𝑠 + 𝜔12𝐿 𝑠) 𝐿𝑚𝑖𝑞𝑟 + 𝑅𝑠𝜔1𝐿𝑚𝑖𝑑𝑟

(𝐿 𝑠2𝑠2 + 2𝐿 𝑠𝑅𝑠𝑠 + 𝑅𝑠2 + 𝜔12𝐿 𝑠2)
.

(5)

Considering that 𝑅2𝑠, 𝑅𝑠𝜔𝑠𝐿𝑚 are approximately 0, the
equation can be simplified as:

𝑖𝑑𝑠 =
1
𝐿 𝑠2

𝐿 𝑠𝑠 + 𝑅𝑠
𝑠2 + 2 (𝑅𝑠/𝐿 𝑠) + 𝜔12

⋅ 𝑢𝑑𝑠 −
𝐿𝑚
𝐿 𝑠

⋅ 𝑖𝑑𝑟

𝑖𝑞𝑠 =
1
𝐿 𝑠2

(−𝐿 𝑠𝜔1)
𝑠2 + 2 (𝑅𝑠/𝐿 𝑠) + 𝜔12

⋅ 𝑢𝑑𝑠 −
𝐿𝑚
𝐿 𝑠

⋅ 𝑖𝑞𝑟.
(6)

According to the above analysis, if the rotor side converter
could provide relative excitation voltage to 𝑢∗𝑟, the low LVRT
capability of DFIG will be enhanced. Thus set 𝑢∗𝑟 as the
reference voltage of VSC-SMES under grid fault. The VSC-
SMES reference voltage calculation process is presented in
Figure 5.

3.1. SMES Control

3.1.1. VSC Control. As shown in Figure 2, through the park
transformation, the mathematical model of VSC in the 𝑑𝑞
reference frame is expressed as follows:

𝐿𝑑𝑖𝑑
𝑑𝑡

= −𝑅𝑖𝑑 + 𝜔𝐿𝑖𝑞 + 𝑢𝑠𝑑 − 𝑢DC𝑠𝑑

𝐿
𝑑𝑖𝑞
𝑑𝑡

= −𝑅𝑖𝑞 − 𝜔𝐿𝑖𝑑 + 𝑢𝑠𝑞 − 𝑢DC𝑠𝑞

𝐶𝑑𝑢DC
𝑑𝑡

= 3
2
(𝑖𝑞𝑠𝑞 + 𝑖𝑑𝑠𝑑) − 𝑖chopper.

(7)

The current inner loop control of VSC adopts the internal
model control strategy [14]; the control block diagram is
shown in Figure 4. The closed-loop transfer function of the
current inner loop is

𝑊𝑐𝑖 (𝑠) =
1

𝑇2
𝑓
𝑠2 + 2𝜉𝑇𝑓𝑠 + 1

. (8)

For achieving the purpose of rapid response of the current
inner loop, let 𝑇𝑓 be equal to 0.0002 s.

3.1.2. DC-DC Chopper Control. Chopper has two basic
modes of operation: (1) magnetizing mode; (2) releasing
magnetic mode. The mathematical model of chopper is

𝐿 sc
𝑑𝑖mag

𝑑𝑡
= −𝑅sc𝑖mag + (𝐷1 + 𝐷2 − 1) 𝑢DC

𝐶𝑑𝑢DC
𝑑𝑡

= − (𝐷1 + 𝐷2 − 1) 𝑖mag + 𝑖DC,
(9)

where 𝑖mag is the current of magnet and 𝐷 is the switch state
of each switch; if switch 1 is on,𝐷1 is equal to 1.

In normal operation, the control of chopper is to limit
the magnet current in a setting scale. When low voltage fault
happens, the control of chopper is to maintain the stability
of the DC voltage. The control strategy of SMES is shown in
Figure 5.

3.2. RSC Control. In normal operation, the control of 𝑑/𝑞
component of rotor current is to control the active and
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reactive power of DFIG. Generally, the purpose of control
system is to obtain the max wind power.

The essence of the maximum wind energy tracking
is to control the DFIG output active power and control
electromagnetic torque to achieve the best speed control.
When the mechanical output of the wind turbine achieves
maximum output power, the reference active power of DFIG
𝑃∗𝑠 is equal to stator power 𝑃𝑠, as shown as follows:

𝑃∗𝑠 =
1
1 − 𝑠

(𝑃max − 𝑃ms) − 𝑃cus, (10)

where 𝑃ms is the mechanical loss of wind turbine and 𝑃cus
is the copper loss of stator, which is related to 𝐼𝑠 and 𝑅𝑠.
After doing identity transformation, (9) can be expressed as
follows:

𝐴 (𝑃∗𝑠 )
2 + 𝐵𝑃∗𝑠 + 𝐶 = 0

𝐴 = 𝑅𝑠
3𝑈2𝑠

, 𝐵 = 1, 𝐶 = 1
𝑠 − 1

(𝑘𝑤𝜔
3
𝑤 − 𝑃𝑚𝑠) +

𝑅𝑠
3𝑈2𝑠

𝑄𝑠.
(11)

The reactive reference power value 𝑄∗𝑠 can be calculated
by achieving the lowest loss of DFIG or improving the sys-
tem’s ability to regulate power. In this paper, 𝑄∗𝑠 is calculated
to achieve the lowest loss of DFIG.Thus the expression of𝑄∗𝑠
is shown as follows:

𝑄∗𝑠 = −
3𝑋𝑠𝑅𝑟𝑈2𝑠

𝑅𝑠𝑋2𝑚 + 𝑅𝑟𝑅2𝑠 + 𝑅𝑟𝑋2𝑠
. (12)

The reference power calculation model of DFIG is shown
in Figure 6.

When a fault occurs, the control strategy of rotor con-
verter is irrelevant. Considering SMES will absorb the wind
energy, 𝑖∗𝑑𝑟 and 𝑖∗𝑞𝑟 can be set to zero to prevent the energy
through the converter.Thus, the capacitor in DC side will not
absorb a lot of energy and its voltage will not increase sharply.
The control stratagem of RSC, in normal situation and when
voltage drop happens, is shown in Figure 7.

3.3. GSC Control. The purpose of GSC control is to maintain
DC capacitor voltage stability and control the factor of input
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power. The GSC control system is divided into two parts: the
outer voltage loop and the inner current loop, which is shown
in Figure 8. Compensation of load disturbances is achieved by
feedforward of the load current 𝑖load. System is decoupled by
introduced current state feedback 𝑤1𝐿𝑔𝑖𝑔𝑑, 𝑤1𝐿𝑔𝑖𝑔𝑞.

4. Economic Analysis

Compared to other energy storage devices, SEMS has the
advantage of high response speed, high efficiency, high-
power density, and high cycle life characteristics. But the
application of SMES in DFIG will increase the cost of the
system. Therefore, the capital cost of SMES applied in DFIG
is an indispensable part of DFIG’s technical performance.
In terms of energy storage devices, the capital costs contain
energy cost $/kWh, power cost $/kW, and cycle cost. As
the energy storage device is used in DFIG, high-power
characteristic is necessary. The power costs of SMES are less

than their energy costs, and this is an indication that they
are suitable for high-power applications. Table 1 shows the
cost comparison for the storage technologies [16]. As can be
seen from the table, SMES has a lower power cost compared
to pumped-hydro storage, lithium-ion batteries and other
energy storage devices. In addition, the long life of SMES
makes it possible to participate in the protection of the entire
life of the DFIG. In general, considering the economic and
other technical performances, SMES is a good choice for ESD
in DFIG.

5. Simulation Analysis and Conclusion

The simulations are carried out in MATLAB/Simulink. The
simulation parameters are shown in Table 2. The simulation
parameters of SMES are shown in Table 3.The purpose of the
simulation is to observe the performance of the back-to-back
converter when the grid fault occurs.
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Figure 9: The grid voltage.

Table 1: Cost comparison for the storage technologies.

ESD Capacity Life Power cost ($/kW) Energy cost ($/kWh)
Pumped-hydro storage 100–2000MW >20 years 2000–4300 10–100
Compressed-air energy storage 100–300MW >20 years 400–1000 2–50
Flywheel energy storage 5 kW–1.5MW >15 years 250–350 1000–10000
Lithium-ion batteries 1–1000 kW 3000 cycles 1000–3000 1000–3800
Supercapacitors 1–100 kW >50000 cycles 100–300 300–2000
Superconducting magnetic energy storage 10–500 kW >20 years 200–400 500–1000
Vanadium redox battery <10MW 10–30 years 600–1500 150–1000

Table 2: DFIG parameters.

Symbol Name Quantity
𝑆𝑁 Capacity 1.5MW
𝑓𝑁 System frequency 60Hz
𝑅𝑠 Stator resistance 0.016 p.u.
𝐿 𝑙𝑠 Stator leakage inductance 0.16 p.u.
𝑅𝑟 Rotor resistance 0.016 p.u.
𝐿 𝑙𝑟 Rotor leakage inductance 0.16 p.u.
𝐿𝑚 Magnetizing inductance 2.9 p.u
𝑆𝑏 Base capacity 1.5/0.9MVA
𝑓𝑏 Base frequency 60Hz
𝑉𝑠_nom Base stator voltage (𝑉rms) 575V
𝑉𝑟_nom Base rotor voltage (𝑉rms) 1975V

Table 3: SMES parameters.

Parameter Value
HTS material Bi 2223
Capacity 40 kJ/600 kW
Magnet inductance (L) 0.5H
Magnet resistance 2 × 10−5Ω
Filter capacitance (C) 0.02 F
Series transformer ratio 1
Transformer resistance 1 × 10−4Ω

The transient grid voltage fault occurs at 0.7 s and lasts
for 300ms. The grid voltage during fault drops to 0. The grid
voltage is shown in Figure 9. Figures 10 and 11 compare the
currents of stator converter and rotor converter with and
without SMES. When there is no SMES, in the moment of

low voltage faults, the overcurrent of the stator and rotor
side converters is almost five times larger than the normal
operating range. With the proposed method, the currents of
back-to-back converters are always in the affordable range.
Moreover, as shown in Figure 13, the DC capacitor voltage
is well suppressed during the fault. The output voltage of
SMES in 𝑑/𝑞 frame is shown in Figure 12. The base voltage is
the same as base rotor voltage. Figure 14 shows the transient
SMES current response.

Compared to traditional control stratagems, the new
control strategy with SMES can suppress the overcurrent in
stator and rotor within the affordable range even when grid
voltage drops to 0. The DC bus voltage can also be limited
effectively.

This paper presents a new control stratagem to enhance
the LVRT capability of DFIG with series SMES. By control-
ling the SMES output voltage with the proposed controller,
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the converter currents and capacitor voltage in fault are
suppressed effectively. The method has been validated by
simulations in MATLAB/Simulink.
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Long-term wind speed data for thirteen meteorological stations, measured over a five-year period, were statistically analyzed using
the two-parameter Weibull distribution function. The purpose of this study is to reveal for the first time the wind power potentials
in Chad and to provide a comprehensive windmap of the country.The results show that the values of the shape and scale parameters
varied over awide range.Analysis of the seasonal variations showed that higherwind speed values occurwhen theweather condition
is generally dry and they drop considerably when the weather condition is wet. It was also observed that the wind speed increases
as one moves from the southern zone to the Saharan zone. Although the wind power at each site varies significantly, however, the
potentials of most of the sites were encouraging. Nevertheless, according to the PNNL classification system, they are favorable for
small-scale applications only. A few stations in themiddle of Sudanian and Sahel regions are found to be not feasible for wind energy
generation due to their poor mean wind speed. The prevailing wind direction for both Saharan and Sahel regions is dominated by
northeastern wind, while it diverged to different directions in the Sudanian zone.

1. Introduction

Thefast growing population in developing countries and their
lack of access to electricity supply particularly in rural or
remote areasmake some of these nations face the challenge of
generating more energy sources and establishing a new form
of energy supply structure in an effort to meet current and
future increasing electricity demands. Permanent electricity
supply is considered as one of the major factors responsible
for sustainable economic and social development of a nation
[1]. In Chad, for example, although the country is an oil
producer, access to energy is extremely limited and incessant
power outage is still an everyday burden that undermines
its development possibilities and needs a rapid action with a
view to copingwith theminimum requirement of the twenty-
first century’s lifestyle.

As such, the majority of people in Chad tend to rely
on traditional biomass for cooking and heating purposes
particularly in rural areas as it is the case for many African

nations [2]. A recent projection from the World Energy
Outlook (WEO) [3] reported that more than 80% of the pop-
ulation in sub-Saharan Africa and 50% of the population in
developing Asia depend on traditional biomass for cooking
and heating. This situation has become more critical due to
high fuel price in the country (considered the highest in the
region) and the ever-increasing rate of the desert encroach-
ment towards the Sahel region which forces the government
to set some policies that prohibit deforestation and use of
charcoal for cooking. Additionally, the government is also
creating a green belt from the extreme east to the west of the
country in order to halt the desertification process and to pro-
tect the region from economic and environmental impacts of
land degradation.

Currently, a great deal of extensive research on wind
energy is taking place almost all over the world due to
the exceptional benefits that wind energy could offer. Many
regional countries like Morocco, Egypt, Tunisia, Algeria, and
so forth are already harvesting wind energy by establishing
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wind farms in the open Sahara desert and coastal areas [4, 5].
Chad was not an exception to embrace such sustainable
renewable energy source as an alternative energy since the
preliminary study in the region shows that the wind condi-
tions are favorable for wind energy adoption [5].

Chad experiences wind and sunlight throughout the year.
Thus, it is interesting to explore the abundant untapped
potentials of the wind and the possibilities of using the Wind
Energy Conversion System (WECS) as a source of electricity
in the effort to fulfill the energy requirements in the country
and to reduce this exclusive dependency on biomass and fos-
sil fuels. However, although the region is found to be situated
in the midst of enormous wind power potentials, to date,
there is no extensive study undertaken to assess the prospects
of wind energy as an alternative source in the country, except
in [6] which covered only a single city (Ndjamena). Thus,
this article could be the first of its kind to investigate the
potentiality of wind power in Chad and it provides an initial
assessment which together contributes towards the establish-
ment of a comprehensive wind map/pattern for the country
whichmay hopefully become themainwind energy reference
for future development of wind power projects in the region.

2. Geographical Nature of Chad

Chad is a landlocked country with a 1,284,000 km2 area,
situated in Central Northern Africa. It is the 5th largest in the
African continent and 21st in the world in terms of landmass.
It is bordered by Libya form the north, Sudan from the east,
the Central African Republic from the south, Niger from the
west, and Cameroon andNigeria from the southwest. It lies at
7–23∘ north of the equator and its larger part is Sahara desert.
The vast majority of the area is flat with some plateaus around
the country.

Unlike many countries in the world, the climate in Chad
is highly varying throughout the country due to nonuniform
geographical regions.These regions could be categorized into
three in terms of geographical aspects as in Figure 1. The
southern part is fertile agricultural land and is covered by
tropical savanna, with a climate with longer raining season of
about sixmonths of precipitation.The raining season starts as
early asMay and ends aroundOctober.Meanwhile, thewinter
starts from November until February, and the summer takes
place between February and May [7].

The region in the middle has an arid subtropical climate
and it forms a belt of about 500 kilometers wide in the center
of the country between the Sahara and Sudanian savanna.The
raining season in this region begins a bit latewith almost three
months of rainfall duration. The first water drops are seen
in June and then raining ends in September, while winter is
between October and February. The Sahara desert occupies
the northern part of the country with less population though
it is the largest region as shown in Figure 1.Most of the people
here are farmers and/or ranchers. Rain is less likely to be seen
in this locality and these people only depend on underground
water for the living.Thus, only a hotter summer or colder and
dry winter exists in this region [7].

Figure 1: Geographical map of Chad [8].

3. Wind Data Collection

The wind data for this study are collected from the National
Meteorological General Administration (Direction Générale
de la Météorologie Nationale) at the Hassan Djamous Inter-
national Airport in N’Djamena. The geographical coordi-
nates of the thirteen major meteorological stations across the
country are furnished in Table 1. The data extensively cover a
wide range of five-year period and recorded in a monthly
averaged form, at the standard 10m height above ground
level. These thirteen locations represent different geograph-
ical and climatological conditions, namely, Faya-Largeau,
which is found in the Saharan zone; Abéché, Ati, Bokoro,
Mao, Mongo, and Ndjamena, which are located in the Sahe-
lian zone; andAmTiman, Bousso,Doba, Pala,Moundou, and
Sarh, which are situated at the Sudanian zone as shown in
Figure 1.

Furthermore, although most of the data involved in this
study are recent, the last observation made by some stations
was in late 1978.Thismight be attributed to the fact that some
of these stations are no longer recording such data in a consis-
tent manner. However, due to the need to uncover the poten-
tial of these regions, they are being considered in this study
by selecting five consecutive years, as it was learned that old
or new data have a minor effect on the wind data assessment
process as long as the study period is long enough [9, 10].
More so, [11, 12] stated that observation of less than 30 years
may inherently cause variations in the long-term average, but
for the sole purpose of resource assessment such period
may be sufficient. However, covering longer periods would
provide confidence to the interested investors that the wind
potentials will be available in the coming years besides giving
a more reliable evaluation [9, 10].

4. Analysis Procedure

It is commonly agreed that assessment of wind potential of a
site using solely the conventional meteorological wind speed
data is not sufficient. This is because depending on average
wind speed alone to estimate the potential of a site might be



International Journal of Rotating Machinery 3

Table 1: Physical features of the meteorological stations.

Name of station
Coordinates

Latitude (N) Longitude (E) Elevation (m)
Deg. Min. Deg. Min.

Abéché 14 40 20 50 545
Am Timan 11 02 20 16 433
Ati 13 14 18 18 332
Bokoro 12 23 17 04 300
Bousso 10 29 16 43 335
Doba 08 42 16 50 387
Faya-Largeau 17 55 19 06 235
Mao 14 08 15 18 327
Mongo 12 10 18 40 431
Moundou 08 37 16 04 429
N’Djaména 12 08 15 02 295
Pala 09 22 14 55 467
Sarh 09 09 18 22 365

misleading [13].This is due to the fact that the wind speed fre-
quency distribution and persistence at a site are not constant
and they vary significantly with time. As such, merely taking
the average wind speed for a specific period of time does not
take such consideration into account. Thus, statistical meth-
ods are used to reveal the wind characteristics of a potential
site. Such statistical assessment of individual terrains or as a
whole will collectively assist in establishing a clear wind map
or wind pattern for a region while providing more detailed
characteristics of the wind at the site such as wind distri-
bution, stability, and direction, as the wind is known for its
inherently intermittent behavior due to seasonal and tem-
poral variations. The FirstLook software is commonly used
to determine specific locations with higher wind power
potentials, while the RIAM-COMPACT numerical model is
responsible for suggesting the appropriate location to install
a WECS during micrositing analysis of terrains.

4.1. Weibull Distribution Function. Many statistical methods
are available to closely estimate thewind power potentials and
wind speed characteristics of a given terrain. Weibull distri-
bution is among the widely accepted approaches to statisti-
cally assess the wind behavior at a particular site clearly [14].
This technique consists of several methods to evaluate the
shape and scale parameters of Weibull, depending on the
form of data available and the level of sophistication required
[15]. In this method, the variations of wind speed are char-
acterized by probability density function (PDF) (see (1)) and
cumulative distribution function (CDF) (see (5)) [16]. The
PDF indicates the fraction of time or the probability of which
the wind speed prevails at a certain direction and the CDF
shows the probability of which the wind speed is equal to or
lower than the average speed [17].

Thus, in the current study, themeteorological data are sta-
tistically analyzed using the effective two-parameter Weibull
distribution function. This approach is particularly useful in
studying wind speed characteristics and wind energy density.

It is typically adopted due to its simplicity, flexibility, and abil-
ity to show good agreement with the observed data [18–26].
In addition, the majority of the known commercial software
packages for Annual Energy Production (AEP) estimation
are based on the two-parameterWeibull distribution function
[27].

The twoparameters are the dimensionless shape function,𝑘 (see (2)), and the scale function, 𝑐 (see (3)), in meters
per second unit. They, respectively, indicate the stability and
strength of the wind at the site of interest [28].

𝑓 (V) = (𝑘𝑐 ) (V𝑐)
𝑘−1

exp [−(V𝑐)
𝑘] ,
(𝑘 > 0, V > 0, 𝑐 > 1) .

(1)

𝑓(V) is the probability of observing wind speed V. 𝑐 is the
Weibull scale parameter and 𝑘 is the dimensionless Weibull
shape parameter and they are given by [15] as follows:

𝑘 = 0.83𝑉0.5 (2)

𝑐 = 𝑉Γ (1 + 1/𝑘) . (3)

Γ is the gamma function and𝑉 is the average wind speed and
can be expressed as

𝑉 = 1𝑛 [
𝑛∑
𝑖=1

V𝑖] . (4)

The cumulative distribution, given as in the equation
below, is the integral of the probability density function:

𝐹 (V) = 1 − 𝑒−(V/𝑐)𝑘 . (5)

4.2. Wind Speed Carrying Maximum Energy. 𝑉max.𝐸 repre-
sents the wind speed that carries the maximum wind energy
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and it is determined using the shape and scale parameters
of the Weibull distribution. It is highly significant as it can
expose the maximum energy possible at the given site, and
it is expressed as in (6) [29]. The wind speed that carries
maximum energy is different from the highest wind speed
and the average wind speed because it takes into account the
scale and shape parameters of theWeibull distribution which
are responsible for indicating the persistence, stability, and
strength of the wind at the site under investigation as was
mentioned earlier.

Thus, such estimation is quite important for the sake
of revealing the wind speed that may carry the highest
energywhich could probably assist in knowing themaximum
amount that can be expected from a particular site.Moreover,
it is also used in selecting a suitable wind turbine or an appro-
priate rated wind speed [30]. As wind turbines perform effi-
ciently at their rated wind speed, [31] suggests that the rated
wind speed should be close to the wind speed carrying maxi-
mum energy:

𝑉max.𝐸 = 𝑐 (1 + 2𝑘)
1/𝑘 . (6)

4.3. Wind Power Density. Generating electricity from kinetic
energy via wind that is flowing through a blade swept area,
A, is proportional to the cube of the velocity and it can be
described as follows in (7). A wind turbine starts to operate
at the starting speed and produces useful energy at the cut-
in speed. The corresponding power increases relative to the
increase of the wind speed until the cut-out speed of the wind
turbine. The maximum power is generated when the wind
turbine is operated at the rated speed and power becomes
constant when it operates between the rated speed and cut-
out speed. At higher wind speeds above the cut-out speed, the
turbine stops to avoid damage due to the higherwind velocity.

𝑃 (V) = 12𝐴𝜌V3. (7)

The wind power density based on Weibull distribution
analysis is calculated using the following equation [32]:

𝑃𝐴 = ∫
∞

0

12𝜌V3𝑓 (V) 𝑑V = 12𝜌𝑐3Γ(𝑘 + 3𝑘 ) , (8)

where 𝜌 is the air density (1.225 kg/m3) at sea level with a
mean temperature of 15∘C and 1 atmospheric pressure.

4.4. Wind Energy Density. After knowing the wind power
density of a given site, one of the important wind character-
istics could be estimated which is the wind energy density. It
is the product of wind power density for a certain duration or
period of time which can reveal the amount of energy density
that could be expected at the site under study. The wind
energy density for the desired time can easily be determined
using the following equation [32]:

𝐸𝐴 = 12𝜌𝑐3Γ(𝑘 + 3𝑘 )𝑇, (9)
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Figure 2: Monthly variation of wind speeds for all the selected sta-
tions.

where 𝑇 is the desired time; for example, for wind energy
density for a time period of one month or a year, the time,𝑇, can be taken as 720 h or 8640 h, respectively.

5. Results and Discussion

5.1. Wind Speed Variation. The potential of wind energy in
Chad was investigated at thirteen stations for a period of five
years. Knowledge of monthly wind speed variations is essen-
tial to draw a clear picture of the seasonal wind speed behav-
ior at the potential site. These fluctuations are significant in
designing and selecting an appropriate WCES, energy stor-
age, and load scheduling. These variations were determined
using (4) and presented in Figure 2.

The trends of monthly and yearly mean wind speed for all
the stations under investigation exhibit almost a similar pat-
tern. The monthly mean wind speed varies in the range of 2
to 4m/s for the Saharan region and in the range of 1 to
4m/s for the Sahel and tropical Savanna regime. It was also
observed that the wind speed tends to increase significantly
when the weather condition is generally dry (November to
May) and decreases considerably when the weather condi-
tions are wet (June toOctober). It was learned that the highest
demand for electricity is also at the dry period [6]. However,
a few stations such as Bousso, Bokoro, and Am Timan main-
tained almost similar monthly mean wind speed throughout
the year.

In general, it was established that stronger wind speed
is available as one moves from south to north, towards the
Sahara as depicted in Figure 3. In other words, some stations
at the Savanna region have demonstrated lower wind speed
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Figure 3: Wind speed pattern in Chad.

compared to the Sahel and Saharan regions with the excep-
tion of Ati and Bokoro. This could partly be attributed to the
fact that the southern region is tropical with heavy forest and
the land becomes clearer as one moves towards the north.
However, it was specifically found that the stations at the
middle of the Sahel and Sudanian zones showed the lowest
mean wind speed with an annual average wind speed of less
than 2m/s as it is evident in Figures 2 and 3. This suggests
that this area is less likely to be a potential location for wind
energy harvesting.

Moreover, the seasonal wind speed variations among the
three regions become more noticeable particularly during
winter, though this variation is marginal between the Sahel
and Saharan regions. The month March showed the highest
mean wind speed with the value of 4.5m/s, and August
showed the lowest mean wind speed value of 0.8m/s.

The results presented also showed that, within five years
under study, the highest corresponding annual average wind
speed at 10m height from the ground is approximately
3.5m/s, and it was found in the eastern part of the country at
Abéché specifically, while the minimum is found at Bousso
with a wind speed of 1.0m/s. Thus, according to the PNNL
(Pacific Northwest National Laboratory) classification sys-
tem, wind energy potentials in Chad could only be used for
small-scale applications due to the current wind conversion
technologies and cost factor [32]. As such, this could probably
solve the incessant power outage if a WECS is installed at
every household andwould also be quite useful for the ranch-
ers who depend only on wells and use conventional methods
to pump water.

However, it is worth noting that although the presented
station from the Saharan region (Faya-Largeau) showed a bit
lower wind speed compared to some stations in the Sahel
region, data for wind speed at 30m height proves otherwise.

Thus, the Sahara zone could be considered more promising
as depicted in Figure 3.

5.2. Wind Power and Energy Density. Although wind speed
characteristics are essential in drawing a clear picture of the
wind potentials of a site, wind power density is believed to be
a better indicator than wind speed. In this study, the wind
power and energy density are evaluated using the Weibull
equations (8) and (9), respectively, and tabulated in Table 3.
The results illustrated in Figure 4 show that the highest value
of wind power density was found at Abéché (69W/m2) fol-
lowed by Ndjamena (65W/m2) and Pala (55W/m2), whereas
the lowest wind power density was observed at Bousso, Am
Timan, and Ati with the value of 7, 8, and 10W/m2, respec-
tively. On the other hand, the wind energy density ranged
between 59 kWh/m2/year and 603 kWh/m2/year. The city of
Abéché again showed the maximum value of energy with
more than 600 kWh/m2/year and Bousso presented themini-
mum. Based on the presented data, it could be deduced that
themaximum power density in Chad is around 70W/m2 and
it is found in the eastern part of the country.

As wind speeds during the dry season are higher as com-
pared to other periods of the year [6], interestingly, the cor-
responding power and energy density are also higher in this
season. This clearly indicates that a WECS would produce
more energy during this period for all the stations at the three
distinctive geographical regions. It is also interesting to note
that although some stations showed a higher value ofmonthly
mean wind speed, the yearly mean was low due to significant
seasonal variations of the site, which lead to low yearly
power output. This gives an insight into using a WECS as an
alternative for energy generation at such particular period of
the year for that particular site.
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Table 2: Monthly Weibull parameters (𝑘, 𝑐).
Station Parameter Month

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

Abéché 𝑘 1.59 1.59 1.72 1.65 1.56 1.50 1.54 1.43 1.39 1.52 1.61 1.52
𝑐 4.10 4.10 4.85 4.40 3.94 3.63 3.82 3.28 3.09 3.70 4.22 3.77

Am Timan 𝑘 0.91 0.94 0.99 1.02 0.96 0.87 0.86 0.79 0.82 0.83 0.85 0.89
𝑐 1.17 1.27 1.44 1.56 1.32 1.05 1.00 0.81 0.88 0.91 0.98 1.10

Ati 𝑘 0.97 0.99 1.08 0.99 0.97 1.01 1.02 0.86 0.82 0.89 0.96 0.97
𝑐 1.36 1.44 1.75 1.44 1.34 1.49 1.53 1.00 0.88 1.10 1.32 1.36

Bokoro 𝑘 0.99 1.00 1.08 1.03 1.06 1.07 1.08 0.96 0.89 0.93 1.01 1.08
𝑐 1.41 1.46 1.75 1.58 1.68 1.73 1.75 1.34 1.10 1.22 1.49 1.75

Bousso 𝑘 0.80 0.88 0.86 0.93 0.93 0.94 0.77 0.74 0.81 0.80 0.79 0.84
𝑐 0.81 1.05 1.00 1.22 1.24 1.29 0.74 0.67 0.86 0.83 0.81 0.95

Doba 𝑘 1.28 1.37 1.36 1.46 1.35 1.24 1.17 1.16 1.16 1.12 1.04 1.10
𝑐 2.59 2.97 2.93 3.44 2.92 2.45 2.09 2.07 2.07 1.90 1.61 1.82

Faya-Largeau 𝑘 1.62 1.55 1.50 1.37 1.27 1.31 1.16 1.16 1.33 1.42 1.53 1.60
𝑐 4.29 3.87 3.61 3.00 2.54 2.71 2.09 2.11 2.83 3.25 3.77 4.15

Mao 𝑘 1.31 1.31 1.34 1.22 1.18 1.22 1.21 1.11 1.08 1.15 1.24 1.28
𝑐 2.71 2.71 2.83 2.31 2.14 2.31 2.26 1.85 1.73 2.02 2.38 2.59

Mongo 𝑘 1.28 1.50 1.55 1.52 1.57 1.58 1.44 1.36 1.28 1.38 1.45 1.37
𝑐 2.61 3.61 3.87 3.70 4.01 4.08 3.35 2.97 2.59 3.06 3.40 3.02

Moundou 𝑘 1.48 1.42 1.31 1.40 1.28 1.25 1.27 1.26 1.08 1.15 1.23 1.27
𝑐 3.52 3.23 2.76 3.16 2.61 2.45 2.54 2.52 1.77 2.04 2.35 2.54

N’Djaména 𝑘 1.60 1.69 1.75 1.58 1.47 1.60 1.57 1.36 1.31 1.31 1.49 1.56
𝑐 4.17 4.64 5.03 4.03 3.49 4.13 3.99 2.93 2.71 2.71 3.59 3.96

Pala 𝑘 1.59 1.66 1.68 1.63 1.54 1.45 1.31 1.22 1.30 1.27 1.41 1.54
𝑐 4.08 4.50 4.59 4.29 3.84 3.40 2.73 2.33 2.66 2.52 3.21 3.86

Sarh 𝑘 1.10 1.06 1.19 1.35 1.31 1.20 1.00 1.03 0.99 1.00 0.88 1.06
𝑐 1.82 1.68 2.21 2.88 2.71 2.26 1.46 1.58 1.44 1.46 1.08 1.70
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Figure 4: Comparison of yearly mean wind speeds and mean wind
power density.

5.3.Weibull Distribution. Themonthlymean scale parameter𝑐 (m/s) and shape parameter 𝑘 (dimensionless) of theWeibull
distribution for all the stations under study are determined
using (2) and (3) and furnished in Table 2. It was observed
that the shape parameter has smaller temporal variation
compared to the scale parameter. The monthly values of the
parameter 𝑘 range between 1 and 1.6 for almost all of the sta-
tions, except for a few stations in the Savanna and Sahel zones
which exhibit less than one. This indicates that such stations
have poor stability and poor persistence compared to the oth-
ers.The scale parameter 𝑐, which is slightly greater than aver-
agewind speed, ranges from 2 to 5m/s for nearly all of the sta-
tions in the Sahara and Sahel zones and from 1 to 4 formost of
the stations in the Sudanian region. The highest and lowest
values of the dimensionless shape parameter 𝑘were observed
to be 1.80 and 0.67, respectively, and they were found at Ndja-
mena and Bousso. This is perhaps due to the more open and
flat areas in the Sahel and Saharan regions.Thus, these higher
values of the scale parameter denote that these sites arewindy.

The frequency and cumulative distributions of monthly
average wind speed for all the stations are presented, respec-
tively, in Figures 5 and 6. It is obvious that all curves have
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Table 3: Yearly Weibull parameters (𝑘, 𝑐), average wind speed, wind speed carrying maximum energy, wind power density, and wind energy
density (at 10m height).

Station Parameters𝑘 𝑐 V 𝑉max.𝐸 𝑃/𝐴 (W/m2) 𝐸/𝐴 (kWh/m2)
Abéché 1.56 3.91 3.52 6.65 68.80 602.72
Am Timan 0.90 1.13 1.18 4.11 8.04 70.39
Ati 1.00 1.34 1.36 4.26 10.06 88.09
Bokoro 1.02 1.52 1.51 4.42 12.21 106.97
Bousso 0.85 0.96 1.04 4.02 6.73 58.95
Doba 1.24 2.40 2.25 5.20 26.03 228.0
Faya-Largeau 1.41 3.19 2.90 5.95 45.29 396.72
Mao 1.22 2.32 2.17 5.11 24.07 210.85
Mongo 1.45 3.36 3.05 6.11 50.54 442.77
Moundou 1.29 2.62 2.43 5.41 31.41 275.17
N’Djaména 1.53 3.79 3.42 6.54 64.63 566.18
Pala 1.48 3.51 3.17 6.26 54.80 480.01
Sarh 1.11 1.86 1.79 4.70 16.58 145.24
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Figure 5: Frequency distributions of monthly mean wind speed for
all stations.

a similar tendency of wind speeds on both frequency and
cumulative density. However, the frequency peaks in the
range of 2 to 3m/s for the two regions in the upper part of
the country and between 1 and 2m/s for the lower part of the
country. This indicates that most of the wind energy lies in
these ranges. This information is very practical and can be
used to determine the amount of power which can be gener-
ated in a given speed band and could also help in selecting
a suitable wind turbine for each particular site.
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Figure 6: Cumulative distributions ofmonthlymeanwind speed for
all stations.

5.4. Polar Diagrams. Evaluation of wind direction helps to
expose the impact of the geographical features on the wind
and to obtain the prevailing direction and magnitude of the
most frequent wind. In Figures 7–12, METAR data of the
year 2014 and polar diagrams for six potential sites in Chad
are presented. These locations are from the three distinctive
geographical zones. It was observed that the prevailing wind
direction varied from zone to zone and within the same zone
as well. As such, the prevailing wind direction for the stations
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Figure 7: Polar diagram: wind direction for Abéché.
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Figure 8: Polar diagram: wind direction for Faya-Largeau.

in the Saharan and Sahel zones was northeast throughout
the year, while in the Sudanian zone the direction prevailed
at various directions. In Moundou, for example, the most
frequent wind direction was dominated by the southwestern
wind. Meanwhile, in Pala and Sarh, the wind direction pre-
vailed, respectively, in north and south directions throughout
2014.

Wind speed (m/s)
>10.0 (0.3%)
8.0–10.0 (0.8%)
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Figure 9: Polar diagram: wind direction for Moundou.
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Figure 10: Polar diagram: wind direction for Ndjamena.

6. Conclusion and Future Direction

In this study, the monthly and yearly wind speed distribution
and wind power density for thirteen meteorological stations
in Chad were evaluated. The novel two-parameter Weibull
distribution function was employed to analyze the five-year
period data for each site. While the data used in this study
are being published for the first time, they are collected for the
purpose of studying the wind energy potential and to have a
comprehensive wind database or a wind map in Chad.
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Figure 11: Polar diagram: wind direction for Pala.
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Figure 12: Polar diagram: wind direction for Sarh.

The seasonal variations of the mean wind speed data
show that higher wind speeds are available when the weather
condition is generally dry, that is, November to May, and
lower wind speed is foundwhen the weather condition is wet,
that is, June to October. This trend is applicable for all the
thirteen sites under investigation. Interestingly, it was learned
that higher electrical energy demand in the country is also in
this period (dry season).

Moreover, the data presented also revealed that the
monthly mean wind speed varies in a wide range in each
geographical zone. In the Sahel zone, for example, it ranged
between 1 and 4m/s, though most of the stations in this
region have shown reasonably strong wind speed of more
than 2m/s.The same behavior was also noticed at the Sudan-
ian zone.

It was observed that the sites in the middle of Sahel and
Sudanian zones tend to show lower mean wind speed com-
pared to the others. However, in general, higher wind poten-
tials are witnessed as one moves towards the Saharan region.
It is also worth noting that the peak monthly mean wind
speedwas 4.5m/s and it was found inNdjamena in themonth
ofMarch.Meanwhile, the lowestmonthly averagewind speed
was less than a unit and was found in Bousso.

Based on yearly averaged data, the most recommended
site forwind energy generation inChadwould beAbéché, fol-
lowed by Ndjamena, Pala, Mongo, and Faya-Largeau, which
are the stations that possess mean wind speed of more than
3m/s at 10m height above ground level. These sites exhibited
wind power density in the range of 45–69W/m2 and cor-
responding wind energy density values ranged between 400
and 600 kWh/m2/year. However, although the wind energy
potential in Chad is promising for most of the sites under
study for small-scale applications, it is concluded that few
stations in the middle of Sudanian and Sahel regions (Am
Timan, Bousso, Bokoro, and Ati) are not feasible for wind
energy generation due to their weak mean wind speed of
around 1m/s.

In terms of wind direction, the prevailing wind direction
for both Saharan and Sahel region was dominated by north-
eastern wind. However, the wind direction in every station
at the Sudanian region prevailed at different directions. The
most probable wind speed direction was southwest inMoun-
dou, dominated by northern wind in Pala and southern wind
in Sarh.

It is recommended in the future to develop a windmap at
the other parts of the Saharan region and some locations close
to Lake Chad.The data should be recorded at various heights
above ground level and it will then be used for developing
wind atlas for Chad which will encourage the development
of wind energy projects in the country.
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The limited operational flexibility of combined heat and power (CHP) units is the main cause of wind power curtailment in the
thermal-electrical power system of Northern China. Pumped hydrostorage (PHS), heat storage (HS), and electric boiler (EB) are
investigated as three alternative options for the promotion of wind power integration. On the basis of two linear models that
determine the capacities of these three facilities required for integrating the curtailed wind power, economic evaluation in terms
of investment costs and environmental benefits is presented. Analysis results show that HS requires the least investment and has a
good performance of coal savingwhen accommodating the same amount of curtailedwind power. And EB has the greatest potential
for wind power integration with the huge growth of installed capacity of wind power in the future.

1. Introduction

With the rapid growth of wind power, it has been a main-
stream green energy source in many countries, as well as
in China [1]. But a large amount of wind power has to be
wasted in the heating season due to the limited flexibility
of the combined heat and power (CHP) units, especially in
Northern China where the CHP units account for a large
share of the generators [2]. CHPunits cannot supply adequate
downward regulating space for wind power since the produc-
tion of electricity is strongly dependent on heat demand in
the cogeneration system [3]. In view of this situation, wasted
wind power is supposed to be reduced by either accumulating
directly with electrical storage devices or decoupling heat and
power demand with heat compensation devices.

Potential options for electrical storage include electro-
chemical energy storage, electromagnetic energy storage, and
mechanical energy storage [4, 5]. However, most of the
electrical storages need vast investment and have not been
in the commercial application except pumped hydrostorage
(PHS) [6]. PHS is well known as the most promising energy
storage technology, accounting for 99% of the available
electrical storage capacity all over theworld. And it has a good

performance of frequency control and peak load shifting [7].
Comprehensive benefits of introducing PHS for the promo-
tion of wind power accommodation have been analyzed in
[8–11], which achieve an agreement that PHS could get cost-
effective peak-shaving as well as the reduction in carbon
dioxide emissions. Heat storage (HS) and electric boiler (EB)
are favorable alternatives for reducing curtailed wind power
in terms of releasing heat and power linkage [12]. Several
studies focused onHS and EB have also beenmade to identify
their facilitation of wind power integration. Reference [13]
analyzed the possibilities of CHPs and HS balancing large
scale of wind power and the optimal capacity of HS. In [14],
research of optimal combination of PHS and EB in West
Inner Mongolia was carried out, which claimed that PHS
was less cost-effective than EB with the same reduction of
surplus wind power. In [15], both environmental benefits and
economic benefits were included in the objective function
whichwas used to calculate the optimumcapacity of EBwhen
all of the curtailed wind power has to be accommodated. Ref-
erence [16] put forward several evaluation indexes to weigh
the effects of HS and EB added to the cogeneration system
on wind power accommodation. In [17–22], the performance
of HS and EB on decoupling thermal-electrical production
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was further analyzed. All of the studies mentioned above
have discussed the different approaches for better wind power
integration, but few of them have compared the economic
benefits of PHS as being the quintessential example of
electrical storages with thermal devices.

This paper focuses on the economic evaluation of PHS,
HS, and EB for the promotion of wind power integration.The
economic analysis is conducted on the basis of calculating the
capacities of these three facilities. Further, two linear models
are established following the principle of “ordering power by
heat (OPH)” or “ordering heat by power (OHP),” respectively,
to obtain the expected capacities. This paper is organized as
follows. Section 2 is devoted to introducing the operation
characteristics of CHP units and constructingOPH andOHP
models while Section 3 presents the economic analysis of the
three alternatives on the foundation of Section 2. Case studies
and discussion are given in Section 4. Finally, conclusions are
drawn in Section 5.

2. Proposed OPH and OHP Models

2.1. Operation Characteristic of CHP Unit. Twomain types of
CHP units, the back-pressure units and extraction-conden-
sing units, are used worldwide in the power system.The heat
output of a back-pressure unit is proportional to the power
output while the heat and power outputs of an extraction-
condensing unit are not certain to a proportional relationship.
We just focused on the extraction-condensing units in this
study since this type of CHP units is widely installed in
Northern China. For simplicity, all the CHPs mentioned
below are in terms of extraction-condensing units.

The feasible operation region of a CHP is characterized
as an irregular quadrilateral or a polygon which is illustrated
in Figure 1. The operation zone of a CHP is assumed to be
convex so that the electric power 𝑃𝑡𝑖 , thermal power 𝑄𝑡𝑖 , and
operating cost 𝐶𝑡𝑖 of a CHP can be represented as the linear
convex combination of the extreme points. Several studies
[23–25] related to the convexity of the CHP unit have been
done, and the demonstrated results enable verifying the linear
expression of the operating region as follows:

𝑄𝑡𝑖 = 𝑀𝑖∑
𝑘=1

𝑞𝑖,𝑘𝑥𝑡𝑖,𝑘
𝑃𝑡𝑖 = 𝑀𝑖∑
𝑘=1

𝑝𝑖,𝑘𝑥𝑡𝑖,𝑘
𝐶𝑡𝑖 = 𝑀𝑖∑
𝑘=1

𝑐𝑖,𝑘𝑥𝑡𝑖,𝑘
𝑀𝑖∑
𝑘=1

𝑥𝑡𝑖,𝑘 = 1, 0 ≤ 𝑥𝑡𝑖,𝑘 ≤ 1,

(1)

where 𝑝𝑖,𝑘, 𝑞𝑖,𝑘, and 𝑐𝑖,𝑘 are the values of power, heat, and
cost of the 𝑘th extreme point; 𝑀𝑖 is the number of extreme
points for the 𝑖th CHP; 𝑥𝑡𝑖,𝑘 is the combination coefficient. It
is worthmentioning that numerous subsets of extreme points
are eligible for representing a given operating status (𝑃𝑡𝑖 , 𝑄𝑡𝑖).

P

Q

A(q1, p1)

B(q2, p2)

D(q4, p4)
(Qt
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t
i )
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i C(q3, p3)
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Figure 1: The feasible operating region of CHP.

2.2. Ordering Power by Heat (OPH) Model. The electric
power produced by CHP units is determined by the thermal
power which is the major barrier for the flexibility of CHP.
This characteristic is the very foundation of the OPH model
which is formulated with the objective function of minimiz-
ing the wasted wind power on the premise of meeting the
daily heat demand.

Objective Function

min∑
𝑡∈𝑇

(𝑃𝑤 − 𝑃𝑡𝑤𝑥) ; (2)

Electric Power Balance Constraint
𝐼∑
𝑖=1

𝑀𝑖∑
𝑘=1

𝑝𝑖,𝑘𝑥𝑡𝑖,𝑘 + 𝐽∑
𝑗=1

𝑃𝑡𝑗𝑥 + 𝑃𝑡𝑤𝑥 = 𝑃𝑡𝑒 ; (3)

Thermal Power Balance Constraint
𝐼∑
𝑖=1

𝑀𝑖∑
𝑘=1

𝑞𝑖,𝑘𝑥𝑡𝑖,𝑘 = 𝑃𝑡ℎ; (4)

Generation Output Constraint

0 ≤ 𝑃𝑡𝑤𝑥 ≤ 𝑃𝑡𝑤 (5)

𝑀𝑖∑
𝑘=1

𝑥𝑡𝑖,𝑘 = 1, 0 ≤ 𝑥𝑡𝑖,𝑘 ≤ 1 (6)

𝑃min
𝑗 ≤ 𝑃𝑡𝑗𝑥 ≤ 𝑃max

𝑗 ; (7)

Ramp Rate Constraint

−𝑃up
𝑖 ≤ 𝑀𝑖∑
𝑘=1

𝑝𝑖,𝑘𝑥𝑡−1𝑖,𝑘 − 𝑀𝑖∑
𝑘=1

𝑝𝑖,𝑘𝑥𝑡𝑖,𝑘 ≤ 𝑃down
𝑖 (8)

−𝑃up
𝑗 ≤ 𝑃𝑡−1𝑗𝑥 − 𝑃𝑡𝑗𝑥 ≤ 𝑃down

𝑗 , (9)
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where 𝐼 and 𝐽 are the numbers of CHP and power-only units,
respectively; 𝑇 is the scheduling period; 𝑃𝑡𝑗𝑥 is the power gen-
erated by the 𝑗th unit at period 𝑡;𝑃𝑡ℎ and𝑃𝑡𝑒 are the power load
and heat load; 𝑃𝑡𝑤 and 𝑃𝑡𝑤𝑥 are the forecasted and integrated
wind power; 𝑃up and 𝑃down are the rates of ramping up and
down, respectively.

We can obtain the total amount of wasted wind power
which would be accommodated directly by PHS and make
the operating strategy of PHS by solving this linear OPH
model.

2.3. Ordering Heat by Power (OHP) Model. Contrary to the
OPH model, the OHP model is established following the
principle of “ordering heat by power”; that is, the electric
power is given priority to be regulated to accommodate the
total wind power as far as possible and part of thermal
demand which cannot be meet by CHPs would be supplied
by heat compensators. A state vector, 𝑉(𝑡), is proposed to
indicate the operating mode of heat compensator at period𝑡: 𝑉(𝑡) = 1means the requirement of heat compensation and𝑉(𝑡) = 0, vice versa.

The minimum power output and the equivalent power
load of the cogeneration system are noted as follows:𝐸min and𝑃𝑡load, respectively.

𝐸min = 𝐼∑
𝑖=1

𝑃min
𝑖 + 𝑗∑

𝑗=1

𝑃min
𝑗

𝑃𝑡load = 𝑃𝑡𝑒 − 𝑃𝑡𝑤.
(10)

It is obvious that when 𝐸min > 𝑃𝑡load the wind power is
bound to be curtailed and thus 𝑉(𝑡) = 1. When 𝐸min < 𝑃𝑡load,
the value of 𝑉(𝑡) has to be further defined by the difference
between the maximum heat output of CHPs and heat load.
The OHP model is formulated as follows:

Objective Function

max
𝐼∑
𝑖=1

𝑀𝑖∑
𝑘=1

𝑞𝑖,𝑘𝑥𝑡𝑖,𝑘; (11)

Electric Power Balance Constraint
𝐼∑
𝑖=1

𝑀𝑖∑
𝑘=1

𝑝𝑖,𝑘𝑥𝑡𝑖,𝑘 + 𝐽∑
𝑗=1

𝑃𝑡𝑗𝑥 = 𝑃𝑡load; (12)

Other constraints contain (4) and (6)–(9). The value of𝑉(𝑡) is determined with the discriminant function:

𝑉 (𝑡) =
{{{{{{{{{{{

1, if 𝑃𝑡ℎ > 𝐼∑
𝑖=1

𝑄avail
𝑖,𝑡

0, if 𝑃𝑡ℎ < 𝐼∑
𝑖=1

𝑄avail
𝑖,𝑡 , (13)

where 𝑄avail
𝑖,𝑡 is the maximum available thermal power of the𝑖th CHP unit solved by (11). 𝑃𝑡ℎ < ∑𝐼𝑖=1 𝑄avail

𝑖,𝑡 means that the

heat power produced by CHP units is sufficient for heat sup-
ply while 𝑃𝑡ℎ > ∑𝐼𝑖=1 𝑄avail

𝑖,𝑡 means that the heat compensator is
required for auxiliary heating.

3. Economic Analysis

The economic analysis is carried out based on the optimal
results of OPH and OHP models with typical daily load and
wind power curves. The net benefit is used as the index to
measure the performance of different solutions in facilitating
wind power integration.

3.1. Pumped Hydrostorage (PHS). PHS is expected to con-
sume surplus wind power during off-peak periods by pump-
ing water from the lower reservoir to the upper one. And
during peak load periods, the potential energy is transformed
into electrical energy again, reducing the power produced by
CHP and power-only units. Aiming at integrating the whole
generated wind power, the minimum installed capacity of
PHS, 𝑂PHS, should be larger than the surplus wind power in
consideration of energy efficiency.

𝑂PHS = ∑𝑡∈𝑇𝑤 (𝑃𝑡𝑤 − 𝑃𝑡𝑤𝑥) Δ𝑡𝜂PHS
, (14)

where 𝑇𝑤 is the set of the periods when the wind power was
wasted. In view of the gross cost of PHS, only the construction
cost and maintenance cost are taken into consideration, as
well as HS and EB. Thus the annual average cost of PHS can
be expressed as follows:

𝐶𝑐PHS = 𝑂PHS𝑢𝑐PHS
𝑟 (1 + 𝑟)𝑦PHS

(1 + 𝑟)𝑦PHS − 1
𝐶𝑚PHS = 𝑂PHS𝑢𝑐PHS𝛼PHS

𝐶ΣPHS = 𝐶𝑐PHS + 𝐶𝑚PHS,
(15)

where 𝜂PHS is the energy efficiency; 𝐶𝑐PHS is the converted
annual construction cost;𝐶𝑚PHS and𝐶ΣPHS are themaintenance
cost and gross cost, respectively; 𝑢𝑐PHS is the unit construction
cost; 𝑟 is the bank lending rates; 𝑦PHS is the lifetime of PHS;𝛼PHS is the fixed annual maintenance cost ratio.

The economic benefits created by PHS during the daily
scheduling period include two parts: the coal saved by
replacing power generation of CHP and power-only units
during peak load periods and the carbon emission cost
reduced by coal saving. The evaluation model is given by

𝐵PHS = (𝑢coal + 𝑢car𝜀)(∑
𝑡∈𝑇𝑤

(𝑃𝑡𝑤 − 𝑃𝑡𝑤𝑥) Δ𝑡)𝑝coal
av . (16)

The daily net benefits of PHS should be expressed as
follows:

𝑅PHS = 𝐵PHS − 𝐶ΣPHS𝐷 , (17)

where𝑢coal is the cost of per ton of coal equivalent (Tce);𝑢car is
the cost of carbon emission; 𝜀 is CO2 emission of per ton coal;
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Δ𝑡 is the duration of each segment; 𝑝coal
av is the average coal

consumption of electric power generation; 𝐷 is the number
of heating days per year.

3.2. Heat Storage (HS). It is possible to introduce anHS using
water as the energy storage media to reconcile the conflict
between electric peak-shaving and heat supply [26]. The HS
plays a role in thermal-load-shifting, similar to the load shift-
ing of PHS. During the daytime, the CHPs are forced to pro-
duce extra thermal power for heat charging of HS. Then the
stored thermal energy is released to ease the heat supply
burden of CHPs during the nighttime. The capacity of HS is
dependent on the requirement of heat compensation, which
is calculated as follows:

𝑂HS = ∑𝑡∈𝑇 (𝑃𝑡ℎ − ∑𝑖∈𝐼𝑄avail
𝑖,𝑡 ) Δ𝑡

1 − 𝜂lossHS
, (18)

where 𝜂lossHS is the heat accumulation loss of HS.
The annual average cost of HS is expressed as follows:

𝐶𝑐HS = 𝑂HS𝑢𝑐HS
𝑟 (1 + 𝑟)𝑦HS

(1 + 𝑟)𝑦HS − 1
𝐶𝑚HS = 𝑂HS𝑢𝑐HS𝛼HS

𝐶ΣHS = 𝐶c
HS + 𝐶𝑚HS.

(19)

In fact, the gross thermal power produced by CHPs
during the scheduling period increases slightly because of
the heat loss of HS. But the gross electric power supplied by
CHPs reduces to integrate more wind power since the HS
promotes the flexibility of CHPs. Thus both the increased
thermal power and the reduced electric power generated by
CHP have an effect on the economic calculation, including
coal cost and carbon emission cost. The economic benefits
and net benefits are calculated as follows:

𝐵HS = (𝑢coal + 𝑢car𝜀)
⋅ [[(∑
𝑡∈𝑇𝑤

(𝑃𝑡𝑤 − 𝑃𝑡𝑤𝑥) Δ𝑡)𝑝coal
av − 𝑂HS𝜂lossHS 𝑞coalav

]
]

𝑅HS = 𝐵HS − 𝐶ΣHS𝐷 ,
(20)

where 𝑞coalav is the average coal consumption of CHPs for
thermal power generation.

3.3. Electric Boiler (EB). An EB is usually installed near the
CHP plant and activated during the periods,𝑇𝑤. Not only can
it consume wind power directly as PHS, but also it can supply
thermal power as HS. To explain the impact of this specific
characteristic on the operation of CHP, Figure 2 is shown for
detailed illustration.𝑄need
𝑖 represents the essential thermal power obtained

by the OPH model where the thermal demand is met pri-
marily. 𝑃need

𝑖 represents the demanded electric power output

P

Q

A(q1, p1)

B(q2, p2)

HOPH

H0

HOHP Δq Δp

Pi = kiQi + bi
D(q4, p4)

Pneed
i

Pmin
i C(q3, p3)

Qneed
i Qmax

i

Figure 2: Operating region of CHP with electric boiler.

obtained by the OHP model where the wind power integra-
tion is preferred. Neither operating point𝐻OHP nor𝐻OPH of
CHPs is available for the system to meet thermal demand
without wasting wind power. Nevertheless, the CHP unit
could be adjusted to the operating point, 𝐻0, to satisfy the
regulating requirement of thermal and electric power hope-
fully with assistance of EB.

After the EB being integrated into the system, the pro-
duced thermal power of the 𝑖th CHP unit is reduced by Δ𝑞𝑖,𝑡
and the electric power is increased by Δ𝑝𝑖,𝑡. The coupling
relationship of thermal and electric power during each Δ𝑡
could be expressed as follows:

𝑝need
𝑖,𝑡 + Δ𝑝𝑖,𝑡 = 𝑘𝑖 (𝑄need

𝑖,𝑡 − Δ𝑞𝑖,𝑡) + 𝑏𝑖
Δ𝑞𝑖,𝑡 = Δ𝑝𝑖,𝑡𝜂EB, (21)

where 𝜂EB is the energy efficiency of EB; 𝑘𝑖 and 𝑏𝑖 are the
parameters of the line segment 𝐶𝐵 in Figure 2. As the gross
increased electric power of CHPs is caused by the power
consumption of EB, the minimum capacity of EB is given by

𝑂EB = max
𝑡∈𝑇𝑤

∑
𝑖∈𝐼

Δ𝑝𝑖,𝑡. (22)

The annual average cost of EB is given by

𝐶𝑐EB = 𝑂EB𝑢𝑐EB 𝑟 (1 + 𝑟)𝑦EB(1 + 𝑟)𝑦EB − 1
𝐶𝑚EB = 𝑂EB𝑢𝑐EB𝛼EB
𝐶ΣEB = 𝐶𝑐EB + 𝐶𝑚EB.

(23)

With the EB meeting part of the thermal demand and
consuming more wind power, coal and carbon emission cost
of the cogeneration system reduced evenmore.The economic
benefits and net benefits are given by

𝐵EB = (𝑢coal + 𝑢car𝜀)
⋅ ∑
𝑡∈𝑇𝑤

[(𝑃𝑡𝑤 − 𝑃𝑡𝑤𝑥) 𝑝coal
av + Δ𝑞𝑖,𝑡𝑞coalav ] Δ𝑡

𝑅EB = 𝐵EB − 𝐶ΣEB𝐷 .
(24)
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Figure 3: Curves of power load and heat load.
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Figure 4: Comparison of generated and integrated wind power.

Except for the calculation of 𝑅∗, reflecting directly the
net benefits, performance of these three different facilities for
wind power integration is further discussed with numerable
examples in Section 4.

4. Case Studies

4.1. Case 1. In this study, the cogeneration system structure
is downscaled based on the actual proportions of installed
power energy sources in Northern China. Three CHP units
are noted as CHP1, CHP2, and CHP3; two power-only units
are noted as CON1 and CON2. The power source structure is
listed in Table 1. Detailed information of the units is shown
in Table 2. The scheduling period, T, is 24 hours and Δ𝑡 is
1 hour. 𝐷 is 180 days. Figure 3 shows the curves of typical
daily thermal power load and electric power load. Parameters
related to economic analysis are given in Table 3.

By solving the OPH andOHPmodels, the authors get the
same result of𝑇𝑤 which is from 23:00 pm to the next day 4:00
am. Heat compensation is required during these periods if
the thermal demand and power demand are simultaneously
satisfied without wasting wind power. The curtailed wind
power and necessary heat compensation of each period are
listed in Table 4. Comparison of generated wind power with
integrated wind power is shown in Figure 4. Figure 5 presents
the curves of 𝑄need

𝑖 and 𝑃need
𝑖 . The installed capacity of PHS

Table 1: Power source structure.

Power Source Installed Capacity/MW Proportion
CHP 800 67.8%
Power-only 250 21.2%
Wind 130 11.0%

Table 2: Parameters of CHP and power-only units.

CHP Units
Corner Points CHP1 CHP2 CHP3
(𝑞1, 𝑝1)/MW (0, 323) (0, 310) (0, 210)
(𝑞2, 𝑝2)/MW (357, 241) (320, 246) (240, 155)
(𝑞3, 𝑝3)/MW (154, 150) (100, 150) (124, 100)
(𝑞4, 𝑝4)/MW (0, 150) (0, 170) (0, 100)

Power-only Units
Output Limits CON1 CON2
Maximum/MW 150 100
Minimum/MW 75 50

Table 3: Parameters related to economic analysis.

𝜂PHS 80%𝜂lossHS 4%𝜂EB 98%𝛼PHS 1%𝛼HS 0.5%𝛼EB 0.5%𝑢𝑐PHS 53.1k$/MWh𝑢𝑐HS 5.3k$/MWh𝑢𝑐EB 217k$/MW𝑝coal
av 330 kg/MWh𝑞coalav 154 kg/MWh𝑟 6%𝑦PHS 50a𝑦HS 20a𝑦EB 20a𝑢coal 120$/ton𝑢car 4$/ton𝜀 2.6

should be 132.02/0.8 = 165.03MWh as the aggregated cur-
tailed wind power is 132.02WMh. The capacity of HS is278.44/(1 − 0.04) = 290.04MWh. The capacity of EB is at
least 26.84MW by solving (21)-(22). Investment costs and
economic benefits displayed with histograms in Figure 6 are
easy to be calculated since the capacities of these facilities
have been known. It can be seen that installing HS needs the
least investment cost but gets the maximum net benefit by
4660.85$ in the case of integrating the same amount of sur-
plus wind power. The EB solution is only second to HS with
the net benefit of 4472.21$ and it creates the most economic
benefit by saving coal consumed by electric and thermal
power generation concurrently.
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Figure 5: Curves of essential thermal and electric power.
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Figure 6: Investment costs and economic benefits of PHS, HS and
EB.
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Figure 7: Percentage changes of wind power.

4.2. Case 2. The net benefits of different solutions are closely
associated with the amount of generated wind power and
curtailed wind power. Taking the results in Case 1 as the
reference, Figures 7 and 8 show the changes of capacities
along with the changes of wind power by moving the curve
of generated wind power up and down with the step size of
10%.

As shown in Figure 8, the required capacity of PHS is
consistent with the variation of wind power. But the capacity
of HS tends to decrease when the wind power is increased by
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Figure 8: Capacity changes of PHS, HS, and EB.

Table 4: Curtailed wind power and compensated heat power.

Periods Curtailed Wind/MW Compensated Heat/MWh
23:00 2.31 4.87
24:00 26.36 55.60
1:00 35.21 74.25
2:00 39.31 82.91
3:00 22.26 46.95
4:00 6.57 13.85
Total 132.02 278.44

more than 50%, which is because the available extra thermal
power produced by CHPs for heat accumulation starts to
decrease with such high wind power generation during the
peak load periods. Moreover, the capacity of EB remains
unchanged when the wind power increases by more than
20%, verifying the excellent flexibility of EB in adjusting
power output with the amount of surplus wind power.

As can be seen from Figure 9, the net benefits of installing
PHS, HS or EB for accommodating surplus wind power show
a significant growth trend. Thus it is definitely profitable to
reduce surpluswindpower by integratingPHS,HS, or EB into
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Figure 9: Net benefit changes of PHS, HS, and EB.

the cogeneration system. In addition, solutions of utilizing
HS and EB for heat compensation have distinct advantages
of economic benefits in comparison with PHS. And the net
benefit created by installing EB comes to be the best when
the generated wind power reaches a high level.

5. Conclusion

This paper presents an evaluation of the economic value of
pumped hydrostorage (PHS), heat storage (HS), and electric
boiler (EB) in facilitating wind power integration in the
cogeneration power system. This evaluation is accomplished
by analyzing the investment costs and economic benefits
introduced by installing PHS,HS, or EB. Twomodels denoted
as “ordering power by heat (OPH)” model and “ordering
heat by power (OHP)” model for obtaining the essential
electric power and thermal power required by satisfying the
load demand without wind power curtailment are proposed
in this study. The minimum capacities of PHS, HS, and
EB needed for integrating the same amount of wind power
and the subsequent economic analysis are performed on the
foundation of the results of these two models.

The cases demonstrated the feasibility of accommodating
wasted wind power by these auxiliaries. The capacity of PHS
which plays the role of electrical storage is determined by
the aggregated surplus wind power and it costs much more
than HS and EB. It is economical to utilize the HS to alleviate
the conflict between wind power and thermal demand. But
the capacity of HS is limited by the heating ability of CHPs
since the accumulated thermal power is supplied by CHPs.
Instead, the EB shows better performance for promotion of
wind power integration with superior economic advantage
when the proportion ofwindpower is very high in the system.
Therefore, the HS is preferred if the curtailed wind power is
not toomuchwhile the EB should be given priority if thewind
power develops to an even higher level in the future.

Although the data is simplified in the cases, the conclu-
sion would not be affected by the accuracy of the calculation.
More details involved in the practical projects will be consid-
ered in the future research.
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