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Control theory is an interdisciplinary branch of engineering
and mathematics dealing with the behavior of dynamic sys-
temswith inputs.Theobjective of control theory is to calculate
solutions for the proper corrective action from the controller
that results in system stability and improved performance.
Automation and Industrial Control Systems (ICS) encompass
many applications and uses of industrial and facility control
and automation systems. ICS are defined by ISA-99/IEC
62443 as “a collection of personnel, hardware, and software
that can affect or influence the safe, secure, and reliable
operation of an industrial process.”

Control systems are composed by five main elements:
sensors, transducers, transmitters, controllers, and final con-
trol elements or actuators. This special issue focuses on sen-
sors and, more concretely, on sensor integration in automa-
tion and control systems. Let us remind you that a sensor is
defined as a device that converts a physical stimulus into a
readable output.The role of a sensor in a control and automa-
tion system is to detect and measure some physical effect,
providing this information to the control system.

The integration of sensors in control and automation sys-
tems has received a great deal of attention from a considerable
number of researchers and from the industrial community
in the last years. Emphasis is placed on the importance of
creating improvements in control and automation systems in
order to meet the challenges of developing and refining new
applications.These systems have to integrate a variety of sen-
sory information and human knowledge for the sake of
efficiently carrying out tasks with or without human inter-
vention.

In fact, the integration of sensors into intelligent devices
and systems has increased the capacity to measure, analyze,
and aggregate data at a localized level. Autonomous and
connected sensors are able to selectively sample and measure
many physical properties. Built on the increasing capabilities
of fixed-access and wireless networks, smart sensor develop-
ments allow the collection of rawdata, which is processed into
information and conveyed via a network connection.

The concept of sensor integration is close to the sensor
fusion term, which is defined as “the art of processing data
frommultiple sensors with an aim to replicate a physical envi-
ronment or induce intelligence to control a phenomenonwith
increased precision and reliability.” Sensor fusion or integra-
tion is evolving rapidly as the basis of robust control systems
that can make sense of imperfect input despite the environ-
ment in which it operates. Data from multiple sensors are
fused to increase response and accuracy, delivering control
systems that until recently could only be theorized, drawing
on such techniques as artificial intelligence, pattern recog-
nition, digital signal processing, and statistical estimation.
Moreover, recent advances in sensor technology and pro-
cessing techniques, combinedwith improved hardware,make
real-time fusion of data possible.

This special issue was aimed at exhibiting the latest
research achievements, findings, and ideas in the integration
of sensors in control and automation systems. The topics
faced in this special issue were as follows: sensor systems for
control and automation: sensors and sensor networks, intel-
ligent sensors, sensor uncertainty for fault tolerant control,
distributed and multimodality sensor network for control
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and automation, and so on; control: adaptive control, robust
control, active disturbance rejection control, complex sys-
tems, identification and estimation, nonlinear systems, intel-
ligent systems, sensor networks, delay systems, precision
motion control, control applications, and so on; automation:
man-machine interactions, process automation, network-
based systems, intelligent automation, planning, scheduling
and coordination, and so on; robotics: modelling and identi-
fication, mobile robotics, mobile sensor networks, perception
systems, visual servoing, robot sensing and data fusion, and
so on; process based control: sensor development, system
design, and control development; control and automation
systems: fault detection and isolation, sensing and data
fusion, flight control and surveillance systems, rescue and
field robotics, guidance control systems, industry, military,
space and underwater applications, linear and nonlinear
control systems, signal and image processing, and so on;
industrial informatics: embedded systems formonitoring and
controlling.
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Underwater Wireless Sensor Networks (UWSNs) are considered as tangible, low cost solution for underwater surveillance and
exploration. Existing acoustic wave-based UWSN systems fail to meet the growing demand for fast data rates required in military
operations, oil/gas exploration, and oceanographic data collection. Electromagnetic (EM) wave-based communication systems,
on the other hand, have great potential for providing high speed data rates in such scenarios. This paper will (1) discuss the
challenges faced in the utilization of EMwaves for the design of tactical underwater surveillance systems and (2) evaluate several EM
wave-based three-dimensional (3D) UWSN architectures differing in topologies and/or operation principles on the performance of
localization and target tracking. To the best of our knowledge, this is the first of its kind in the field of underwater communications
where underwater surveillance techniques for EMwave-based high speedUWSNs have been investigated.Thus, this will be amajor
step towards achieving future high speed UWSNs.

1. Introduction

In terms of underwater surveillance, Underwater Wireless
Sensor Networks (UWSNs) are considered as a tangible, low
cost solution [1, 2]. In these networks, sensor nodes are
deployed at various depths in underwater and communicate
with other networked floating nodes (e.g., buoys) on the sur-
face and other communications equipment installed in mar-
itime and airborne vehicles (e.g., ships, aircraft, and satellites)
[3, 4]. Most of today’s underwater surveillance systems are
equipped with sonar-array based target tracking algorithms
[5–8]. Sonar arrays are based on acoustic wave technology
since they are capable of providing long-range communica-
tions in underwater [9, 10]. Acoustic waves however result in
poor performance in shallow water environments and have
extremely low data rates [11] and therefore deemed imprac-
tical for on-demand real-time target tracking applications.
Moreover, acoustic transmission is affected by multipath

propagation, susceptibility to environmental noise, turbidity,
salinity gradients, pressure gradients, and adverse impact on
marine life. Therefore, electromagnetic (EM) transmissions
have been considered as a better alternative for UWSNs [12].
Despite having a relatively shorter range, EM technology is a
promising technology for UWSNs as they have the ability to
provide much higher data rates than those achievable with
acoustic waves in harsh environments with no direct path.
This new breed of UWSNs can provide real-time deep-sea oil
and gas explorations, military surveillance, search and rescue
operations, and environmentalmonitoring. A comparison on
the advantages and disadvantages of acoustic and EM wave-
based communications is presented in Table 1.

By and large, underwater surveillance systems used
within a military context have three main characteristics.
The three key characteristics are detection, identification, and
tracking submerged targets (localization). Target detection
is how the network identifies a potential target within its
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Table 1: Advantages, disadvantages, and challenges of underwater networking using acoustic and EM waves [12–14].

Particulars Acoustic wave EM wave

Advantages

(i) Significantly lower signal attenuation
(ii) Longer transmission area in the range

of km
(iii) Can function in the absence of
line-of-sight (LOS) path between
transmitting and receiving nodes

(i) Large bandwidth
(ii) High data rates in the range of few

Mbps
(iii) Faster response due to higher

propagation speed and significantly lower
delay

(iv) LOS for communication is not
essential

(v) No need of clear water
(vi) No noticeable impact of underwater

environment, such as temperature,
turbidity, salinity, bubbles, and pressure
gradients and thus improving robustness

in unpredictable underwater
environment

(vii) Not affected by sediments and
aeration

(viii) Immune to other noise except
electromagnetic interference (EMI)

(ix) Lower Doppler shift
(x) More reliable communication
(xi) Can cross water-to-air or

water-to-earth boundaries easily
(xii) No impact on marine life
(xiii) Lower cost of nodes

(xiv) Good performance in shallow water
(xv) Higher attenuation is beneficial in an
environment of multiuser interference

Disadvantages

(i) Significantly slower response as
propagation speed is much lower
(1500m/s) than that of EM wave

(ii) Significantly lower data rate (up to
20 kbps) as bandwidth is low

(iii) Surface repeater is required as strong
reflections and attenuation occurs in

crossing water/air boundary
(iv) Poor performance in shallow water

(v) Less reliable and robust
communication as easily affected by
turbidity, ambient noise, temperature,

salinity, and pressure gradients
(vi) Adverse impact on the marine life

and ecosystem
(vii) Higher cost of network nodes

(i) Easy to be affected by EMI
(ii) Higher attenuation, which increases

with the salinity of water
(iii) Limited communication range in

high data rate applications (e.g., 50m for
150 kbps and less than 10m for Mbps

range)
(iv) Dense deployment of nodes is
required for higher frequency range

Challenges

(i) Higher and variable latency
(ii) Difficult time synchronization due to

variable delay
(iii) Higher bit error rate

(iv) Multipath propagation and fading
(v) Easy signal corruption due to ambient

noise
(vi) Mobility of nodes

(i) Timing synchronization is difficult as
the symbol duration is smaller for higher

data rates
(ii) Multipath propagation and fading

(iii) Mobility of nodes

vicinity. Target identification is the classification of the
aforementioned target (i.e., submarines, divers, naval mines,
sea animals, etc.). Once a potential target is identified, local-
ization techniques are required for tracking of itsmovements.
UWSN localization is a very challenging problem due to

the unavailability of the Global Positioning System (GPS)
underwater. Energy efficiency and access delay are twomajor
constraints of any UWSN [13–15]. On the other hand, high
throughput with low packet collisions is desirable formodern
applications [12]. Fair resource allocation among multiple
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Figure 1: FORCEnet project from the US Navy’s unmanned undersea vehicles (UUV) program office.

nodes is another critical factor for effective operation of
UWSNs [10]. In addition, the sensor node topology (node
distribution) and network architecture play a key role in
the design process of these surveillance techniques [13]. For
example, node distribution relates to how the sensor nodes
are distributed with respect to the characteristics of a particu-
lar target, which also needs attention during the UWSN
design process.

Our motivation is driven by the fact that existing surveil-
lance systems designed for terrestrialWSNs are inappropriate
for EM-based UWSNs due to the fundamental differences
between characteristics of the two mediums. Furthermore,
due to the marked differences between the propagation char-
acteristics of acoustic and EMwaves, most existing underwa-
ter surveillance systems that are based on acoustic technology
will not be applicable for EMwave-based communications. It
is therefore extremely rare to find existingworks on underwa-
ter surveillance systems for EM wave-based UWSNs.Thus, it
is of utmost significance to divert considerable research effort
in developing underwater surveillance systems suitable for
EM wave-based high speed UWNSs, which is the foremost
objective of this paper. This paper investigates (1) the oppor-
tunities and challenges of using EM wave-based UWSNs
supporting high speed data transmissions with a particular
focus on the design of suitable tactical underwater surveil-
lance systems and (2) evaluates several EMwave-based three-
dimensional (3D) UWSN architectures on the performance
of localization and target tracking. To the best of our knowl-
edge, development of appropriate underwater surveillance
techniques for EMwave-based high speedUWSNswill be the
first of its kind in the field of underwater communications.

The remainder of this paper is organized as follows. Next
we present a literature review that discussed the challenges
encountered in the design of underwater surveillance system
with particular emphasis to UWSNs. Followed by this we
present the system design considerations that need attention
for such a design. Next we introduce the EM wave-based
three-dimensional UWSN architectures for localization and
target tracking followed by a discussion and conclusion.

2. Underwater Surveillance
Systems and Challenges

Approximately 70% of the surface of the earth is covered by
water. Further 97% of the aforementioned is seawater [16].
Due to the lack of efficient underwater information collecting
networks, this vast area of underwater world, which is in
abundance of extremely rich natural resources, has hardly
been explored. Furthermore, military and political tensions
between nations also call for efficient underwater surveillance
systems for maritime boundary protection [16]. Issues to be
considered with surveillance systems are target detection,
localization, classification, and tracking. Traditionally, sonar-
array based systemswere used for underwater target tracking.
As a result, a number of sonar-array systems have been
designed for this purpose [9, 16–18]. When sonar-array
equipment is submerged and dragged by some sort of vessels
(e.g., ship and submarine), they become unsuitable for on-
demand tracking missions [19, 20]. Further, if the platform,
which it tows, breaks down, the entire system fails [21, 22].

2.1. WSNs for Underwater Surveillance. In order to avoid
the issues of sonar-array based target tracking mechanisms,
UWSNs have been proposed as an alternative solution. In
terms of underwater target tracking, UWSNs seem to offer
a promising approach. Low cost, rapid deployment, self-
organization, and fault tolerance are the main advantages of
UWSNs [23]. As a result, there has been growing interest in
research and development in using UWSN as a tangible, low
cost solution [13]. UWSNs typically include a large number
of intercommunicating underwater devices such as sensors,
buoys, gateways, sinks, anchors, and autonomous underwater
vehicles (AUVs), which are coordinated for carrying out cer-
tain tasks in a collaborative manner. Such networks are often
integrated with water surface sinks and stations, submarines,
satellite networks, aviation systems, and onshore base stations
(sinks) enabling extended functionalities [15, 16]. FORCEnet
project of US Navy, as illustrated in Figure 1, is one example
of such systems, where an artist’s conception of their system
can be found in [2].
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2.2. Acoustic UWSN Based Surveillance Techniques. Some
effort has been made for acoustic wave-based UWSN based
underwater target tracking. For example, location estimation
is discussed in [24]. To detect underwater target size, a
maximum likelihood estimation algorithm is proposed in
[25] but, however, lacks a tracking mechanism. In [26], two
tracking schemes based on the distributed particle filter have
been proposed for cluster based UWSNs.

The biggest downside of these tracking schemes is that
they only considered two dimensions. This imposes severe
limitations for applications. In response to the above, a 3D
target tracking scheme with the combination of interacting
multiple models is designed to solve the nonlinear and
manoeuvring problems [27]. However, this scheme does not
consider the energy consumption problem, which is also a
limitation for practical applications. In response, Isik and
Akan designed a 3D target tracking solution [28]. The arrival
time of these echo messages coming from the target is used
for determining the distance from the sensor to the target.
Then trilateration is utilized to calculate target’s position.
Node’s position and the above velocity will then be used for
tracking the underwater subject. In [29], the waking-up sleep
mechanism is utilized to save energy consumption. Despite
the aforementioned advances, all of these are based on acous-
tic UWSNs. Current underwater acoustic communications
technologies suffer from serious challenges such as suscep-
tibility to environmental noise and require expensive signal
processing to deal with the multipath acoustic channel [30].

2.3. Motivations for EM-Based UWSN Surveillance Tech-
niques. As discussed in Table 1, due to the behaviour of
acoustic waves under water, it can be justified that acoustic
UWSNs are inappropriate for most modern day underwater
applications. Further, an extensive survey conducted by
the authors has indicated that there is no complete pub-
lished works on underwater surveillance systems specifically
designed for EM-based UWSNs. Due to aforementioned
drawbacks of current underwater acoustic communication
technologies, very recent works have proposed EM-based
UWSNs as a cost-effective and reliable way forward [12].

To further justify, the advantages of EM waves over
acoustic waves for UWSNs could be stated as follows. Firstly,
the relatively higher channel bandwidth and data rates (up to
100Mbps) of EM UWSNs are a clear benefit over relatively
lower bandwidth and data rates of acoustic UWSNs (up to
20 kbps). Secondly, the relatively higher propagation speeds
would give the EMUWSNs the capabilities such as fast detec-
tion, instantaneous tracking, and quick countermeasuring.
Thirdly, unlike acoustic UWSNs, EM UWSNs are unaffected
by temperature, salinity, turbidity, pressure gradients, and
wind speed of the sea. Further, EMUWSNs are highly suscep-
tible to various sources of acoustic noise (e.g., marine life at
the seabed andwind speed). In addition, EMUWSNs outper-
form acoustic UWSNs with its capabilities of nonline of sight
operation (e.g., unaffected by aeration and sediments at the
seabed). Moreover, EM wave suffers less attenuation in shal-
low water enabling longer range UWSNs, whereas the seem-
ing drawback of higher attenuation of EMwave in deep water
can be exploited in a beneficial way formultiuser parallel data

transmission enabling localized communications in UWSNs.
Further, the relatively lower cost of RF nodes will further add
to the aforementioned reliability making EM UWSNs a clear
winner. Lastly, EM UWSNs have no known impact on the
marine life and ecosystem.

Nevertheless, the biggest challenge of using EM-based
radios underwater is its limited communication range due to
high attenuation in water. Therefore, a relatively short com-
munication range and a relatively large number of nodes are
required to provide connectivity across large areas. Conse-
quently, optimal node placement algorithms have to be devel-
oped. Nevertheless, since the cost of EM-based radios is sig-
nificantly lower than that of acoustic-based radios, the cost of
high density EM-basedWSNS should not be an issue. On the
other hand, because of the fundamental differences between
propagation characteristics of EM wave on terrestrial and
underwater channels as well as the topological differences of
wireless sensor networks, it is apparent that the surveillance
protocols designed for terrestrialWSNswill not operate effec-
tively in underwater environment. Similarly, the absolute dif-
ferences in generation, propagation, and detection of acoustic
and EM waves clearly rule out the appropriateness of the
existing acoustic surveillance techniques from being used in
EM UWSNs. Some of the challenges, other than those inher-
ent properties, which cannot be compensated by developing
sophisticated schemes, of underwater communications for
both acoustic and EM waves are also summarized in Table 1.

3. System Design Considerations

According to our comprehensive literature survey, we have
found out considerable research challenges such as EM wave
propagation behaviour in underwater environments, under-
water channel models, physical and chemical properties of
the underwater environment, water dynamics, geological dis-
tribution of seabed, and other factors influencing the UWSN
performance [12–14]. Knowledge on these underwater prop-
agation characteristics of EM waves can be directly used
in the development process. Therefore, the new challenges
identified in this paper are novel surveillance techniques for
underwater EM-based UWSNs and the formulation of ana-
lytical models as well as development of simulation platforms
for evaluating the performance of the proposed techniques.
Other challenges identified are theoretical analysis to investi-
gate the performance of the proposed surveillance technique
and algorithms. Simulation tools including MATLAB, NS2,
and OPNET can be used to verify the theoretical analysis
results. Aqua-Sim, an NS2 based network simulator specifi-
cally designed for UWSNs by the University of Connecticut,
can also be used for performance evaluation [31].

3.1. Node TopologyDesignConsiderations. Node topology has
a great effect on the performance of any acoustic UWSNs
[32, 33]. Thus, it can be inferred that underwater node/target
localization as well as target tracking performance with
EM communication will also be highly dependent on the
node topology. Firstly, the design objectives of UWSN node
topologies for mobile UWSNs would greatly differ between
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Figure 2: Cyclic and irregular mobility patterns of nodes in an UWSN.

non-time-critical long-term (say, aquatic species monitor-
ing) and time-critical short-term (say, submarine detection)
applications. Secondly, if the deployed field is not under
the designer’s control or random deployment of the sensors
is more feasible, stochastic deployment may be preferred
[34]. In the latter case, an optimization problem on sensor
deployment needs to be formulated to provide sufficient grid
coverage of the sensor field such thatmaximumcoveragemay
be achieved.

Due to the ocean current, UWSN nodes may move at
speeds up to six kilometres an hour in a typical underwater
scenario [3]. Hence, unlike most terrestrial sensor networks,
where sensor nodes are mostly static, most sensor nodes
placed underwater have slow to medium mobility. Conse-
quently, any surveillance techniques designed by ignoring the
mobility of sensor nodes may perform suboptimally when
directly integrated into mobile UWSNs. It is important to
note that the mobility models must be developed. This is
due to the fact that the node mobility pattern in an UWSN
is completely different from those usually considered in the
above ground wireless sensor networks literature. The new
mobility models have to be 3D in nature because of the cyclic
or irregular patterns in forward and backward ways of ocean
waves, as illustrated in Figure 2, something that is not the case
in terrestrial networks.

Finally, the optimal architecture has to be of distributed
types that takes the node depth into consideration with
respect to the surface buoys. This way, the 3D coverage of the
UWSNcanbe guaranteed.Therefore, the solutions should use
adaptive node topology capable of adjusting the depth of sen-
sor nodes in the event they drift by currents, winds, and so on.

3.2. Target Detection Considerations. Target detection deals
with how the network detects or recognizes the presence of a
mobile target in the proximity. As per the literature, a number
of efforts have been made for underwater target detection,
where most mechanisms have been based on the classical
Doppler equation [35]. The primary motive behind using
Doppler equation based techniques is due to the fact that

most UWSNs were based on acoustic wave-based sensors.
Further, the accuracy of the Doppler equation can only be
guaranteed when the target moves to or from the listener,
which means that there is a degree of inaccuracy involved in
this method. Also, the node placement and the target charac-
teristics must be known, which cannot be done for an under-
water stochastically deployed environment.Therefore, due to
the previouslymentioned deficiencies of acoustic wave-based
systems there are a number of prospects in using EM-based
UWSNs.

In the case of stochastically deployed EM-based UWSNs,
target detection can be achieved probabilistically. By the
evaluation of the detection probability of at least 𝑘 sensors,
the success of the target detection can be measured [34].
However, inmore realistic scenarios, a sensor needs to collect
multiple samples of the target before it can perform reliable
detection [36, 37]. Hence, a sensor 𝑠 must sample the target𝑋 for at least 𝑡 units of time, before 𝑠 can reliably determine
the presence of𝑋.Themost important point to be considered
is that, since [34–37] are aboveground scenarios, underwater
propagation characteristics of EMwaves have to be taken into
consideration in the development process.

3.3. Target Classification Considerations. Classification deals
with how the network classifies the target type. Under this
method, a classification-based data mining scheme can be
implemented, where the system can classify the submerged
targets as submarines, mines, divers, and sea animals. This
is achieved with a combination of sensors based on radia-
tion, mechanical, magnetic, thermal, and chemical signaling.
In this particular case, the method that can be used for
classification of targets is decision trees. The reason behind
choosing decision trees is due to its fast executing, scalability,
and ease of interpreting characteristics [38]. In order to use
collaborative computing, classification-based data mining
combined with the previous decision tree to detect and
classify a target can be used. Each target type can be studied
for defining the possible set of data values that a sensor could
be measuring in the vicinity of a target. Next the challenge of
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Figure 3: A general view of the proposed underwater target detection and tracking system.

preparation of the aforementioned data set for a classification
mining based detection algorithm is involved.

3.4. Target Tracking Considerations. Once a target has been
detected and classified, localization deals with sustained
target tracking. As mentioned under Node Topology Design
Considerations, a distributed tracking architecture is the pre-
ferred choice for UWSNs. In a potential distributed tacking
architecture, the processing nodemust be chosennear the tar-
get and a subset of sensors in its vicinity are chosen as sensor
data collection nodes. The moving target tracking problem
can be handled as a multisensor data fusion problem. Under
this, measurements from various sensors are combined and
pull all information together as one coherent structure.
Interacting multiple model (IMM) filters in this collaborative
manoeuvring target tracking problem can also be used. Based
on the received data, the IMM filter is capable of achieving
its movement detection functionality by updating the mode
probabilities making it advantageous over simpler estimators
like Kalman filter [39]. Next the distributed IMMfilter is used
for estimating states of a target on a given sensor platform
(assuming the target moves along a variety of trajectories).
Thedistributed IMMfilter then can combine differentmodels
as per the target’smotion characteristics such that it will adapt
to any change of trajectory and then the probability for each
model can be calculated. Finally the complete target tracking
model can be combined with an adaptive sensor selection
scheme and an appropriate sleep/wake model for ensuring
improved estimation and energy-efficient performance.

4. EM Wave-Based Three-Dimensional
UWSN Architectures for Localization and
Target Tracking

4.1. Basic Network Layout. We consider a 3D target surveil-
lance area of dimension 𝐷𝑋 × 𝐷𝑌 × 𝐷𝑍, where 𝐷𝑋, 𝐷𝑌, and𝐷𝑍 are the length of the surveillance area along the 𝑋-, 𝑌-
, and 𝑍-axis, respectively. For the convenience, we assume a
plane seabed. The 𝑋-𝑌 plane of the area is assumed parallel
to the seabed and the 𝑍-axis is along the depth of the sea.
We propose grid-based network topologies by dividing the
entire network into𝑁𝑋 = 𝐷𝑋/Δ𝑋,𝑁𝑌 = 𝐷𝑌/Δ𝑌, and𝑁𝑍 =𝐷𝑍/Δ𝑍 segments along the three axes respectively, whereΔ𝑋, Δ𝑌, and Δ𝑍 are the corresponding segment lengths. The
proposedUWSN topologies consist of two basic elements: the
elementary nodes (ENs) which are essentially sensor nodes
and the cluster heads (CHs). The general view of the overall
target detection and tracking scheme as illustrated in Figure 3
consists of a UWSN, a surface sink (SS), and a ground base
station (BS). When a target enters the surveillance area, some
ENs sense the presence of the target and broadcast their loca-
tion information to the surrounding CHs using EM wave.
Upon receiving EM signal from ENs, nearby CHs collect dif-
ferent information and then forward the selected information
to the respectiveCHs of immediate upper layer and so on.The
information is subsequently routed to the CH nearest to the
SS and finally to the SS. The SS then transmits the gathered
information to the ground BS for processing and estimating
the location and travelling path of the target. All the links
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including EN-CH, CH-CH, CH-SS, and SS-BS are proposed
to be EM wave-based.

4.2. Architectures. Under the proposed architectures, ENs
and CHs are arranged in three different formations in 3D
space evolving to three distinct basic building blocks of
the UWSN. The basic building blocks of the topologies are
repeated in 3D space to form the entire UWSNs covering
the surveillance area of dimension 𝐷𝑋 × 𝐷𝑌 × 𝐷𝑍. The
resulting three UWSNs using three distinct topologies are
shown in Figures 4–6.The basic building block is shown only
in Figure 4, which can similarly be drawn for the networks
in Figures 5 and 6. Now, based on these three distinct node
topologies and different location estimation algorithms, we
propose five different architectures denoted as A1,A2, . . . ,A5
as presented below.

4.2.1. Architectures A1 and A2. The topology of the architec-
tures A1 and A2 are same. However, the location estimation
principles have significant difference. As shown in Fig-
ure 4(a), ENs are placed at all the eight vertices of a rectangu-
lar cuboid of dimensionΔ𝑋×Δ𝑌×Δ𝑍.Thus, the entireUWSN
is formed by placing ENs every Δ𝑋, Δ𝑌, and Δ𝑍 distance
along𝑋-,𝑌-, and𝑍-axis, respectively. On the other hand, one
CH is placed at the centre of each cuboid. The UWSN thus
has eight ENs surrounding each CH and vice versa. Thus the
total number of CHs, 𝑁CH and ENs, 𝑁EN can be written as𝑁CH = 𝑁𝑋𝑁𝑌𝑁𝑍 and𝑁EN = (𝑁𝑋 + 1)(𝑁𝑌 + 1)(𝑁𝑍 + 1).

Now, for architecture A1, we assume that each CH knows
its own 3D coordinate. When an EN senses the presence of
a target, it alerts the surrounding CHs by transmitting signal
using EM wave. When a CH receives this EM signal with a
power above a certain threshold 𝑃th, it transmits its 3D coor-
dinate to the immediate upper CH using EM wave. Through
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this flow of location data fromone layer of CHs to those of the
upper layers, the coordinates of theCHsnearest to the sensing
ENs are known to the BS. Then the ground BS estimates the
3D coordinate (𝑥est, 𝑦est, 𝑧est) of the target as follows:

𝑥est = 1𝑁
𝑁∑
𝑖=1

𝑥𝑖,
𝑦est = 1𝑁

𝑁∑
𝑖=1

𝑦𝑖,
𝑧est = 1𝑁

𝑁∑
𝑖=1

𝑧𝑖,
(1)

where (𝑥𝑖, 𝑦𝑖, 𝑧𝑖) is the 3D coordinate of the 𝑖th CH and𝑁 is
the number of CHs from which the ground BS has received
information.

On the other hand, architecture A2 utilizes both the
location information of the CHs sending the target presence
information to the ground BS as well as the EM signal power
strength received from the surrounding ENs. The first step
of estimating the target location is similar to architecture A1.
Thus, an initial estimate of the 3D target location denoted by
(𝑥int, 𝑦int, 𝑧int) is evaluated using (1).Then, by using the infor-
mation of the received power at CHs from the surrounding
ENs, the initially estimated location (𝑥int, 𝑦int, 𝑧int) is fine-
tuned to achieve a new coordinate, which can be given by

𝑥est = 1𝑁
𝑁∑
𝑖=1

(𝑃max − 𝑃𝑖) 𝑥int − (𝑃int − 𝑃𝑖) 𝑥𝑖𝑃max − 𝑃int ,
𝑦est = 1𝑁

𝑁∑
𝑖=1

(𝑃max − 𝑃𝑖) 𝑦int − (𝑃int − 𝑃𝑖) 𝑦𝑖𝑃max − 𝑃int ,
𝑧est = 1𝑁

𝑁∑
𝑖=1

(𝑃max − 𝑃𝑖) 𝑧int − (𝑃int − 𝑃𝑖) 𝑧𝑖𝑃max − 𝑃int ,
(2)

where 𝑃𝑖 is the actual EM power received at 𝑖th CH; 𝑃max and𝑃int are the received power at 𝑖th CH if ENs were located at

the location of CH and (𝑥int, 𝑦int, 𝑧int), respectively. All the
values of power used in (2) are given in dBm. Equation (2)
is developed based on the fact that if we ignore fading, then
the received power expressed in dBm decreases linearly with
distance between the transmitter and the receiver.

4.2.2. Architectures A3 and A5. The topologies of architec-
tures A3 and A5 (Figure 5) differ from those of architectures
A1 and A2 (Figure 4) in the number and the locations of CHs.
As illustrated for architectures A3 and A5, CHs are placed at
the centre of every other rectangular cuboid of dimensionΔ𝑋 × Δ𝑌 × Δ𝑍 along all the three axes.Thus CHs are placed
every 2Δ𝑋, 2Δ𝑌, and 2Δ𝑍 distances along 𝑋-, 𝑌-, and 𝑍-
axis, respectively. Hence, 𝑁CH = ⌈𝑁𝑋/2⌉⌈𝑁𝑌/2⌉⌈𝑁𝑍/2⌉ and𝑁EN = (𝑁𝑋 + 1)(𝑁𝑌 + 1)(𝑁𝑍 + 1). Here ⌈𝑥⌉ implies the
ceiling operation and is equal to the smallest integer equal to
or greater than 𝑥.

Now, similar to architecture A1, architecture A3 estimates
the 3D location of a target from the location of the active
CHs by using (1). On the other hand, although the topology
of architecture A5 is the same as that of A3, A5 integrates
additional feature into the CHs. It is assumed that each CH
is equipped with eight directional receivers directed to the
eight ENs surrounding it. So when a CH receives signal from
surrounding ENs, it sorts out the strongest EM signal and
the location of the corresponding EN from which the signal
is received. Unlike A1–A3, instead of its own location, a CH
then transmits the location of this EN of the strongest EM
signal to the CHof its upper layer and so on until it is received
by the BS. The BS then estimates the location of the target
using (1) replacing 𝑥𝑖, 𝑦𝑖, and 𝑧𝑖 by the coordinate of 𝑖th EN
contributing the strongest EM signal.

4.2.3. Architecture A4. In the topology of architecture A4 as
shown in Figure 6, though the placement of ENs is the same as
all other architectures, CHs are positioned in a very different
way. Instead of placing CHs at the centre of cuboids, they are
deployed on the 𝑍-planes at the centre of four coplanar ENs.
Thus, ENs are placed at regular intervals of 2Δ𝑋, 2Δ𝑌, and
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Table 2: A summary of the key features of the proposed architectures.

Architectures Spacing between
two ENs

Spacing between
two CHs

Total number of ENs
and CHs

Directional
receiving antennas

in CHs

Information used
for location
estimation

A1 Δ𝑋, Δ𝑌, Δ𝑍 Δ𝑋, Δ𝑌, Δ𝑍 𝑁CH = 𝑁𝑋𝑁𝑌𝑁𝑍𝑁EN =(𝑁𝑋+1)(𝑁𝑌+1)(𝑁𝑍+1) No Location of CHs

A2 Δ𝑋, Δ𝑌, Δ𝑍 Δ𝑋, Δ𝑌, Δ𝑍 𝑁CH = 𝑁𝑋𝑁𝑌𝑁𝑍𝑁EN =(𝑁𝑋+1)(𝑁𝑌+1)(𝑁𝑍+1) No
Location of CHs
and EM power
received at CHs

A3 Δ𝑋, Δ𝑌, Δ𝑍 2Δ𝑋, 2Δ𝑌, 2Δ𝑍
𝑁CH =⌈𝑁𝑋2 ⌉ ⌈𝑁𝑌2 ⌉ ⌈𝑁𝑍2 ⌉𝑁EN =(𝑁𝑋+1)(𝑁𝑌+1)(𝑁𝑍+1)

No Location of CHs

A4 Δ𝑋, Δ𝑌, Δ𝑍 2Δ𝑋, 2Δ𝑌, Δ𝑍
𝑁CH =⌈𝑁𝑋2 ⌉ ⌈𝑁𝑌2 ⌉ (𝑁𝑍 + 1)𝑁EN =(𝑁𝑋+1)(𝑁𝑌+1)(𝑁𝑍+1)

Four directional
antennas at each

CH

Location of ENs
contributing the
strongest EM

signal

A5 Δ𝑋, Δ𝑌, Δ𝑍 2Δ𝑋, 2Δ𝑌, 2Δ𝑍
𝑁CH =⌈𝑁𝑋2 ⌉ ⌈𝑁𝑌2 ⌉ ⌈𝑁𝑍2 ⌉𝑁EN =(𝑁𝑋+1)(𝑁𝑌+1)(𝑁𝑍+1)

Eight directional
antennas at each

CH

Location of ENs
contributing the
strongest EM

signal

Δ𝑍 distance along 𝑋-, 𝑌-, and 𝑍-axis, respectively, as shown
in the figure. Hence,𝑁CH = ⌈𝑁𝑋/2⌉⌈𝑁𝑌/2⌉(𝑁𝑍+1) and𝑁EN
is same as that of the previous architectures. Furthermore,
each CH is equipped with four directional receivers directed
to the four coplanar ENs surrounding it for determining the
EN from which the strongest EM signal is received. Similar
to architecture A5, the coordinate of the corresponding EN
of the strongest EM signal is subsequently received by the
BS and then used to estimate the location of target using
(1). Here, (𝑥𝑖, 𝑦𝑖, 𝑧𝑖) is once again the coordinate of 𝑖th EN
contributing the strongest EM signal.

For the clarity, Table 2 summarizes the key features
of the proposed underwater target detection and tracking
architectures.

4.3. Performance Metrics

4.3.1. Error in Location Estimation. If (𝑥, 𝑦, 𝑧) is the actual
location of a target, then the absolute distance 𝑟 between
the actual and the estimated location becomes a metric for
location estimation error and can be given by

𝑟 = √(𝑥est − 𝑥)2 + (𝑦est − 𝑦)2 + (𝑧est − 𝑧)2. (3)

Then the normalized mean square error (NMSE) of
location estimation defined as the mean of 𝑟2 normalized by
the square of the minimum distance between two ENs can be
given by

NMSE𝐷 = ∑𝑀𝑖=1 𝑟2𝑖𝑀[min (Δ 𝑥, Δ 𝑦, Δ 𝑧)]2 , (4)

where 𝑟𝑖 is the location estimation error of 𝑖th simulations and𝑀 is the number of Monte Carlo simulations.

4.3.2. Error in EstimatedDistance Travelled. If (𝑥1, 𝑦1, 𝑧1) and(𝑥2, 𝑦2, 𝑧2) are two different subsequent actual locations of a
moving target and if the corresponding estimated locations of
the target are (𝑥𝑒1, 𝑦𝑒1, 𝑧𝑒1) and (𝑥𝑒2, 𝑦𝑒2, 𝑧𝑒2), then the actual
and the estimated travelled distance denoted by 𝑟𝑎 and 𝑟𝑒 can
be calculated as

𝑟𝑎 = √(𝑥1 − 𝑥2)2 + (𝑦1 − 𝑦2)2 + (𝑧1 − 𝑧2)2,
𝑟𝑒 = √(𝑥𝑒1 − 𝑥𝑒2)2 + (𝑦𝑒1 − 𝑦𝑒2)2 + (𝑧𝑒1 − 𝑧𝑒2)2.

(5)

Then the NMSE of the estimated travelled distance can be
defined as

NMSE𝑇 = ∑𝑀𝑖=1 (𝑟𝑖,𝑎 − 𝑟𝑖,𝑒)2𝑀[min (Δ 𝑥, Δ 𝑦, Δ 𝑧)]2 , (6)

where 𝑟𝑖,𝑎 and 𝑟𝑖,𝑒 are the actual and the estimated travelled
distance respectively of 𝑖th simulations.

4.3.3. Error in Travelled Direction Estimation. Error in esti-
mated horizontal direction of travelling denoted as 𝜃𝑋𝑌 and
error in estimated vertical direction of travelling denoted as𝜃𝑌𝑍 can be defined as follows:

𝜃𝑋𝑌 = tan−1 (𝑦𝑒1 − 𝑦𝑒2𝑥𝑒1 − 𝑥𝑒2) − tan−1 (𝑦1 − 𝑦2𝑥1 − 𝑥2) ,
𝜃𝑌𝑍 = tan−1 ( 𝑧𝑒1 − 𝑧𝑒2𝑦𝑒1 − 𝑦𝑒2) − tan−1 ( 𝑧1 − 𝑧2𝑦1 − 𝑦2) .

(7)
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Then the rootmean square error (RMSE) in the estimated
direction of travelling can be defined as

RMSE𝑋𝑌 = √ 1𝑀
𝑀∑
𝑖=1

𝜃2𝑖,𝑋𝑌,

RMSE𝑌𝑍 = √ 1𝑀
𝑀∑
𝑖=1

𝜃2𝑖,𝑌𝑍.
(8)

4.3.4. Propagation Delay. Propagation delay of a communi-
cation system can be evaluated by dividing the total distance
a signal travel with the propagation speed of the signal. The
propagation speed of EM wave in underwater environment
can be represented by the following equation [12]:

𝐶𝑤 = √𝑓 × 107𝜎 , m/s, (9)

where 𝑓 is the transmission frequency in Hz and 𝜎 is the
conductivity of water in S/m. Typical value for 𝜎 = 0.01 S/m
for fresh water, which is much higher for seawater due to
the higher salinity [12]. On the other hand, speed of acoustic
signal in water can be approximately taken equal to 1,500m/s
[12].

4.4. Performance Evaluation. We evaluate the performance
of the proposed target detection and tracking architectures
usingMATLAB basedMonte Carlo simulation platform.The
results presented in this section are obtained through averag-
ing over𝑀 = 10,000 independent simulations. Performance
evaluations are carried out considering only the underwater
part of the complete surveillance system, which implies that
any information reaching the SS will reach the ground BS
as well. The parameters used for the simulations are chosen
in reference to various references of RF based underwater
communications [12, 40–42]. Without losing the generality,
a 3D UWSN with 𝐷𝑋 = 𝐷𝑌 = 𝐷𝑍 = 𝐷 and Δ𝑋 =Δ𝑌 = Δ𝑍 = Δ is considered for simulations. An underwater
EM wave propagation model with path loss 20 × (log10 𝑒) ×2𝜋 × √(𝜎 × 𝑓 × 10−7) dB/m and shadow fading is used
[12]. Shadow fading is modeled as log-normally distributed
random variable with a mean and standard deviation equal
to 0 dB and 𝜁 dB, respectively. Conductivity 𝜎 = 4 S/m is used
for emulating a typical salty sea water environment [12, 40].
Transmission frequency equal to 6 kHz and 3 kHz is used
for ENs and CHs, respectively [12, 41]. On the other hand,
transmit power of EN and CH is assumed equal to 100mW
and 1W, respectively [42]. Unless otherwise stated, a network
with 𝐷 = 400m, Δ = 20m, and 𝑃th = −60 dBm is considered
for the simulations.

4.4.1. Hardware Requirement. Figure 7 compares the archi-
tectures in terms of the number of CHs per EN considering
an infinitely long UWSN with an infinitely large number of
segments along the three axes. The ratios will be smaller for
smaller sized networks and thus the figure represents the
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Figure 7: Number of CHs per EN for an infinitely long UWSNwith
an infinitely large number of segments along all the three axes (i.e.,𝑁𝑋 →∞,𝑁𝑌 →∞, and𝑁𝑍 →∞).

worst case scenario requiring the maximum number of CHs
per EN. Although the number of ENs in the total surveillance
area is equal for all the five architectures, CHs are placedmore
sparsely in A3, A4 and A5 compared to A1 and A2. This leads
to the lower number of CHs per EN for the former three
architectures.

4.4.2. Accuracy in Localizing Objects. Performance of the
target detection architectures in terms of NMSE of the
estimated location for two different detection thresholds with
and without shadow fading is illustrated in Figure 8. Normal-
ization is done usingΔ= 20mand shadow fading is simulated
using 𝜁 = 8 dB. Network length is increased by keeping the
relative positions and the number of ENs and CHs the same
as those of a UWSN with𝐷 = 400m and Δ = 20m leading to
increased distances among the nodes in the networks. Several
insights can now be identified by observing Figure 8. Firstly,
the figure clearly shows increasing trends of NMSE of all the
architectures with the increase of the network length. With
the increased distance between any two nodes, fewer number
of ENs can communicate with the corresponding CHs and
fewer CHs can communicate with the CHs in the upper layer
leading to reduced accuracy and increased NMSE. Secondly,
the maximum network size is much smaller (630m for 𝑃th =−90 dBm) for A3 and A5 than that for A1, A2, and A4 (1275m
for 𝑃th = −90 dBm), which is the direct result of larger
distance between adjacent CHs in A3 and A5. Furthermore,
comparing Figures 8(a)–8(c), it is found thatwith the increase
of detection threshold from −90 dBm to −30 dBm, the max-
imum network size is reduced from 1280m to 640m for A1,
A2, and A4 and below 400m for A3 and A5. Thirdly, the
deteriorating impact of shadow fading on the performance of
the architectures in terms of increased NMSE is clearly
demonstrated in the figure. However, up to a certain network
size, the performance of the architectures with and without
fading environment is the same, which is due to the close
proximity of network nodes such that the received signal
power is above the detection threshold even in the presence of
severe fading. Beyond this certain network size (around 1140–
1170m for A1, A2, and A4), the performance gap between the
two scenarios increases sharply. Moreover, as seen in Figures
8(a)-8(b), the impact of shadow fading on the performance
of A3 and A5 is not visible. This is due to the much lower
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Figure 8: NMSE of the estimated location of a target with network size keeping the number of networking nodes unchanged.

maximum network size (630m for 𝑃th = −90 dBm and 475m
for 𝑃th = −60 dBm) compared to the other architectures up
to which shadow fading does not degrade the received power
by the network nodes to a value lower than 𝑃th. Finally, it can
readily be identified that the architecture A3 has the worst
accuracy, which is primarily due to the sparse location of
CHs, whereas the best accuracy is achieved for A2. It is also
evident that with much fewer CHs, A4 and A5 have improved
performance than that of A1. The reason behind this better
accuracy is the use of directional antennas integrated in
the CHs and the position estimations from the locations of
ENs. However, this additional feature may increase the size,
computational complexity, and energy consumption in CHs.
On the other hand, despite the use of the same topology,
the better accuracy of A2 compared to that of A1 is directly
attributed to the further fine-tuning of the initially estimated
location using the information of received power. Thus it
can be inferred that if the information of received power is
utilized, the accuracy of A4 and A5 would be significantly
improved, which can be further investigated.

4.4.3. Accuracy in Tracking Objects. On the other hand, for
demonstrating the performance of the proposed architectures

in tracking moving targets, a sample path of the intruder
and the corresponding tracked path by A2 and A3 under
no fading environment are illustrated in Figures 9(a)-9(b).
From the visual inspection, it is clear that architecture A2 has
better accuracy than that of A3 in tracking the path of the
target, which is also supported by Figures 8(a)-8(b). On the
other hand, the NMSE of the estimated travelled path and
the RMSE of the angles in the 𝑋𝑌 and 𝑌𝑍 planes with and
without shadow fading are illustrated in Figure 10. For under-
standing the impact of shadow fading, the network is config-
ured using𝐷 = 900m (correspondinglyΔ = 45m).The figure
does not include the results of A3 and A5 as 900m is well
above the feasible network size of these two architectures. A
detection threshold 𝑃th = −60 dBm is considered for the sim-
ulations. From the figure, A2 is found to have the best accu-
racy in both estimating travelled distance and the travelled
direction as evident from the plot of NMSE and RMSE,
respectively, which is also supported by Figure 8. Shadow fad-
ing can significantly reduce the accuracy in travelled distance
estimation as evident from Figure 10(a). However, though
shadow fading has little impact on the accuracy in estimating
the travelled direction in A4, negligible impact is seen in A1
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Figure 10: Performance of the architectures in tracking a moving target with 𝑃th = −60 dBm.

and A2 because of the symmetric nature of their network
topology.

4.4.4. Response Time. Finally, Figures 11(a)-11(b) present the
cumulative distribution function (CDF) of the propagation
time of signal from the sensing ENs to the SS for both the
EM and acoustic wave-based systems. It is clearly seen that
the propagation delay for EMwave-based system is of several
orders of magnitude smaller than that in an acoustic wave-
based one leading to fast intruder detection. The reason
behind this significantly lower navigation delay of EM-based
system is the fundamental characteristic of high propagation
speed of EM waves compared to that of acoustic waves.

4.4.5. Nodes Mobility. For evaluating the performance of the
proposed architectures, we have considered that the nodes are

static with respect to each other. If we consider the relative
displacement of nodes at their positions, accuracy of the
proposed architectures will degrade andmaximum allowable
network size will decrease. That is, the performance will be
affected in a similar way of shadow fading. Nevertheless, the
proposed algorithms are equally applicable for mobile node
scenario aswell. It is worthwhile tomention that the proposed
architectures with fixed node positions are also suitable for
many practical applications where nodes mobility can be
ignored and the relative displacement of the nodes are negli-
gible. Such applications include 3D fence around sea beaches
for detecting and tracking sharks, seaports and harbor for
surveillance, offshore gas rigs, a moving grid, or fence fixed
with amoving vessel. However, mobility of networking nodes
is a critical issue for underwater networking, which depends
onmany factors including the water current patterns, moving
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Figure 11: CDF of propagation delays from EN to SS.

ships and vessels, and movement of underwater objects
(e.g., fish, AUV, and submarines). Advanced techniques can
be integrated with the proposed systems for overcoming
performance degradation due to node mobility, which is left
for future works.

5. Conclusions

There is a great demand for highly sophisticated yet eco-
nomically viable solutions for underwater surveillance and
exploration of maritime resources. In terms of underwater
target tracking, UWSNs are considered as a tangible, low cost
solution. Existing acoustic wave-based UWSN systems fail to
meet today’s growing demand for fast response and higher
data rates. EM wave-based communication systems on the
other hand have great potential for providing such require-
ments. This paper investigates the challenges of using EM
wave-based UWSNs and evaluates several EM wave-based
UWSN architectures on the performance of localization and
target tracking. For nations that border the ocean, the need
for faster and smarter underwater communication networks
becomes even more critical. For instance, from industry,
military, scientific, and environmental points of view, it is
extremely vital to have fast, robust, scalable, and adaptive
underwater communications. In our future works, we will
focus on developing efficient node deployment strategies with
different objectives for EMwave-based UWSNs for underwater
target localization and tracking. These strategies will integrate
sophisticated techniques for improving network robustness with
mobile nodes, multipath propagation, and water dynamics.

Competing Interests

The authors declare that they have no competing interests.

References

[1] J. Partan, J. Kurose, and B. N. Levine, “A survey of practical
issues in underwater networks,” in Proceedings of the 1st ACM
International Workshop on Underwater Networks (WUWNet
’06), pp. 17–24, Los Angeles, Calif, USA, September 2006.

[2] R. Headrick and L. Freitag, “Growth of underwater commu-
nication technology in the U.S. Navy,” IEEE Communications
Magazine, vol. 47, no. 1, pp. 80–82, 2009.

[3] J.-H. Cui, J. Kong, M. Gerla, and S. Zhou, “The challenges of
building scalable mobile underwater wireless sensor networks
for aquatic applications,” IEEE Network, vol. 20, no. 3, pp. 12–18,
2006.

[4] L. Liu, S. Zhou, and J.-H. Cui, “Prospects and problems
of wireless communication for underwater sensor networks,”
Wireless Communications and Mobile Computing, vol. 8, no. 8,
pp. 977–994, 2008.

[5] M. Asif, M. Rizal, and A. Yahya, “An active contour for
underwater target tracking and navigation,” in Proceedings of
the International Conference on Man-Machine Systems, pp. 1–6,
Langkawi Islands, Malaysia, September 2006.

[6] E. Dalberg, A. Lauberts, R. K. Lennartsson, M. J. Levonen, and
L. Persson, “Underwater target tracking by means of acoustic
and electromagnetic data fusion,” in Proceedings of the 9th
International Conference on Information Fusion (FUSION ’06),
July 2006.

[7] M. I. Pettersson, V. Zetterberg, and I. Claesson, “Detection and
imaging of moving targets in wideband as using fast time back
projection combined with space-time processing,” in Proceed-
ings of the MTS/IEEE Oceans, pp. 2388–2393, Washington, DC,
USA, September 2005.

[8] Q. Zhang, M. Liu, S. Zhang, and H. Chen, “Node topology
effect on target tracking based on underwater wireless sensor
networks,” in Proceedings of the 17th International Conference on
Information Fusion (FUSION ’14), Salamanca, Spain, July 2014.

[9] S. Al-Dharrab, M. Uysal, and T. Duman, “Cooperative under-
water acoustic communications,” IEEE Communications Maga-
zine, vol. 51, no. 7, pp. 146–153, 2013.

[10] P. Casari and M. Zorzi, “Protocol design issues in underwater
acoustic networks,” Computer Communications, vol. 34, no. 17,
pp. 2013–2025, 2011.

[11] J. G. Proakis, E.M. Sozer, J. A. Rice, andM. Stojanovic, “Shallow
water acoustic networks,” IEEE Communications Magazine, vol.
39, no. 11, pp. 114–119, 2001.

[12] X. Che, I. Wells, G. Dickers, P. Kear, and X. Gong, “Re-
evaluation of RF electromagnetic communication in underwa-
ter sensor networks,” IEEE Communications Magazine, vol. 48,
no. 12, pp. 143–151, 2010.



14 Journal of Sensors

[13] K. Chen, M. Ma, E. Cheng, F. Yuan, and W. Su, “A survey on
MAC protocols for underwater wireless sensor networks,” IEEE
Communications Surveys and Tutorials, vol. 16, no. 3, pp. 1433–
1447, 2014.

[14] G. A. Shah, “A survey on medium access control in underwater
acoustic sensor networks,” in Proceedings of the International
Conference on Advanced Information Networking and Applica-
tions Workshops (WAINA ’09), pp. 1178–1183, May 2009.

[15] I. F. Akyildiz, D. Pompili, and T. Melodia, “State of the art in
protocol research for underwater acoustic sensor networks,”
ACM SIGMOBILE Mobile Computing and Communications
Review, vol. 11, no. 4, pp. 11–22, 2007.

[16] D. Pompili, T.Melodia, and I. F. Akyildiz, “Deployment analysis
in underwater acoustic wireless sensor networks,” in Proceed-
ings of the First ACM International Workshop on Underwater
Networks ( WUWNet ’06), pp. 48–55, Los Angeles, Calif, USA,
September 2006.

[17] M.Arik andO.B.Akan, “Collaborativemobile target imaging in
UWB wireless radar sensor networks,” IEEE Journal on Selected
Areas in Communications, vol. 28, no. 6, pp. 950–961, 2010.

[18] A. O. Bicen, A. B. Sahin, and O. B. Akan, “Spectrum-aware
underwater networks: cognitive acoustic communications,”
IEEE Vehicular Technology Magazine, vol. 7, no. 2, pp. 34–40,
2012.

[19] I. F. Akyildiz, D. Pompili, and T.Melodia, “Underwater acoustic
sensor networks: research challenges,” Ad Hoc Networks, vol. 3,
no. 3, pp. 257–279, 2005.

[20] J. Heidemann, W. Ye, J. Wills, A. Syed, and Y. Li, “Research
challenges and applications for underwater sensor networking,”
in Proceedings of the IEEE Wireless Communications and Net-
working Conference (WCNC ’06), vol. 4, pp. 228–235, Las Vegas,
Nev, USA, April 2006.

[21] Q. Zhang, C. Zhang, M. Liu, and S. Zhang, “Local node
selection for target tracking based on underwater wireless
sensor networks,” International Journal of Systems Science, vol.
46, no. 16, pp. 2918–2927, 2015.

[22] M. Erol, L. F. M. Vieira, and M. Gerla, “AUV-aided localization
for underwater sensor networks,” in Proceedings of the 2nd
Annual International Conference on Wireless Algorithms, Sys-
tems, and Applications (WASA ’07), pp. 44–54, IEEE, Chicago,
Ill, USA, August 2007.

[23] J. E. Faugstadmo, “Underwater wireless sensor networks,” in
Proceedings of the 4th International Conference on Sensor Tech-
nologies and Applications (SENSORCOMM ’10), Venice, Italy,
July 2010.

[24] S. Zhou and P. Willett, “Submarine location estimation via a
network of detection-only sensors,” IEEE Transactions on Signal
Processing, vol. 55, no. 6, pp. 3104–3115, 2007.

[25] Q. Liang and X. Cheng, “Underwater acoustic sensor networks:
target size detection and performance analysis,” Ad Hoc Net-
works, vol. 7, no. 4, pp. 803–808, 2009.

[26] Y. Huang, W. Liang, H.-B. Yu, and Y. Xiao, “Target tracking
based on a distributed particle filter in underwater sensor
networks,” Wireless Communications and Mobile Computing,
vol. 8, no. 8, pp. 1023–1033, 2008.

[27] X. Wang, M. Xu, H. Wang, Y. Wu, and H. Shi, “Combination
of interacting multiple models with the particle filter for three-
dimensional target tracking in underwater wireless sensor
networks,” Mathematical Problems in Engineering, vol. 2012,
Article ID 829451, 16 pages, 2012.

[28] M. T. Isik and O. B. Akan, “A three dimensional localization
algorithm for underwater acoustic sensor networks,” IEEE

Transactions on Wireless Communications, vol. 8, no. 9, pp.
4457–4463, 2009.

[29] C. Yu, K. Lee, J. Choi, and Y. Seo, “Distributed single target
tracking in underwater wireless sensor networks,” in Proceed-
ings of the SICE Annual Conference, pp. 1351–1356, Tokyo, Japan,
August 2008.

[30] P. Djukic, Y. Zhou, and M. Toulgoat, “Localization for elec-
tromagnetic radio underwater sensor networks,” in Proceedings
of the 5th International Conference on Sensor Technologies and
Applications (SENSORCOMM ’11), pp. 172–177, Nice, France,
August 2011.

[31] Y. Zhu, X. Lu, L. Pu et al., “Aqua-Sim: an NS-2 based simulator
for underwater sensor networks,” in Proceedings of the ACM
International Conference on Underwater Networks and Systems,
pp. 1–2, Kaohsiung, Taiwan, November 2013.

[32] S. M. N. Alam and Z. J. Haas, “Coverage and connectivity in
three-dimensional networks,” in Proceedings of the 12th Annual
International Conference on Mobile Computing and Networking
(MOBICOM ’06), pp. 346–357, Ithaca, NY, USA, September
2006.

[33] G. Han, C. Zhang, L. Shu, N. Sun, and Q. Li, “A survey on
deployment algorithms in underwater acoustic sensor net-
works,” International Journal of Distributed Sensor Networks,
vol. 2013, Article ID 314049, 11 pages, 2013.

[34] Q. Cao, T. Yan, T. Abdelzaher, and J. Stankovic, “Analysis of
target detection performance for wireless sensor networks,”
in Proceedings of the International Conference on Distributed
Computing in Sensor Networks, Los Angeles, Calif, USA, June
2005.

[35] A. M. Mahdy and J. M. Groenke, “Target tracking in marine
wireless sensor networks,” International Journal on Advances in
Networks and Services, vol. 3, no. 1-2, pp. 103–113, 2010.

[36] C. Gui and P. Mohapatra, “Power conservation and quality of
surveillance in target tracking sensor networks,” in Proceedings
of the TenthAnnual International Conference onMobile Comput-
ing and Networking (MobiCom ’04), pp. 129–143, Philadelphia,
Pa, USA, October 2004.

[37] A. Arora, P. Dutta, S. Bapat et al., “A line in the sand: a
wireless sensor network for target detection, classification, and
tracking,”Computer Networks, vol. 46, no. 5, pp. 605–634, 2004.

[38] A. K. H. Tung, H. Lu, J. Han, and L. Feng, “Efficient mining
of intertransaction association rules,” IEEE Transactions on
Knowledge and Data Engineering, vol. 15, no. 1, pp. 43–56, 2003.

[39] E. Mazor, “Interacting multiple model methods in target track-
ing: a survey,” IEEE Transactions on Aerospace and Electronic
Systems, vol. 34, no. 1, pp. 103–123, 1998.

[40] A. I. Al-Shamma’a, A. Shaw, and S. Saman, “Propagation of
electromagnetic waves at MHz frequencies through seawater,”
IEEE Transactions on Antennas and Propagation, vol. 52, no. 11,
pp. 2843–2849, 2004.

[41] I. Wells, A. Davies, X. Che et al., “Node pattern simulation of
an undersea sensor network using RF electromagnetic commu-
nications,” in Proceedings of the IEEE International Conference
on Ultra Modern Telecommunications and Workshops (ICUMT
’09), pp. 1–4, IEEE, St. Petersburg, Russia, October 2009.

[42] M. R. Frater, M. J. Ryan, and R. M. Dunbar, “Electromagnetic
communications within swarms of autonomous underwater
vehicles,” in Proceedings of the First ACM International Work-
shop on Underwater Networks (WUWNet ’06), pp. 64–70, Los
Angeles, Calif, USA, September 2006.



Research Article
Semantical Markov Logic Network for Distributed Reasoning in
Cyber-Physical Systems

Abdul-Wahid Mohammed,1,2 Yang Xu,1 Ming Liu,1 and Haixiao Hu1

1School of Computer Science and Engineering, University of Electronic Science and Technology of China, Chengdu,
Sichuan 611731, China
2School of Engineering, University for Development Studies, Tamale, Ghana

Correspondence should be addressed to Yang Xu; xuyang@uestc.edu.cn

Received 28 May 2016; Accepted 27 November 2016; Published 24 January 2017

Academic Editor: José A. Somolinos
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The challenges associated with developing accurate models for cyber-physical systems are attributable to the intrinsic concurrent
and heterogeneous computations of these systems. Even though reasoning based on interconnected domain specific ontologies
shows promise in enhancing modularity and joint functionality modelling, it has become necessary to build interoperable cyber-
physical systems due to the growing pervasiveness of these systems. In this paper, we propose a semantically oriented distributed
reasoning architecture for cyber-physical systems. This model accomplishes reasoning through a combination of heterogeneous
models of computation. Using the flexibility of semantic agents as a formal representation for heterogeneous computational
platforms, we define autonomous and intelligent agent-based reasoning procedure for distributed cyber-physical systems. Sensor
networks underpin the semantic capabilities of this architecture, and semantic reasoning based onMarkov logic networks is adopted
to address uncertainty inmodelling. To illustrate feasibility of this approach, we present aMarkov logic based semantic eventmodel
for cyber-physical systems and discuss a case study of event handling and processing in a smart home.

1. Introduction

Cyber-physical systems (CPSs) [1–3] represent a novel
research field with high prospects for providing synergy
between the digital and physical worlds. These systems
consist of interconnected components, which collaboratively
execute tasks in order to bridge the gap between the digital
and physical worlds [4]. With the growing complexity of
tasks due to the combination of CPSs and Internet of Things
(IoT) [5, 6] however, CPSs have become distributed, and it is
necessary developing interoperable CPSs capable of enabling
timely delivery of services. In this way, CPSs become real-
time distributed with multiscale dynamics and networking
for efficient, dependable, safe, and secure management of
monitoring and control of objects in the physical domain [7].

Following the integration of CPSs and IoT, innovative
concepts and approaches, such as service-oriented archi-
tecture (SOA) [8, 9], collaborative systems [10], and cloud
computing [11], have become apparent in the development

of CPSs. As devices in CPSs are required to interoperate at
both cyber and physical scales, service-oriented CPSs [12,
13] so far look promising. By coupling the need for CPSs
to interact with real world objects in real-time with opti-
mal resource consumption however, using only the service-
oriented approach is not enough to realise comprehensive
distributed real-time CPSs that take into account the strong
interdependencies between the cyber and physical com-
ponents. Therefore, context-aware agent-based approach is
more appealing since diverse attributes can be encapsulated
within agents, and distributed pervasive computing with
better coordination and interoperability among autonomous
and heterogeneous agents is achievable. Essentially, context-
awareness is indispensable in CPSs since sensing, resource
discovery, adaptation, and augmentation are the key drivers
of this novel technology [14, 15]. Additionally, with the
changing dynamics of distributed CPSs domains, it is nat-
ural that partial observability is inherent in CPSs [16, 17].
Using ontology as underlying semantic technology therefore
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requires uncertainty modelling techniques towards good
model performance.

This paper proposes a context-based multiagent archi-
tecture for distributed reasoning in CPSs. Sensor networks
in distributed physical environments provide the semantic
capabilities of this model, and semantically annotated low-
level contextual information merges with domain knowl-
edge in a reasoning engine. Derived implicit knowledge
through semantic reasoning and together with the annotated
data enables distributed software agents operating in the
cyberspace to provide decision support for actuation infor-
mation. Each agent is capable of interacting with the physical
environment and sharing some principal commonalities with
the other agents. As such, the agents are capable of expos-
ing, consuming, and even at times processing collaborative
services targeting laid down system goals. To incorporate
uncertainty in modelling, semantic reasoning on this model
incorporates the inferential power of Markov logic networks
(MLN) [18] into event recognition to reduce inferential and
computational loads. Finally, we discuss a case study of a
smart home as a CPS, and results of our experiments show
feasibility of this approach in modelling concurrent events in
CPSs.

In summary, we describe in this paper our initial work
in CPSs, which overcomes some of the major limitations in
this research field.We provide four main contributions. First,
we propose a multiagent architecture that can bridge the gap
between the operations of the cyber and physical components
of CPSs. Second, we describe a procedure that can be used to
dynamically compose high-level system goals and underlying
criteria from low-level contextual information. Third, we
introduce a smart home ontology, which incorporates human
actors in the physical space of CPSs as computing entities.
Finally, we present a methodology based on MLN for event
recognition in CPSs.

The rest of the paper is organised as follows: we present
the state of the art and the study background and other
preliminary information in Sections 2 and 3, respectively;
Section 4 gives an agent model for CPSs, followed by our
framework for distributed reasoning in CPSs in Section 5;
uncertainty-based event recognition in CPSs using MLN is
presented in Section 6; experiments and discussions of results
are presented in Section 7; and finally, we conclude and
propose future research in Section 8.

2. Related Work

A coherent distributed reasoning architecture is one that
achieves an interoperable CPS to cope with the requirements
of the physical and cyber components. Because of the lack
of sound theoretical foundation for CPSs currently [19], most
approaches successfullymodel either the physical component
[20] or the cyber component [21], but not both. Salient
studies towards comprehensive models for CPSs that take
into account both the cyber and physical components include
[8, 22, 23], which use service-oriented computing to achieve
interoperable CPSs. Service-oriented approach alone, how-
ever, is not suitable for modelling real-time distributed CPSs

with multiscale dynamics and networking. In this regard, an
agent-based modelling is more appropriate for distributed
complex systems such as CPSs [24, 25].

Because of the underlying sensor network in CPSs,
semantic agent technologies are closely associated with our
approach. As provided in [26], a semantic agent technology
has been used to describe a battlefield information system,
which uses information fusion processes to dynamically
integrate sensor networks towards real-time context-based
reasoning. To enable scalable sensor information access, an
architecture and programming model for service-oriented
sensor information platform has also been proposed [27].
This approach leverages an ontological abstraction of infor-
mation to optimise use of resources in collecting, storing,
and processing data. Timeliness and concurrency in dis-
tributed processing environments can also be enhanced using
autonomous software agents. As such, use of autonomous
semantic agents as a new software paradigm for distributed
computing environments has been proposed [28].

Obviously, the complex dynamics of CPSs, coupled with
the need to properly represent embedded computing and
communication capabilities, motivate the use of semantics
and distributed agents towards interoperable CPSs. As can
be found in [29], a multiagent model for CPSs in which a
distributed semantic agent model augments data acquisition
process with ontological intelligence has been proposed.This
model, however, provides no procedure for reasoning locally
about individual components and globally about system-
wide properties. But such semantics, for instance, event
recognition, is very critical for distributed real-time CPSs
and can essentially specify components of systems in terms
of interfaces and observations [7, 30]. Additionally, ontology
forming the underlying layer in the semantic agent-based
model primarily supports certainty-based reasoning and as
such requires techniques to address uncertainty inmodelling.

In our approach therefore, we augment the semantic
multiagent architecture with a robust reasoning mechanism,
which can support both certainty and uncertainty-based
reasoning. To promote concurrency and timeliness in the
operations of CPSs, MLN is adopted as an uncertainty mod-
elling framework and can compactly represent heterogeneous
computations using a common set of rules. Essentially, this
achieves a reasoning procedure forCPSs by leveraging advan-
tages of both ontology and probabilistic graphical models
to model both complexity and uncertainty, which reduces
limitations of both the ontology and probabilistic graphical
models.

3. Background and Preliminaries

We provide in this section aspects of the problem of real-time
distributed reasoning in CPSs,Markov logic, and smart home
as a case study of a CPS.

3.1. Problem Description. The growing pervasiveness of CPSs
further keeps the cyber and physical components apart, and
separately managing these components would not allow us
to realise fully the benefits of these systems. Appropriate
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techniques that would allow interoperability between these
components are essential so that monitoring and actuation
can be invoked remotely. In this regard, standardised inter-
faces that can achieve interoperable CPSs are desirable and
should be guided by the following:

(1) Defining an architectural framework that supports
interoperability and distributed reasoning in CPSs.

(2) Applying semantics to explicitly represent contextual
information and providing an efficient data storage
mechanism.

(3) Providing distributed reasoning procedure that cre-
ates more autonomy and intelligence in operations of
CPSs.

(4) Incorporating uncertainty into modelling.

Following above challenges and the ability of semantic
agents to be discoverable and autonomous, we pursue seman-
tically oriented techniques, in which ontological intelligence
is used to address the problem of uncertainty-based real-time
distributed computing in CPSs.

3.2. Markov Logic Network. MLN [18] is an interface layer in
artificial intelligence, which defines a first-order knowledge
base in terms of first-order logic formulae and associated
weights. Given a set of constants depicting objects of a
domain, MLN defines a ground Markov network, which
represents a probability distribution over possible worlds.
Eachworld, basically, represents assignment of truth values to
all ground atoms, and this distribution is a log-linear model
given by

𝑃 (𝑥) = 1𝑍 exp{∑
𝑖

𝑤𝑖𝑛𝑖 (𝑥)} = 1𝑍∏
𝑖

𝜙𝑖 (𝑥{𝑖})𝑛𝑖(𝑥) , (1)

where 𝑛𝑖(𝑥) is the amount of true grounding of first-order
formula 𝐹𝑖 in 𝑥, 𝑥{𝑖} is the 𝑖th state of the predicates appearing
in each formula, 𝑤𝑖 is the weight of 𝐹𝑖, 𝜙𝑖(𝑥{𝑖}) = 𝑒𝑤𝑖 is
the potential function of each clique in the ground Markov
network, and 𝑍 is a normalizing constant called the partition
function. Each weight indicates the strength of a constraint
that a formula represents and is directly proportional to the
difference in the log probability between a world that satisfies
the formula and one that does not.

Due to the varying number of constants that can represent
the same knowledge base either in part or full, MLN allows
the same formulae to be applicable under all circumstances
and can be viewed as a template for constructing Markov
networks. In this way, different sets of constants can produce
different groundMarkov networks using a common underly-
ing MLN.This, ideally, is suitable for domains, such as CPSs,
where the task of reasoning requires combining separate
reasoning chunks, which need to be processed independently.

3.3. Case Study. As intelligence in the home gets more
sophisticated, intelligent interconnection of distributed con-
sumer hardware such as consoles, smart home servers, and
smart phones running diverse functionalities like assistive

health care and home automation constitutes a CPS. To
demonstrate the heterogeneity, concurrency, and sensitiv-
ity to timing of CPSs, a case study of temperature event
recognition is considered. This presents a scenario of using
an ontology-based model to achieve an interoperable CPS
that leverages a common event recognition model across
different layers. Specifically, using a single computation of
a car system, events pertaining to temperature conditions
of the car user’s home and that of the car engine can
be achieved. Typically, this computational platform must
support concurrent processing of events since temperature
events for the home and the car can concur.

The fact that CPSs need to be sensitive is a challenging
task in respect of false positives that can arise if uncertainty
is not well managed. Apart from noisy sensor information
and incomplete domain knowledge being primary sources of
uncertainty, environmental factors are also potential sources
of uncertainty that cannot be ignored in CPSs. For instance, a
temperature event that considers optimal resource consump-
tion in a smart home may trigger opening of windows on a
cool sunny day for comfort of the home.This strategy, though,
all things being equal, sounds ideal, but environmental
factors such as air population and external noise can present
a trade-off between comfortability and minimising resource
consumption in the home. As such, the effectiveness of CPSs
will be much appreciated if uncertainty, which is unavoidable
in nature, is well managed in these systems.

4. Agent Network for CPSs

Building on the foundation of mobile agent network [31], we
define amultiagent system residing in the cyberspace ofCPSs.
This model considers all aspects of agents’ communication
and operation including issues relating to performance of
multiagent systems and CPSs.

4.1. Cyber Agent Model. A cyber agent model is defined
by a triple CAM = ⟨𝐴,𝐷,𝑁⟩, where 𝐴 represents a
community of agents depicting distributed computational
environments in a CPS,𝐷 denotes specific domains of agents’
services, and 𝑁 defines networks of agents operating in
the cyberspace. Essentially, agents in this definition can be
stationary and mobile so as to suit the changing dynamics
of CPSs domains. In this way, an agent 𝐴 𝑖 in a multiagent
system, which is defined by 𝐴 = (𝐴1, . . . , 𝐴𝑛), represents
a specific computational platform and can perform tasks
allowed by its domain. This specifies somewhat autonomy in
the operations of these agents, and tasks can be encapsulated
as agents’ capability from the viewpoint of functionality and
performance. As such, interactions between agents provide
the needed communication and cooperation to bridge the gap
between the operations of the cyber and physical components
of CPSs.

Contextual reasoning paradigm [32] in which each agent
depends on a domain specific ontology and can link with
other agents through semantic mapping makes this design
distributed. Since each computational platform provides a
functionality for service execution, combining these multiple
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Figure 1: Service assignment graph for agents’ domains.

ontologies through semantic mapping allows us to define
joint functionalities that can be used in complex task oper-
ations. For a nonempty set 𝐼 of indices used to identify agents
associated with domain specific ontologies {𝐷𝑖}𝑖∈𝐼, we define
the joint functionality of our multiagent system as a set of
cross-layer services 𝐽𝑆 = {𝑆1, . . . , 𝑆𝑛}. Thus, a set of services
indexed by each domain is defined as {S𝑖}𝑖∈𝐼. Intuitively, S𝑖
represents a service formalisation of the 𝑖th ontology.

Wemust recognise that each service 𝑆𝑖 can be provided by
one or more agents. To avoid conflicts in accessing services,
an agent definition that explicitly specifies computational
platforms and services provided is critical. In this way, we
make services distinct by encapsulating each agent definition
as a property of a computational platform in a CPS using the
triple 𝑎𝑔𝑒𝑛𝑡𝑖 = ⟨𝑛𝑎𝑚𝑒𝑖, 𝑑𝑒𝑝𝑙𝑜𝑦𝑚𝑒𝑛𝑡𝑖, 𝑠𝑒𝑟V𝑖𝑐𝑒𝑖⟩. As we can see,
this definition of an agent, apart from a property describing
a given computation, also provides information about agents’
services and domains for those services. A service domain is
specified by a deployment property, which can be a physical
address of a distributed environment in CPSs. For instance,
given a set of agents’ services domains 𝐷 = {𝐷1, . . . , 𝐷𝑛}, the
set of services provided by agent 𝑎𝑔𝑒𝑛𝑡𝑖 can be described by𝑆𝑖 = {𝑆𝑖1, . . . , 𝑆𝑖𝑛}, and each service within this domain can be
invoked using the pair 𝑎𝑑𝑑𝑟𝑒𝑠𝑠𝑖 = ⟨𝑆𝑖, 𝑎𝑔𝑒𝑛𝑡𝑖⟩. This means,
within the cyberspace, the interactions between these agents
define an undirected graph 𝑁 = (𝐷, 𝐸), where 𝐸 denotes an
edge between any two domains of agents with overlapping
functionalities.

4.2. Agent Cooperation in CPSs. For the multiagent system
to ensure high fidelity between the physical and cyber
components, each agent domainmust trigger requests, which
represent implicit knowledge inferred from the domain’s
low-level contextual information. Typically, these requests
may involve complex tasks that can exceed capacity of a
single operational domain and may require cross-domain
services aggregation. In this case, agents operating in the
cyberspace, through their interactions, can communicate and
cooperatively assume specific roles to execute tasks.

The idea that agents’ domains are distributed and can
form a graph with overlapping functionality presents a
complex network in which fast information sharing becomes
necessary for large agent teams [33]. Relying on information
importance as a determinant for service assignment based
on performance requirements of agents’ domains is ideal for
fast information sharing and parallel execution of services. In

this regard, service requests to agents can be either domain
specific or across multiple domains. As shown in Figure 1,
a special case in the assignment of services to agents is, for
example, Request1, when a request is domain specific. In
this case, all services can be deemed mutually exclusive, and
communication and coordination among agents become less
important. However, when services overlap or a given request
requires a combination of cross-domain services, we face a
problem of a multiagent autonomy denoted by Request2. But
interestingly, instead of employing a planning agent for the
assignment of services in this case, agents can combine their
inherent intelligence with domain knowledge to negotiate for
services in our design.

5. Distributed Reasoning in CPSs

Distributed computing systems inCPSs can employ pervasive
computing techniques to provide autonomous, interoperable,
computational elements that can be described, discovered,
and orchestrated within and across different layers [15]. In
this regard, ontology-oriented modelling of contexts offers
a lot of advantages [34]. We present next a semantic agent-
based architecture for CPSs. Additionally, semantics for
formulation of high-level complex tasks with underlying
criteria from low-level contextual information is discussed.

5.1. Semantic Multiagent Architecture for CPSs. This is a
broker-centric multiagent architecture, which can support
cross-layer service collaboration in CPSs. As shown in Fig-
ure 2, this architecture captures into perspective the mod-
elling concerns of CPSs raised in [35]. Key components of this
architecture are data management module, context ontology
module, semantic reasoning engine, and a confederation of
semantic agents. Detailed descriptions of these components
are provided in the following subsections.

(1) Data Management Module. The key functionalities of this
module are collection and transmission of data to storage
areas. Raw context data are acquired from distributed sensor
networks in the physical domain, and the heterogeneity
of these data requires semantic markups that applications
can easily understand. Through semantic annotation, the
context data are transformed into semantic markups that
can link to external definitions through unique URIs of
ontology instances. For example, the semantic annotation of
a temperature sensor data can be as in Listing 1.
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<Device rdf: ID=“&obs; TempSensor2”><owl: sameAs rdf: resource =“&smh; TempSensorR2”/><smh: observedPhenomenom rdf: resource =“&smh; Temperature”/><smh: qtyValue rdf: datatype =“&xsd; float”>24.5</smh: qtyValue><smh: qtyUnit rdf: resource =“smh; Celsius”/><smh: timeStamp>2015–07–28 16:52:30</timeStamp></Device>
Listing 1
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Figure 2: Multiagent context architecture for CPSs.

As can be seen clearly, each annotation contains a unique
URI, such as 𝑠𝑚ℎ, 𝑇𝑒𝑚𝑝𝑆𝑒𝑛𝑠𝑜𝑟2, of an ontological instance,
description of the observed phenomenon, measured value
of the phenomenon, unit of measurement used, and the
timestamp for the observation. Apart from the timestamp
and measurement value, which are XML Schema datatypes,
the other attributes are resources which exist in an external
definition.

Data storage in this architecture is achieved at two levels
using different databases that must interoperate with each
other. In the first instance, the raw sensor data is stored in
such a way that it can be efficiently maintained and exported
by disparate sources. Secondly, after the raw sensor data is
semantically annotated, a storage mechanism that supports
semantics is required for storing this annotated data.Thus, in
our architecture, the annotated data are stored in a repository
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as ontology instances and associated properties thatmachines
can easily interpret. This repository is updated whenever a
new context event occurs and can be augmented with Linked
Data techniques to support semantic data integration at the
instance level.

In Linked Data research [36, 37], dereferencing the
URIs of resources through HTTP protocol can be exploited
to incrementally obtain the description of resources. To
further support integration of semantic data distributively,
OWL axiom owl:sameAs has been used successfully at the
instance level in Linked Data research. With such success
in a distributed setting, this same technique can be adopted
into CPSs for semantic integration. Thus, semantic markups
in this paper are linked to external definitions using the
owl:sameAs axiom. As can be seen in the example above, the
use of this axiom shows that the two URIs refer to the same
instance, thereby providing a mapping between the semantic
repository and the context ontology repository.

(2) Context Ontology Module. Ontology modelling and pro-
cessing occur in this module. In CPSs, computing entities
and services of distributed intelligent environments can
be grouped together, forming service-oriented ecosystems.
Contexts in these domains can share some concepts in
common, even though their detailed properties can differ sig-
nificantly. Instead of completely modelling all contexts across
different domains, the objective here is to model contexts
using a base ontology and a domain specific ontology. Entities
of the base ontology are extensible basic common concepts
across different environments.The domain specific ontology,
however, represents only those concepts that uniquely exist
in each domain.

Specifically, in a smart home domain, the most funda-
mental concepts we have identified as extensible nodes of the
base ontology are user, deployment, service, and computing
entity. When these entities are linked together, a skeleton
of contextual entity is formed, which allows context-based
data acquisition. Figure 3 shows the context ontology model
we propose for a smart home domain in this paper. The
base ontology, which is extended by both a smart home and
a smart institution, illustrates the advantage of knowledge
reuse using ontology. In both cases, base entities such as
Room and AdhocService are extended to meet specifications
of the application domain. For instance, whilst we can
specify bedroom and living room in a home, an institu-
tion can have rooms such as lecture room and conference
room.

It is important to note that human as a computing entity
in this model is a novel contribution that is ideal for design of
CPSs. This essentially extends the service-oriented paradigm
to incorporate human services in CPSs towards transmuting
system components and behavioural practices [38]. Specially
with our design, the role of humans as both actors and
sources of contextual information in the physical domain
can be explicitly represented and allows social awareness
to be incorporated into CPSs. In this view, CPSs are well
positioned to provide emotional intelligence [39] that will
respond appropriately to people and situations.

<ReasonedData rdf: ID=“&obs; TempSensor2”><smh: domainURI rdf: resource =“&smh; room104”/><smh: criticalLevel rdf: resource =“smh; High”/><smh: alert>Fire in building</smh: qtyValue></ReasonedData>
Listing 2

(3) Semantic Reasoning Engine.This is the central component
of our design in which high-level implicit knowledge can be
inferred from sensed contextual information. Semantically
annotated data and the context ontology are aggregated into
a coherent model that semantic agents and physical objects
can share. Both certainty-based and uncertainty models can
be supported by this design. But the focus of this research is
uncertain decision support in CPSs. Specifically, uncertainty-
based reasoning about resources and events and dynamic
formation of collaborative cross-layer services given high-
level system goals with underlying criteria are the focus of this
design.

It is worth noting that putting the reasoned data to
use by the semantic agents requires a data structure that
can easily integrate with the underlying semantic repository
of this representation. Specifically, the semantics of the
reasoned data, when used to feed these agents, must specify
among other needs, the referenced domain of the inferred
knowledge.The argument here is that since CPSs domains are
highly distributed in nature, agents can cooperate effectively
across different domains to achieve better computational
intelligence if we semantically specify domains of inferred
knowledge in the reasoned data. In line with this paper’s
objective, such a data structure can allow easy mashup of
resources to solve complex problems. Thus, Listing 2 is an
example of a semantic markup of a reasoned data.

As we can see, this example basically demonstrates
that aside the domain of interest referenced using domain-
URI, other elements fitting a given scenario are allowed.
Among these additions that is also unavoidable is the high-
level knowledge obtained through semantic reasoning. This
knowledge in this example is specified using the element alert
and mostly what users get as prompts. Obviously, such a data
structure combinedwith the domain knowledge can allow the
semantic agents gain enhanced computing capabilities.

(4) Semantic Agents. The semantic agents are distributed
algorithms executing on multiple distributed computing
entities in the physical space. To provide decision support
for actuation information, these agents merge semantically
annotated data with the reasoned data. By describing these
agents as a community, they are ostensibly the control point
of this architecture and can advertise their services in the
reasoner through interactions and semantic reasoning.Thus,
each agent’s behaviour is well suited for its environment,
and such behaviours are well suited for resource discovery
through semantic reasoning.
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Figure 3: Smart home context model for CPSs.

5.2. Dynamic Composition of High-Level Complex Tasks.
Facilitation of dynamic formation of collaborative services
towards execution of complex tasks requires elicitation of
high-level complex services from low-level information.This
process can guarantee better quality CPSs and overcomes
common engineering design flaws to provide right actuation
information for the needs of physical objects. For instance,
through low-level information, we can compose a task, such
as put off the fire, as an event for handling fire outbreak in
a CPS environment. However, this particular task, unlike
some tasks, requires complex functionality and needs to be
decomposed into primitive level tasks, which can then be
serviced by specific resources. This is a challenging process

and therefore requires a dedicated framework on how to
figure out complex functionality from low-level contexts.

As shown in Figure 4, this approach is motivated by the
established actuation relationship between the cyberspace
and distributed CPS environments. For clarity of represen-
tation, the physical environment is categorised into usage
and context environments. The usage environment describes
processes performed by semantic agents, and how systems
can achieve tasks in the environment. Because each agent’s
behaviour best suits its environment, the usage environment
ostensibly contains specific objectives, which describe the
activities of agents towards useful output. The context envi-
ronment, as specified by the context acquisition process, is the
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Figure 4:The relationships between a distributed CPS environment
and the cyberspace.

source of domain knowledge, which underpins the semantic
capabilities of this approach.

In the distributed setting of CPSs, it is required that
the cyberspace provides specifications that can address
requirements of the physical environment. We can see from
Figure 2 that these requirements in the cyberspace are
models and processes that control objects in the physical
environment and vice versa. This brings to the fore issues
about domain-driven and user-driven requirements. Since
the domain-driven requirements, which fundamentally hold
the underlying semantics of this approach, have been dis-
cussed in the previous section, our focus now is the user-
driven requirements. These requirements are enshrined in
the actuation information and form the underlying idea
towards the elicitation of high-level complex services from
the domain-driven requirements. Therefore, understanding
the relationship that the actuation information establishes
between the cyberspace and the physical environment is
essential towards mapping contextual information to high-
level complex services.

High-level composite context can be derived from low-
level contextual information through the semantic reasoner
of Figure 2. As shown in Figure 5, the logic flow of the
reasoning engine of this architecture consists of three main
functional blocks: models; filter; and composer. Reasoned
data from reasoning models are passed through a filtering
process in which statements are categorised based on a
predefined set of rules. All statements through this filter
are either categorised as executable or nonexecutable but not
both. An executable statement represents a single service
phenomenon, such as high temperature, which can directly
be executed either remotely or centrally by reducing the
home’s temperature through an air-conditioner. But when a
statement requires aggregation of services in order to achieve
its objective, it is filtered to be nonexecutable. An example of

Models Filter

Composer

Nonexecutable

Executable

Semantic reasoning engine

Figure 5: Logic flow of the semantic reasoner of Figure 2.

Input: in
Output: out
(1) if executable then
(2) 𝑜𝑢𝑡 ← 𝑠𝑡𝑎𝑡𝑒𝑚𝑒𝑛𝑡
(3) else
(4) 𝑖𝑛 ← 𝑃𝑙𝑎𝑛𝑛𝑖𝑛𝑔𝑃𝑟𝑜𝑏𝑙𝑒𝑚(𝑠𝑡𝑎𝑡𝑒𝑚𝑒𝑛𝑡)
(5) goto step 1
(6) end if
(7) return out

Algorithm 1: Algorithm for composition and processing of com-
posite context.

a nonexecutable statement is when sensors detect smoke and
high temperature in a building, and the reasoned information
isfire outbreak in building. Obviously, an appropriate action in
this case is to put off the fire, which requires different services
wrapped as capabilities of different physical objects in this
approach. In this regard, this reasoned information requires
further processing in the form of composition of appropriate
services and constraints so that tasks can be appropriately
scheduled among computing entities.

Whilst the executable statements directly feed the seman-
tic agents, the nonexecutable statements are transformed
into high-level composite contexts for further processing
through the composer. Following the objective of this paper,
these statements are composed into high-level tasks with
underlying criteria. Specifically, this stage generates an HTN
planning problem, which is passed as an input to the reasoner
for automatic composition of collaborative services based on
Algorithm 1. As we can see, the filtering process creates a
cycle of execution of information whenever a nonexecutable
statement is encountered. From lines 4 and 5, a nonexecutable
statement results in a planning problem consisting of tasks
and constraints. Generation of the planning problem is
an instance of Algorithm 2, which takes a nonexecutable
statement as an input.With this transformation, collaborative
services can then be formed using a specified model and can
directly feed the semantic agents. To support the needs of
time-criticality in CPSs, this design promotes efficient use of
computational resources by ensuring that all nonexecutable
statements experience one-off processing. In essence, the
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Input: in
Output: tasks, preconditions
(1) generate output
(2) return out

Algorithm 2: Planning problem.

set of rules provided in the model block ensures that all
composite tasks are reduced to primitive tasks, which can be
directly executed.

6. Event Recognition Using Markov Logic

Context-based events are central in initiating activities in
CPSs and naturally specify real-time demand responsiveness
of systems’ components in terms of interfaces and observa-
tions [39]. From the viewpoint of ourmultiagent architecture,
events can stimulate services of one or more agents in the
network, and it is therefore important to detect events of
predefined operations that are desirable to both systems and
users of CPSs.

An event ontology is required to augment the proposed
context ontology in the previous section towards event-
based reasoning. However, ontology in its classical form
currently cannot represent and reason under uncertainty. In
view of good modelling practice towards best performance
of CPSs, we adopt MLN based event recognition to address
uncertainty whilst keeping the structure of the underlying
ontology intact. This exploits the view of MLN as a template
for Markov networks so that only a part of OWL rules
applicable to events are considered in themodel construction.
One obvious advantage is in the compact representation of
model complexity, which can guarantee incorporation of rich
domain knowledge for high sensitivity and good concurrent
processing of events.

MLN allows existing knowledge bases in first-order logic
to incorporate uncertainty in knowledge representation by
adding weights to logic formulae. Since first-order logic
underlines the fundamental theory of ontology, OWL rules
for knowledge discovery can therefore be transformed into
MLN weighted formulae towards event recognition.

6.1. Rules for Event Recognition. OWL rules form the under-
lying logical framework of our event recognition process, and
the semantics we provide holistically capture the domain’s
interest phenomena in the rules. As shown in Figure 6,
an event is described by a tuple ⟨𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡, 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛⟩,
which denotes event components and event semantic functions
[40]. We use event components to compose heterogeneous
sensor data to form contextual information that match
events’ requirements. Thus, 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑖 = {𝑜𝑖1, . . . , 𝑜𝑖𝑛},
where 𝑜𝑖𝑗 represents observations driving the occurrence
of an event. To be able to propagate logical constraints
of events in rules, we use semantics of event functions,⟨𝑆𝑡𝑜𝑝, 𝐶ℎ𝑎𝑛𝑔𝑒, 𝐶𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛⟩, to distinguish between cate-
gories of events. With this specification, Stop is a predicate
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Figure 6: Context-based event model in CPSs.

we use to express action of an event that changes spontaneous
states of natural phenomena. Thus, the predicate, 𝑆𝑡𝑜𝑝(𝑥, 𝑦),
defined by

𝐴𝑐𝑡𝑖V𝑒 (𝑦) ∧ (𝐴𝑐𝑡𝑖𝑜𝑛 (𝑥, 𝑦) ∨ 𝐴𝑓𝑓𝑒𝑐𝑡 (𝑥, 𝑦)) ⇒ ¬𝐴𝑐𝑡𝑖V𝑒 (𝑦) (2)

indicates that the state 𝑦 changes when acted upon by an
action of event 𝑥. In some cases of CPSs, the event may
have effects on the state, as 𝐴𝑓𝑓𝑒𝑐𝑡(𝑥, 𝑦) indicates. In a fire
scenario, for example, this predicate ensures the right event
invocation that will put off the fire. We must note that the
same predicate cannot be applied to routine events such as
putting off the air-conditioner. Unlike in the fire case whereby
the new state of affairs after putting off the fire may be
perpetual, devices are only eligible for temporal state changes.
As such, we use the unary predicate 𝐶ℎ𝑎𝑛𝑔𝑒(𝑥) as the event
function for achieving temporal state changes for events in
CPSs. 𝐶ℎ𝑎𝑛𝑔𝑒(𝑥) is defined as

∃𝑦 (𝑥 = 𝑦 ⇒ 𝑥 ̸= 𝑦) , (3)

where state𝑥 changes to new state𝑦 using three subfunctions.
Specifically, a state change can be rise in degree of some-
thing using the predicate 𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒(𝑥); reduction in degree
of something using predicate 𝐷𝑒𝑐𝑟𝑒𝑎𝑠𝑒(𝑥); and toggling
between on and off modes of devices using the predicate𝑆𝑤𝑖𝑡𝑐ℎ(𝑥). All these subfunctions operate by conditioning the
current state against the new state. For instance, to increase
the temperature of a room using an air-conditioner, the
semantics of the predicate 𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒(𝑥) is defined as

∃𝑥 𝑆𝑡𝑎𝑡𝑢𝑠 (𝑥) ∧ ∃ (𝑥, 𝑦)𝑉𝑎𝑙𝑢𝑒 (𝑦) ⇒
∃ (> 𝑥, 𝑦)𝑉𝑎𝑙𝑢𝑒 (𝑦) (4)

to indicate a change in status value of the air-conditioner
when 𝑦 is greater than 𝑥. Obviously, this predicate, like the
other two, requires semantics that compares the current and
new states in the change process.

The Comparison predicate is used to define con-
ditions that describe state changes. We consider Less-
Than(𝑥, 𝑦), LessThanEqual(𝑥, 𝑦), GreaterThan(𝑥, 𝑦), Grea-
terThanEqual(𝑥, 𝑦), and Equal(𝑥, 𝑦) as the predicates for
conditions for state changes. For example, the semantics for𝐿𝑒𝑠𝑠𝑇ℎ𝑎𝑛(𝑥, 𝑦) is defined as

∃𝑐, 𝐶𝑜𝑛𝑑 (𝑐) ∧ 𝑉𝑎𝑙𝑢𝑒 (𝑥) = 𝑐 ∧ 𝑉𝑎𝑙𝑢𝑒 (𝑦) < 𝑐 (5)
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Figure 7: A section of ground Markov network constructed from the MLN for event recognition.

to express the condition that the value of 𝑥 is 𝑐, and the
value of 𝑥 is less than the value of 𝑦. Therefore, event
recognition based on component structures and semantic
functions provide logical operations in formulae that form
good basis for Markov logic based event recognition.

6.2. Translation of Rules into MLN. The first step towards
conversion of OWL rules into MLN requires transformation
of OWL rules into first-order logic formulae. As provided
in [41], OWL classes and properties, respectively, represent
unary and binary predicates in first-order logic and can be
combined using logical connectives to form atomic formulae.
For example, the first-order logic translation of a class Room
is 𝑅𝑜𝑜𝑚(𝑥), where 𝑥 denotes instances of the given class. For
a property hasDeployment, the equivalent first-order logic
formula is

ℎ𝑎𝑠𝐷𝑒𝑝𝑙𝑜𝑦𝑚𝑒𝑛𝑡 (𝑥, 𝑦) ⇒ 𝐷𝑒V𝑖𝑐𝑒 (𝑥) ∧ 𝑅𝑜𝑜𝑚 (𝑦) ,
∀𝑥, 𝑦, (6)

where 𝑥 and 𝑦, respectively, denote the domain and range
classes of this property. Axiomatization of classes and prop-
erty restrictions can also be translated into first-order logic.
For instance, rdfs:subClassOf axiom can be translated into
first-order logic as

𝑅𝑜𝑜𝑚 (𝑥) ⇒ 𝐵𝑒𝑑𝑟𝑜𝑜𝑚 (𝑥) ∀𝑥 (7)

to indicate that bedRoom is a subclass of Room.On this basis,
we can use logical connectives to compose the first-order
logic formula of the concept class Device and its property as

𝐷𝑒V𝑖𝑐𝑒 (𝑥) ∧ ℎ𝑎𝑠𝐷𝑒𝑝𝑙𝑜𝑦𝑚𝑒𝑛𝑡 (𝑥, 𝑦) ⇒ 𝑅𝑜𝑜𝑚 (𝑦)
∀𝑥, 𝑦. (8)

Interestingly, the Alchemy [41] tool for MLN provides
built-in functions that simplify the translation of logical con-
ditions into MLN. For instance, the predicate LessThan(𝑥, 𝑦)
in MLN is simply represented using the internal predicate of
Alchemy lessThan(𝑖𝑛𝑡, 𝑖𝑛𝑡). Basically, this predicate tests if the
first argument is less than the second argument.

Once we obtain the first-order logic translation of rules,
the MLN is achieved by adding weights to each formula. The

MLN together with a set of constants define a groundMarkov
network on which probabilistic reasoning can be performed.
Figure 7 shows a section of the groundMarkov network based
on theMLNof our case study for event recognition. Aswe can
see in this figure, links exist between any two ground terms
appearing together in the same formula in the MLN. Hence,
given a MLN and a set of constants, arbitrary queries such as
the conditional probability that a formula holds given another
formula in the MLN can be addressed.

6.3. Fuzzy Markov Logic Network. We recognise that the
axiomatic notion of probability as presented in the last
subsection is incapable of dealing with vague information in
knowledge. This becomes apparent in MLN when multival-
ued clauses are encountered, and this presents a challenge
beyond the classical notion of MLN. In this view, we provide
a fuzzy notion of Markov logic called fuzzy MLN in which
inference to queries requires the inferencemachinery of fuzzy
logic.

The basic idea serving as a point of departure in fuzzy
MLN lies in the fact that a formula 𝐹 in first-order logic can
be viewed as a collection of elastic constraints, which restrict
the weights𝑊 associatedwith each grounding of its terms. To
achieve this, we define a fuzzy membership function in terms
of weights and ground terms of MLN clauses and obtain an
extension of MLN to fuzzy MLN as

𝐹MLN = (𝜇 : 𝐹 → 𝑊) . (9)

This represents a mapping of a set 𝐹 of grounded first-order
logic formula into a set of MLN weights 𝑊. The idea that
different constants refer to different objects in MLN and a
formula can contain more than one ground clause allows
for separate assignments of weights to each ground clause in
MLN. Essentially, this achieves fuzzy membership functions
mapping ground MLN clauses into an ordered set of fuzzy
pairs from whichMLN inferences can be performed. Clearly,
this fuzzy set is completely determined by the set of tuples

𝐹𝑐 = {(𝑐, 𝜇 (𝑐)) | 𝑐 ∈ 𝐶} (10)

denoting the assignment of weights to each grounding of 𝐹
for a set of constants 𝐶.

As shown in Figure 8, the membership function in fuzzy
MLN, assuming without loss of generality that all weights are
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Figure 8: Membership function of fuzzy MLN.

positive, is a representation of the magnitude of participation
of the weight of each ground term as an input.This associates
different weights with the same formula for different ground
terms and defines functional overlaps between these ground
terms, which determines outcomes of rules. As we can see
in this figure, a typical case of an overlap is the temperature
value 26∘C, which presents a case of a multivalued clause for
different grounding of the same formula. This value exists in
the interval of the minimum criterion of the two fuzzy sets
defined by cold and hot

𝜇𝑐𝑜𝑙𝑑∩ℎ𝑜𝑡 = min (𝜇𝑐𝑜𝑙𝑑, 𝜇ℎ𝑜𝑡) , (11)

where 𝜇𝑐𝑜𝑙𝑑 and 𝜇ℎ𝑜𝑡, respectively, define the membership
functions of the states cold and hot. Intuitively, this can be
described as to what degree a cold temperature 26∘C is hot.
Obviously, knowledge about true state of this temperature
value smacks of vagueness and can be efficiently interpreted
as a fuzzy constraint on a collection of ground terms.

In fuzzyMLN, unlike in classical fuzzy logic, the situation
described above is easily handled by specifying ground
clauses involving both cases in a training set. As Figure 9
depicts, this defines a ground Markov network in which the
two outcomes are conditionally independent given the input.
Each dotted circle in this figure indicates a weighted ground
clause of the same formula, and either clause is a complement
of the other, which in the absence of one clause defines the
classical notion of MLN. This means learning the weight 𝑤1
as shown in Figure 8 in this particular case produces two
values that define the fuzzy set for reasoning. Thus, fuzzy
MLN leveraging these weights and together with a set of
constants defines a ground Markov network, which can be
reasoned upon using the inference machinery of fuzzy logic
without employing any formal fuzzy logic semantics.

7. Results and Discussion

In this section, we present and discuss results of event
recognition under uncertainty in a smart home as a CPS.The
conditions for all experiments were designed to test perfor-
mance of this approach using key intrinsic requirements of
CPSs such as sensitivity to timing and concurrency. In this
regard, thrust of our analyses bothers mainly about precision

as a measure of sensitivity to timing of occurrence of single
and concurrent events in CPSs.

To incorporate uncertainty into modelling for our exper-
iments, we considered an MLN based event model rooted in
the OWL ontology of this paper’s case study. This ontology
captures into perspective semantics of our event model, and
the key properties include

(i) hasDeployment, which relates the concept Device to
concepts Room and Engine,

(ii) hasValue, which relates the concept Device to a data
value,

(iii) hasOutput, which relates a data value of a device to its
semantic interpretation using the concept Output,

(iv) hasEvent, which relates the concept Output to the
concept event.

Essentially, Room and Engine, which are subclasses of
Location, define heterogeneous computational platforms for
devices using the deployment property. Consequently, events
associated with different platforms denote effects of interpre-
tations of devices’ values on those platforms and are stored in
the ontology as type event.

For compact modelling towards expedited processing of
events, OWL rules provided partial specification of domain
concepts relevant for the construction of the MLN event
model. With the ability of OWL to support heterogeneous
processes, we used the same set of rules to represent different
computational platforms in the MLN. Specifically, compu-
tations in relation to a home’s indoor comfort index and
operational safety condition of a car’s engine were considered
to be two likely synchronous events that a single computation
can represent. The ostensible need for a single computation
for distributed environments in CPSs can be seen in a case
of driving towards home whereby the computation of the
car’s console monitors both the home condition and the
engine temperature of the car. In this way, a distributed
sensor network of the home and the vehicle engine provides
contextual information for the computational intelligence.
With the deployment property of devices in the underlying
ontology, contextual information can be accurately filtered
and applied according to domain specifications.

As shown in Table 1, five events were defined to rep-
resent the two distributed environments considered in our
experiments. Essentially, the heterogeneity in these events
is enshrined in the different conditions pertaining to tem-
perature measurements in these environments. For instance,
whilst we can specify a normal room temperature to be in
the range 21∘C–27∘C, a normal operating temperature range
of an engine is 180∘C–205∘C, which is high temperature in a
case of the home and way beyond limits of human survival
temperature. Clearly, these two cases represent vagueness in
knowledge as both denote a normal temperature, and it is
therefore important disambiguating between heterogeneous
sensed information in modelling. In this regard, our event
model can be described as a composite model designed
to precede any recognition process with precise knowledge
discovery. Aside event recognition, this same model can
be used to perform semantic reasoning towards mashup of
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Figure 9: An example of ground Markov network of a fuzzy MLN.

Table 1: Event specification for home and engine domains.

Domain Value range Inferred knowledge Event

Home
Less than 21∘C Low temperature Increase temperature
21∘C–27∘C Normal temperature No event

Greater than 27∘C High temperature Reduce temperature

Engine 180∘C–205∘C Normal temperature Normal operation
Greater than 205∘C Overheat Switch off engine
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Figure 10: Precision of a single event recognition with increasing
evidence.

resources. For instance, temperature sensors deployed at any
of the two distributed environments in our case study can be
inferred with this model.

We evaluated the performance of this model by consid-
ering both single event and multiple event recognition tasks.
In either case, we varied the training set of the MLN from
100 constants to 1,500 constants. As we can see in Figure 10,
the precision of a single event recognition improves as more
ground terms are introduced into the training set. Looking
down the column from left to right, we will notice that the

effect of the number of constants in the training set stabilises
at some point. We found this development interesting in
our preliminary analysis because if we consider the columns
representing the number of constants 100 and 500 or columns
representing the number of constants 1,000 and 1,500 for the
event of a single constant as evidence, one may be tempted to
conclude that any two training sets differing by 500 constants
give approximately the same results. This notion, however,
is different when we look at the columns representing the
number of constants 500 and 1,000. Consequently, we tried
varying the number of constants in the evidence set as well to
better understand this trend.

By increasing the constants of the evidence set to 50,
we observe that the precision of the recognition increases
from below 60% to about 70%. Whilst much improvement
is achieved between 1 and 10 constants in evidence, the
performance stabilises from 20 constants. This gives the
intuition that a caveat can be established for the density of
sensory information at a given location since more evidence
after some point can be inadmissible in the recognition
process. From this observation, we hypothesize that a coher-
ent representation of events combining modalities can allow
CPSs to efficiently monitor and control environments with
multiple sensors.

Concurrent event recognition was also investigated using
multiple events representing the two distributed domains
under consideration. Similarly, wemeasured the precision for
recognition of multiple events using training sets containing
constants 100, 500, 1,000, and 1,500. As shown in Figure 11,
the precision for recognition of multiple events follows the
trend of the single event recognition. This observation is
attributable to the fact that even though different constants
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Figure 11: Precision of a multiple event recognition with increasing evidence.

applicable to the single event and multiple event cases
generate different ground Markov networks with varying
structures, the model performance is still guided by the
common underlying MLN. However, we recognise that the
monotonicity in the precision with increasing constants in
evidence is not upheld fully in themultiple event recognition.
Whereas the precision increases monotonically in the engine
event, the home event does not follow this trend completely.
But this new phenomenon is yet another indication that
determining a caveat on the size of contextual data towards
optimal precision in event recognition is paramount. Obvi-
ously, all training data sets hold that the precision of the home
event ismodal at 20 constants in evidence, which is consistent
with the precision of single event recognition. Because the
multiple event recognition process contains more combined
constants than the single event recognition, the multiple
event process performs better. In essence, this approach can
support concurrency in operations of CPSs for collaborative
processes.

Finally, we investigated a multivalued logic in which
MLN clauses are somewhat fuzzified to represent partial
knowledge. In mimicking rectangular fuzzy functions, we
used the built-in Alchemy predicate greaterThanEq(𝑥, 𝑦) to
define a single MLN clause that represents both normal
and high temperature event inputs. Weights of MLN clauses
characterise subregions of high and normal temperature
measurements. Overlapping regions, as enshrined in fuzzy
logic [42], can be treated as a straightforward constants
declaration in the training data set. For instance, temperature
value 26∘Cwas considered ambiguous in our experiments. So
in the training data set, this temperature value was declared a
few times to indicate that this same value could be described
as normal and slightly warm.Aswe can see fromFigure 12, we
obtained impressive results with even least training data set.
Using a training data set of 100 constants, the precision for a
single fuzzy event recognition also improves with increasing
number of constants in the evidence set. Overall, using
MLN, event recognition in CPSs can be modelled to handle
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both uncertainty and vagueness whilst modelling domain
uncertainty.

8. Conclusion

In this paper, we proposed a context-aware multiagent archi-
tecture for distributed reasoning in cyber-physical systems.
This architecture is rooted in service-oriented computing,
and with the incorporation of services of semantic agents, the
seamless integration of the cyber and physical components
can be achieved. Ontological intelligence provides the under-
lying semantics of this approach, and together with Markov
logic networks, we defined an uncertainty-based reasoning
procedure for event recognition in cyber-physical systems.
With the results of our experiments, it is convincing that
this framework can be relied upon for concurrent processing
of events in cyber-physical systems. Because these semantic
agents are thought to be autonomous and intelligent in their
operations, future work of this research shall consider agent
communication techniques that can ensure good level of
cooperation among these agents.
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Optical fiber Bragg grating (FBG) has been recognized as an outstanding high-performance local monitoring sensor and is
largely applied in structural health monitoring (SHM). This paper proposes a series of fiber-reinforced polymer- (FRP-) packaged
optical fiber Bragg grating strain sensors to completely meet the requirements of rough civil engineering infrastructures, and their
sensing performance under normal environment and harsh environment is experimentally investigated. It is experimentally and
theoretically proved that FRP-packaged FBG strain sensors maintain excellent sensing performance as the bare FBG sensor under a
harsh environment, and their durability is significantly enhanced due to the FRPmaterials.These FRP-packaged FBG strain sensors
are successfully applied in the SHM system of Aizhai Bridge.

1. Introduction

Infrastructures, such as long-span bridges, high-rise build-
ings, large dams, nuclear power stations, and offshore plat-
forms, will inevitably suffer damage accumulation and resis-
tance degradation subjected to coupling actions of environ-
mental corrosion, material aging, long-term loading, fatigue,
and natural disaster hazards, even collapse, during their long
time of service [1]. Therefore, in order to assure structural
safety, integrity, suitability, and durability, a lot of infras-
tructures in service are in great need for intelligent health
monitoring systems to evaluate their safety and rehabilitate
and further control their damage. Due to the frequent
disastrous lessons, more and more infrastructures have been
equipped with long-term health monitoring systems during
construction [2]. As one of the most important inventions in
the measurement field in the late 20th century, optical fiber
Bragg grating (FBG) has been greatly recognized and largely
applied in long-term structural healthmonitoring (SHM)due
to the fact that optical FBG shows distinguishing advantages:
electromagnetic resistance, small size, resistance to corrosion,
and so forth [3–11]. Fiber Bragg grating sensors further
provide an absolute measurement that exhibits minimal
drift with time, which performs measurement at a discrete
position in the fiber, and several sensors can be multiplexed

for a complex network connected to a single interrogator
along a single fiber. As the main ingredient of the bare
optical fiber is SiO2 and the outer diameter is only 125 𝜇m,
the shear capacity of the optical fiber is so poor. Due to its
fragility, it is rather difficult to be applied directly in the rough
civil engineering infrastructures and harsh environments
without packaging. Therefore, it is an important issue to
develop packaging techniques for bare FBG strain sensors,
which can be well protected inside the matrix component
and less likely to be damaged by external infringement. The
key problem of this development focuses on the selection
of packaging materials for sensors form of different layout
process and performance requirements, in order to ensure
the that packaged FBG sensor possesses excellent durability,
linearity, repeatability, andmeasurement range for long-term
monitoring of civil engineering. There are three solutions
for realizing the combination of FBG sensors and packaging
materials. Firstly, metallic materials can be chosen as the
packaging materials to combine with FBG sensors by an
adhesive interlayer. Because of the plastic properties under
large strain conditions and corrosion of metallic materials,
as well as the creep and aging characteristics of the adhesive
interlayer, sensors developed by this encapsulation technique
are deficient in durability, linearity, and repeatability, in
addition to the small measurement scale (less than 2000𝜇𝜀).
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Secondly, the FBG sensors are firstly clamped with the ended
mechanical anchorage and then packaged by the additional
protection. It is inevitable that the creep of OFBG sensors
would occur under sustained loads due tomechanical clamp-
ing; therefore, the measurement scale is just as the ultimate
strain of the FBG sensor. In addition to this, the durability
is restricted by the material of the clamping devices. Thirdly,
advanced composites can be introduced as packagingmateri-
als, such as fiber-reinforced polymer (FRP), including carbon
fiber-reinforced polymer (CFRP), aramid fiber-reinforced
polymer (AFRP), basalt fiber-reinforced polymer (BFRP),
and glass fiber-reinforced polymer (GFRP). FRP composites
are originated from the design of large, high-performance
structures in the aerospace industry. A fundamental issue
in the implementation of an OFBG-based SHM system in
composite structures aerospace area is the embedment of
sensors during manufacturing. Tsutsui et al. applied small-
diameter optical fiber sensors to stiffened composite panels
for the detection of impact damage [12]. Ryu et al. have
used multiplexed and multichanneled built-in FBG sensors
to monitor the buckling behavior of a composite wing box
[13]. Takeda et al. used FBG sensors to monitor damage due
to compressive load in CFRP stiffened panels [14]. Tserpes
et al. developed an integrated methodology for monitoring
strain and damage in CFRP fuselage panels, and embedment
of fiber sensors in the panel during manufacturing was done
so as tominimize risk of fiber breaking duringmanufacturing
and impact testing and to effectively capture strains being
representative of the damage developed in the panel [15].

In this paper, the bonding mechanism of the combi-
nation of FRP and FBG sensors is explored firstly. And
then an experiment program is conducted for investigating
the durability properties of BFRP bars and GFRP bars,
which are used as typical encapsulation materials. Thirdly,
series of FRP-packaged FBG strain sensors are developed for
infrastructures under harsh environment, and their sensing
performance under normal environment and harsh envi-
ronment is experimentally investigated. Finally, the practical
application of these FRP-packaged FBG strain sensors in
Aizhai Bridge SHM system is briefly introduced.

2. Bonding Mechanism between
FRP and FBG Sensors

As we know, the sensing properties of FRP-packaged optical
fiber strain sensors are determined by the FBG and packaging
materials. Due to the small proportion of FBG, the basic
sensing performance properties, such as linearity, repeatabil-
ity, and measurement scale, and the main durability index
are directly influenced by the basic mechanical and chemical
properties of packaging materials. Fiber-reinforced polymer
composites provide a reliable means for the development
of high-performance packaged optical fiber strain sensors,
owing to their linear-elastic material constitutive properties,
namely, the notion that the elastic modulus remains con-
stant until failure (as shown in Figure 1), excellent fatigue
performance, and durability. Particularly for that, the whole-
process pseudoelasticity of FRP composites ensures the per-
fect linearity and repeatability of the FRP-packaged optical
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Figure 1: The constitutive curve of CFRP bar.

fiber strain sensors in the whole measurement scale. The
fundamental basis of taking FRP composites as packaging
materials is further explained as follows.

2.1. The Compatibility between FBG and FRP Composites.
From the point of view of material component, fiber-
reinforced polymer composites commonly consist of glass
fibers (or carbon fibers, aramid fibers, basalt fiber, and
hybrid fiber), resins, additives, and so forth. Silica, as the
basic composition of the optical fiber, is also the main
material composition of glass fibers. Thus, the glass fibers are
infiltrated in the resin and cure for molding easily, which is
the same as optical fibers. It is shown from the SEM photo
(Figure 2) of bare FBG and FRP that the bare fiber FRP
combined well with FRP composites and worked together in
the manner of full interaction.

2.2. Effect of FRP on the SensingCharacteristics of FBGSensors.
The main indexes of sensing elements are highlighted in
linearity, measurement range, repeatability, and so forth, and
the macroscopic constitutive property of FRP materials is
just linear elastic, which ensures that the excellent linearity
of the FBG sensor would be maintained after encapsulating.
In addition to that, the FBG is precompressed and induced
by the shrinkage of the resin in the curing process of
thermosetting FRP composites, due to their perfect bonding
with FRP composites, and the precompressed section will
be the extended portion for the tensile strain measurement
range, compared with the bare FBG sensor under the initially
unstressed state. According to the experiment results shown
in Figure 3, the range of GFRP-packaged FBG sensor can
reach up to 7000∼8000𝜇𝜀. By contrast, the range of bare
FBG sensors is only 3000∼4000 𝜇𝜀. Thus, it can be seen that
FRP composites increase the measurement scale significantly
without changing the sensing performance of the FBG sensor
(Figure 5).
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(a) The interface of bare FBG and CFRP (b) The interface of bare FBG and CFRP

Figure 2: SEM photo of bare FBG and FRP.
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Figure 3: Cylindrical model of optical fiber strain sensing and relationship of deformation.
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2.3. Strain Transfer of the FRP-Packaged Optical Fiber Strain
Sensors. Embedded FRP-packaged FBG sensors are usually
constituted by FRP encapsulation layer and sensing fiber.
Deformation of host materials induced by external action
passes through FRP encapsulation layer at first and then
arrives at the FBG sensor, with a part of strain consumed by
the FRP encapsulation layer in the strain transferring process,
which causes the strain transfer error between the target
strain of structures 𝜀ℎ(0) and measurement of FBG sensors𝜀𝑐(𝑥). In order to estimate the error between themeasurement
of FBG sensors and the strain of structures, as well as
correcting the strain transfer error and improving the testing
accuracy of sensors, a cylinder within the effective working
length of optical fibers consisting of optical fiber, protecting
layer, adhesive layer, and host materials was chosen as the
mechanical analysis model to investigate the strain transfer
mechanism in optical fiber sensing. Basic assumptions were
introduced as follows: (1) optical fiber, protecting layer,
adhesive layer, and host materials were considered to be
linear elastic and isotropic; (2) all of the adhesive interfaces
were continuous and satisfied the deformation compatibility
condition; (3) temperature effects were ignored; (4) optical
fiber is not sensitive to lateral stress, and thus the lateral stress
and shear stress were ignored. According to the hypothesis of
displacement continuity, the displacement at arbitrary point
in the cylindrical model can be expressed as in the following
formula:

𝑢 (𝑥) =
{{{{{{{{{{{{{{{

𝑢𝑐 (𝑥) 0 ≤ 𝑟 ≤ 𝑟𝑐
𝑢𝑝 (𝑟, 𝑥) 𝑟𝑐 < 𝑟 ≤ 𝑟𝑎𝑝
𝑢𝑎 (𝑟, 𝑥) 𝑟𝑎𝑝 < 𝑟 ≤ 𝑟ℎ
𝑢ℎ (𝑥) 𝑟 > 𝑟ℎ.

(1)

In formula (1), 𝑢𝑐(𝑥), 𝑢𝑝(𝑟, 𝑥), 𝑢𝑎(𝑟, 𝑥), and 𝑢ℎ(𝑥) are rep-
resented as the displacement of the optical fiber, protecting
layer, adhesive layer, and host materials, respectively.The dis-
placement compatibility equations at the adhesive interface
are shown in formula (2). Due to the presence of the pro-
tective layer and adhesive layer, there is relative displacement
between the optical fiber and hostmaterials, which is induced
by the shear deformation of the protective layer and the
adhesive layer.The quantity relationships between the relative
displacement for the optical fiber and host materials and
shear deformation in the protective layer and the adhesive
layer are given in formulas (3)∼(5).The relative displacement
at each interface is shown in Figure 3(b). Hence,

𝑢𝑐 (𝑥) = 𝑢𝑝 (𝑟𝑐, 𝑥)
𝑢𝑝 (𝑟𝑐, 𝑥) = 𝑢𝑎 (𝑟𝑐, 𝑥)
𝑢𝑎 (𝑟𝑐, 𝑥) = 𝑢ℎ (𝑥)

(2)

𝑢ℎ (𝑥) − 𝑢𝑐 (𝑥) = Δ 𝑎 (𝑥) + Δ𝑝 (𝑥) (3)

𝑢𝑎 (𝑟ℎ, 𝑥) − 𝑢𝑎 (𝑟𝑎𝑝, 𝑥) = Δ 𝑎 (𝑥) (4)

𝑢𝑝 (𝑟𝑎𝑝, 𝑥) − 𝑢𝑝 (𝑟𝑐, 𝑥) = Δ𝑝 (𝑥) . (5)

When 𝑥 = 0,
𝜀𝑐 (𝑟, 0) = 𝜀𝑎 (𝑟, 0) = 𝜀𝑎𝑝 (𝑟, 0) = 𝜀ℎ (𝑟, 0) . (6)

The axial force equilibria for the optical fiber infinitesimal,
protecting layer infinitesimal, and adhesive layer infinitesimal
are shown in Figures 4(a)–4(c), and the axial force equilib-
rium equations are

∑𝐹𝑥 = 0 (7)

𝑑𝜎𝑐 (𝑥)𝑑𝑥 = −2𝜏𝑝𝑐 (𝑟𝑐, 𝑥)𝑟𝑐 (8)

𝑑𝜎𝑝 (𝑥)𝑑𝑥 = 2 [𝜏𝑝𝑐 (𝑟𝑐, 𝑥) 𝑟𝑐 − 𝜏𝑎𝑝 (𝑟𝑎𝑝, 𝑥) 𝑟𝑎𝑝]𝑟2𝑎𝑝 − 𝑟2𝑐 (9)

𝑑𝜎𝑎 (𝑥)𝑑𝑥 = 2 [𝜏𝑎𝑝 (𝑟𝑎𝑝, 𝑥) 𝑟𝑐 − 𝜏ℎ (𝑟ℎ, 𝑥) 𝑟ℎ]𝑟2
ℎ
− 𝑟2𝑎𝑝 . (10)

Deformation compatibility equations in the protective layer
and adhesive layer can be approximately expressed as [16]

𝜏 (𝑟, 𝑥) = 𝑟𝑎𝑝𝑟 𝜏𝑎𝑝 (𝑟𝑎𝑝, 𝑥) 𝑟𝑐 ≤ 𝑟 ≤ 𝑟𝑎𝑝
𝜏 (𝑟, 𝑥) = 𝑟ℎ𝑟 𝜏ℎ (𝑟ℎ, 𝑥) 𝑟𝑎𝑝 ≤ 𝑟 ≤ 𝑟ℎ.

(11)

When 𝑟 = 𝑟𝑐 and 𝑟 = 𝑟𝑎𝑝,
𝑑𝜎𝑝 (𝑥)𝑑𝑥 = 0,
𝑑𝜎𝑎 (𝑥)𝑑𝑥 = 0.

(12)

Therefore,

𝜎𝑝 (𝑥) = cons tan 𝑡,
𝜎𝑎 (𝑥) = cons tan 𝑡. (13)

Physical equations and geometric equations for optical fiber,
protecting layer, and adhesive layer are as follows:

𝜀ℎ (𝑥) = 𝜎ℎ (𝑥)𝐸ℎ
𝜀𝑐 (𝑥) = 𝜎𝑐 (𝑥)𝐸𝑐

𝛾𝑎 (𝑟, 𝑥) = 𝜏 (𝑟, 𝑥)𝐺𝑎 𝑟𝑎𝑝 ≤ 𝑟 ≤ 𝑟ℎ
𝛾𝑝 (𝑟, 𝑥) = 𝜏 (𝑟, 𝑥)𝐺𝑝 𝑟𝑐 ≤ 𝑟 ≤ 𝑟𝑎𝑝.

(14)
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Therefore,

𝑢ℎ (𝑥) = ∫𝑥
0
𝜀ℎ (𝑥) 𝑑𝑥 = ∫𝑥

0

𝜎ℎ (𝑥)𝐸ℎ 𝑑𝑥
𝑢𝑐 (𝑥) = ∫𝑥

0
𝜀𝑐 (𝑥) 𝑑𝑥 = ∫𝑥

0

𝜎𝑐 (𝑥)𝐸𝑐 𝑑𝑥
Δ 𝑎 (𝑥) = ∫𝑟ℎ

𝑟𝑎𝑝

𝛾𝑎 (𝑟, 𝑥) 𝑑𝑟 = 1𝐺𝑎 ∫
𝑟ℎ

𝑟𝑎𝑝

𝜏𝑎 (𝑟, 𝑥) 𝑑𝑟
Δ𝑝 (𝑥) = ∫𝑟𝑎𝑝

𝑟𝑐

𝛾𝑝 (𝑟, 𝑥) 𝑑𝑟 = 1𝐺𝑎 ∫
𝑟𝑎𝑝

𝑟𝑐

𝜏𝑎 (𝑟, 𝑥) 𝑑𝑟.

(15)

Formula (16) can be derived by means of substituting for-
mulas (11) and (15) into formula (3), whose first derivative
and second derivative are shown in formulas (17) and (18),
respectively. The differential equation of interfacial shear
stress 𝜏𝑎𝑝(𝑟𝑎𝑝, 𝑥) in formula (18) is obtained based on formula
(8) and the assumption that the axial stress of host materials𝜎ℎ(𝑥) is considered to be constant in case of short measured
length.

∫𝑥
0

𝜎ℎ (𝑥)𝐸ℎ 𝑑𝑥
= 𝑟𝑎𝑝𝜏𝑎𝑝 (𝑟𝑎𝑝, 𝑥) [ 1𝐺𝑎 ln

𝑟ℎ𝑟𝑎𝑝 +
1𝐺𝑝 ln

𝑟𝑎𝑝𝑟𝑐 ]

+ ∫𝑥
0

𝜎𝑐 (𝑥)𝐸𝑐 𝑑𝑥

(16)

𝜎ℎ (𝑥)𝐸ℎ = 𝑟𝑎𝑝 [ 1𝐺𝑎 ln
𝑟ℎ𝑟𝑎𝑝 +

1𝐺𝑝 ln
𝑟𝑎𝑝𝑟𝑐 ]

𝜕𝜏𝑎𝑝 (𝑟𝑎𝑝, 𝑥)𝜕𝑥
+ 𝜎𝑐 (𝑥)𝐸𝑐

(17)

[ 1𝐺𝑎 ln
𝑟ℎ𝑟𝑎𝑝 +

1𝐺𝑝 ln
𝑟𝑎𝑝𝑟𝑐 ]

𝜕𝜏2𝑎𝑝 (𝑟𝑎𝑝, 𝑥)𝜕2𝑥
− 2𝐸𝑐𝑟2𝑐 𝜏𝑎𝑝 (𝑟𝑎𝑝, 𝑥) = 0,

(18)

where

𝜆21 = 2
𝐸𝑐𝑟2𝑐 [(1/𝐺𝑎) ln (𝑟ℎ/𝑟𝑎𝑝) + (1/𝐺𝑝) ln (𝑟𝑎𝑝/𝑟𝑐)] . (19)

Therefore, formula (18) can be simplified as

𝜕𝜏2𝑎𝑝 (𝑟𝑎𝑝, 𝑥)𝜕2𝑥 − 𝜆21𝜏𝑎𝑝 (𝑟𝑎𝑝, 𝑥) = 0. (20)

The general solution is obtained as follows:

𝜏𝑎𝑝 (𝑟𝑎𝑝, 𝑥) = 𝐴 cosh (𝜆1𝑥) + 𝐵 sinh (𝜆1𝑥) . (21)

The axial force of the optical fiber can be expressed as follows:

𝑁𝑐 (𝑥) = ∫
𝐴
𝜎𝑐 (𝑥) 𝑑𝑥, (22)

noting that 𝜎𝑐(0) = 𝜎𝑐.

And then,

𝜎𝑐 (𝑥) = 𝜎𝑐 − 2𝑟𝑎𝑝𝑟2𝑐 ∫𝑥
0
𝜏𝑎𝑝 (𝑟𝑎𝑝, 𝑥) 𝑑𝑥. (23)

Therefore,

𝑁𝑐 (𝑥) = 𝜋𝑟2𝑐𝜎𝑐 − 2𝜋𝑟𝑎𝑝 ∫𝑥
0
𝜏𝑎𝑝 (𝑟𝑎𝑝, 𝑥) 𝑑𝑥. (24)

Introducing formula (21) into formula (24), the axial force of
the optical fiber can be expressed in the following:

𝑁𝑐 (𝑥) = 𝜋𝑟2𝑐𝜎𝑐
− 2𝜋𝑟𝑎𝑝 1𝜆 [𝐴 sh (𝜆𝑥) + 𝐵 ch (𝜆𝑥) + 𝐵] . (25)

On the basis of formula (6) and the axial force of the optical
fiber being zero at 𝑥 = 𝑙𝑓, the following boundary conditions
are introduced to calculate integration constants 𝐴 and 𝐵:

𝑁𝑐 (0) = 𝜎ℎ𝜋𝑟2𝑐 𝐸𝑐𝐸ℎ
𝑁𝑐 (𝑙𝑓) = 0

𝐴 = 𝜎𝑐𝑟2𝑐𝜆2𝑟𝑎𝑝sh (𝜆𝑙𝑓) ,
𝐵 = 0.

(26)

Thus, the interfacial shear stress can be obtained as follows:

𝜏𝑎𝑝 (𝑟𝑎𝑝, 𝑥) = 𝜎𝑐𝑟2𝑐𝜆2𝑟𝑎𝑝sh (𝜆𝑙𝑓)ch (𝜆𝑙𝑓) (27)

𝜀𝑐 (𝑥) = 𝜀𝑐 (0) × [1 − sh (𝜆𝑥)
sh (𝜆𝑙𝑓)]

= 𝜀ℎ (0) × [1 − sh (𝜆𝑥)
sh (𝜆𝑙𝑓)] .

(28)

In (28), 𝜀ℎ(0) is the axial strain of the host material at 𝑥 = 0.
This is the generic expression of strain transfer mecha-

nism for the embedded optical fiber sensors; as for embedded
FRP-OFBG strain sensors, adjustments shown as follows
should be made with specific application 𝑟𝑎𝑝 → 𝑟𝑐, 𝐺𝑎 →𝐺FRP; therefore, formula (19) is converted to the following
formula:

𝜆21 = 2𝐺FRP𝐸𝑐𝑟2𝑐 ln (𝑟ℎ/𝑟𝑐) . (29)

We defined the average strain measurement of FBG sensors𝜀𝑐(𝑥) and the average strain of structures 𝜀ℎ(𝑥).The interfacial
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Table 1: Interlaminar shear strength of BFRP and GFRP rebar under salt and acid condition under different age.

FRP bars Corrosion solution Items 20 days 240 days

BFRP

Salt
Average value 45.1 31.2

Variance 2.2 2.5
Deterioration rate −9.8 −37.6

Acid
Average value 43.3 29.4

Variance 2.4 3.3
Deterioration rate −13.4 −41.2

Blank specimen Interlaminar shear strength (MPa) 50
Variance (MPa) 1.5

GFRP

Salt
Average value 48.2 39.6

Variance 1.8 2.5
Deterioration rate −6.2 −23

Acid
Average value 46.8 37.9

Variance 2.1 3.2
Deterioration rate −8.9 −26.3

Blank specimen Interlaminar shear strength (MPa) 50
Variance (MPa) 1.5

strain transferring error rate 𝜂 and the error correction factor𝑘 are expressed as follows:

𝜀𝑐 (𝑥) = ∫𝑙𝑓
0
𝜀𝑐 (𝑥) 𝑑𝑥𝐿𝑓

𝜀ℎ (𝑥) = ∫𝑙𝑓
0
𝜀ℎ (𝑥) 𝑑𝑥𝐿𝑓

𝜂 = 𝜀𝑐 (𝑥) − 𝜀ℎ (𝑥)𝜀ℎ (𝑥) = cosh (𝜆1𝐿𝑓) − 1
𝜆1𝐿𝑓 sinh (𝜆1𝐿𝑓)

𝑘 = 11 − 𝜂 .

(30)

In (29), 𝐺FRP is the shear modulus of the FRP composites; 𝐸𝑐
is the elastic modulus of the optical FBG; 𝑟ℎ is the distance
between optical fiber and matrix material; 𝑟𝑐 is the outer
diameter of the optical fiber; 2𝐿𝑓 is the effective working
length of the optical fiber.

Calculations proved that the interfacial strain transferring
error rate of CFRP-OFBG bars for the shear modulus being
greater than 12GPa and the outer diameter being Φ4∼Φ10mm is 1.92∼2.16%, and the corresponding error correc-
tion factor 𝑘 is 1.02∼1.022. By contrast, the interfacial strain
transferring error rate of GFRP-OFBG bars for the shear
modulus being greater than 4.9GPa and the outer diameter
beingΦ4∼Φ10mm is 3.11∼3.5%, and the corresponding error
correction factor 𝑘 is 1.034∼1.036. From the results provided
in this section, we can conclude that the test accuracy of
FRP-packaged optical fiber strain sensors is sufficient for
civil engineering structures with significant material discrete
characteristic and can be applied in the practical structures
directly without any error correction.

3. Corrosion Durability Test of the FRP Bars

Corrosion durability tests of the GFRP bars and BFRP bars
under the condition of acid and alkali salt were conducted
in this section, with the comparative study of degeneration of
interlaminar shear properties and tensile properties after cor-
rosion. The corrosion solution with different ingredient and
mixing ratio was exploited to simulate the acid, alkali, and salt
corrosion environment in the practical civil engineering.

3.1. Variation in Tensile Properties of FRP Bars. The ultimate
tensile strength and tensile modulus of the BFRP bars and
GFRP bars after being corroded in the acid, alkali, and
salt solution for 20 days and 240 days are summarized in
Table 1.

The variations of the ultimate tensile strength and tensile
modulus of the BFRP bars and GFRP bars with corrosive
time are presented in Figures 6 and 7. Since BFRP bars were
severely damaged in the alkali solution in 20 days, the tensile
strength of both FRP bars was not measured due to the lack
of a control group. It is shown that both of the ultimate tensile
strengths increase with the corrosive time in the acid and salt
solution. For a particular corrosive time, loss of the ultimate
tensile strength of BFRP bars is more than that of GFRP bars
in either acid solution or salt solution; besides, loss of the
ultimate tensile strength in the acid solution is more than in
the salt solution for both of the FRP bars. Whereas the tensile
modulus of BFRP bars increases with the corrosive time, on
the contrary, the tensilemodulus ofGFRPbars decreaseswith
the corrosive time. In addition to that, the change rate of the
tensilemodulus for both FRP bars in the acid solution ismore
than that in the salt solution. Although the corrosion damage
of basalt fibers does not occur, the interface between fibers
and the resin is corrosively damaged by the acid solution
and the salt solution, which cannot transfer the tension stress
between fibers effectively, inducing stress concentration in a
portion of fibers, followed by the decrease of ultimate tensile
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Figure 6: Curves of tensile strength versus age of BFRP and GFRP rebar under acid and salt condition.
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Figure 7: Curves of tensile modulus versus age of BFRP and GFRP rebar under acid and salt condition.

strength of BFRP bars. In addition, the relative slip between
fibers and resin is also induced by the deterioration of the
adhesive interface.

3.2. Variation in Interlaminar Shear Strength of FRP Bars. The
interlaminar shear strength of BFRP and GFRP rebar under
salt and acid condition under different age is summarized in
Table 1.

The interlaminar shear strength of FRP bars is the impor-
tant parameter reflecting the bonding properties between the
resin and the fibers throughout the short beam shear test.

The interlaminar shear strength of BFRP bars and GFRP
bars decreases with corrosive time, and degeneration of the
interlaminar shear strength for both FRP bars in the acid
solution is more than that in the salt solution. In addition,
loss of the interlaminar shear strength of BFRP bars is more
than in the GFRP bars in both acid solution and salt solution.
The variation of interlaminar shear strengthmentioned above
reveals the deterioration of the adhesive interface between
fibers and the resin induced by the corrosive solution, as
shown in Figure 8.
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Figure 8: Curves of interlaminar shear strength and age in BFRP and GFRP rebar under acid and salt condition.

Figure 9: Embeddable FRP-FBG strain sensor.

Figure 10: Embeddable FRP strain sensor with fixtures at two ends.

Figure 11: Surface-welded FRP strain sensor.

4. FRP-Packaged Fiber Bragg Grating (FBG)
Strain Sensors

4.1. Package Structure of FRP-Packaged FBG Strain Sensor.
Based on research achievements on the FRP-OFBG bars
(Figures 20 and 21), a series of embedded FRP-packaged
fiber Bragg grating strain sensors, FRP-packaged fiber Bragg

grating strain sensors with expanding ends, surface-welding
FRP-packaged fiber Bragg grating strain sensors, long gauge
embedded FRP-packaged fiber Bragg grating strain sensors,
and 3D FRP-packaged fiber Bragg grating strain sensors were
developed for the demand of engineering test, shown as
Figures 9–13.
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Figure 12: Long gauge embeddable FRP strain sensor.

Figure 13: Three-dimensional FBG-packaged strain sensor.

Figure 14: Test of FRP-packaged FBG strain sensor.

4.2. Sensing Performance of FRP-Packaged Fiber Grating
Strain Sensors. Sensing performance tests in the presented
study were conducted on the material testing machine
Instron-5569, and the center wavelength of fiber Bragg
grating was demodulated by SI-720 produced by MOI com-
pany with accuracy of 1 pm. Strain of FRP-packaged fiber
grating strain sensors was measured by the extensome-
ter, with the resolution of 1 𝜇𝜀. In order to eliminate the
effect on the variation of center wavelength of tempera-
ture, laboratory temperature was maintained as constant
at 25∘C by air conditioning. The test setup is shown in
Figure 14. 3∼5 loading-unloading cycles were conducted on
each type of sensor mentioned earlier, and their variation
was recorded in center wavelength and strain, respectively,
for analyzing the sensing performance index, shown as
Figure 15.

It is shown that, from the test results, the measurement
scale of this series of FRP-packaged fiber grating strain
sensors is more than 5000𝜇𝜀 (the maximum strain can reach
12000𝜇𝜀), the test accuracy is 1 𝜇𝜀, the repeatability is less

than 1.0%, linearity is less than 1.0%, and hysteresis is less than
0.5%.

4.3. Sensing Performance of FRP-Packaged Fiber
Grating Strain Sensors in Harsh Environment

4.3.1. Strain Sensing Performance in High-Temperature Envi-
ronments. The service temperature ranged from −40∘C to
60∘C for most civil engineering structures, but higher tem-
perature occurs in some structural elements; therefore, it
is meaningful to research the sensing performance of FRP-
packaged fiber grating strain sensors under high-temperature
conditions, due to the undesirable high temperature perfor-
mance of FRP material.

This experiment was conducted on the MTS testing
machine, as shown in Figure 14. Strain and variation of
center wavelength were measured by the high-temperature
extensometer and SI-720 optical fiber grating demodulator
produced by MOI company, and the test setup is shown in
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Figure 16: Test setup of GFRP-packaged FBG at high temperature.

Figure 16. In the presented experiment, the sensing perfor-
mances, such as linearity and repeatability, at 20∘C, 40∘C,
60∘C, 80∘C, 100∘C, 120∘C, and 140∘C, which were controlled
by the high-temperature furnace, were investigated. Experi-
ment results for one of the testing specimens are shown in
Figure 17.

It can be seen from the experimental results that the
strain sensitivity of the GFRP-packaged FBG sensors at 40∘C,
60∘C, 80∘C, 100∘C, 120∘C, and 140∘C is around 1.2 pm/𝜇𝜀,
being close to that at 20∘Cnormal environment.Therefore, we
can conclude that the performance of FRP-packaged optical
fiber strain sensors does not degenerate under the ambient
temperature of 140∘C.

4.3.2. Fatigue Performance Experiment of FRP-Packaged Opti-
cal Fiber Strain Sensors. In order to examine the stability
and reliability of FRP-packaged optical fiber strain sensors
applied on the long-term monitoring of civil engineering
structures, fatigue performance experiment of this series of
FRP-packaged optical fiber strain sensors was performed on
the fatigue testing machine MTS-810, with the test frequency
selected as 50Hz. For the purpose of accelerating the fatigue
test, the strain amplitude was determined as 2000 ± 1000 𝜇𝜀
and 3000 ± 1000 𝜇𝜀. The center wavelength response of FBG
sensors was recorded at intervals of a fixed time in order
to compare variation of that at each moment. A significant
change of the center wavelength variation at a moment
with a comparison to that at the initial moment infers that
the fatigue damage is accumulated in the FRP-packaged
optical fiber strain sensors, and this phenomenon could
be employed to evaluate fatigue reliability of FRP-packaged
optical fiber strain sensors. In this paper, two surface-welding
GFRP-packaged optical fiber strain sensors and a direct
embedded CFRP-packaged optical fiber strain sensor were
randomly selected as testing specimens to investigate the
sensing performance after high-cycle fatigue; besides, three
GFRP-packaged optical fiber strain sensors with expanding
ends were also randomly chosen to examine the sensing
performance after low-cycle fatigue. During the experiment,
the center wavelengths of FBG sensors were recorded by SI-
425 optical fiber grating demodulator produced by Micron
Optics company, in which the instrument wavelength resolu-
tion is 5 pmand scanning frequency is 250Hz.The fatigue test

Table 2: The testing results at low cycle fatigue.

Specimen Strain
amplitude (𝜇𝜀) Cycles

(10000 times)
Wavelength

variation (nm)
Surface welding
GFRP (1) 2000∼3000 100 7

Surface welding
GFRP (2) 2000∼3000 100 9

Surface welding
GFRP (2) 2000∼4000 160 6

Direct embedded
CFRP 2000∼3000 100 7

setup is shown in Figure 18. Part of the experiment results of
all the specimens are summarized in Table 2. Figure 19 shows
segmenting time history curves of one specimen.

We can see from experimental results that there is no
strain decrease of FRP-packaged FBG strain sensors during
the fatigue test and that no member resistance reduction and
no obvious damage occurred during the test. After multiple
fatigue cycles, none of the significant drifts of the fiber grating
center wavelength appeared. It is shown that FRP composites
protect the sensing element effectively, and the stability of
FRP-packaged FBG strain sensors kept excellent, which is
suited for civil engineering applications.

Moreover, the fatigue tests of FRP-packaged FBG strain
sensors at high strain amplitude were conducted, and a
comparison was made between the sensors’ strain sensing
performance after certain fatigue circles and that of the
control group. In this test, the strain amplitude of sensor 1
is 3000 ± 2000 𝜇𝜀 and that of sensor 2 is 4500 ± 1500 𝜇𝜀; test
results are shown in Figures 20(a)–20(d).

It can be seen that FRP-packaged strain sensors, which
have experienced a certain number of fatigue cycles, retain
the original strain sensing performance, such as good linear-
ity and repeatability, as well as a longer fatigue life.

4.3.3. Corrosion Durability Test of FRP-Packaged Optical Fiber
Bragg Grating Strain Sensors. In order to verify the sensor’s
durability index, different types of FRP-packaged optical fiber
Bragg grating (FBG) strain sensors were placed in salt spray
chamber, with the working temperature of 35∘C and the salt
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Figure 17: Relationship between wavelength changes and strain at different temperatures of sensor one.
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Figure 18: Fatigue test of FRP-packaged FBG strain sensor.

Table 3: Monitoring items and technical parameters of FRP-packaged optical fiber Bragg grating sensors.

Object Monitoring items Sensors Numbers
Method Frequency Accuracy Scale

Main-beam Steel strain FBG 20Hz 1𝜇𝜀 ±1000𝜇𝜀 40
Main-beam Steel temperature FBG 1 time/h 0.5∘C −20∘C∼+70∘C 15
Main-tower Concrete strain FBG 20Hz 1 𝜇𝜀 ±1000𝜇𝜀 8
Main-tower Concrete temperature FBG 1 time/h 0.5∘C −20∘C∼+70∘C 8

spray of 3.5% NaCl solution, shown as Figure 21. It can be
seen from the results of corrosion test that the corrosion
resistance of the metal packaged FBG sensors is far less than
the FRP-packaged FBG sensors. This series of FRP-packaged
FBG strain sensors overcomes the insurmountable durability
issues compared with the traditional adhesive packaged FBG
strain sensors, possessing outstanding advantages, such as
simple laying process in practical engineering, large mea-
surement scale (more than 5000 𝜇𝜀; the maximum can reach
10000𝜇𝜀), excellent durability, high accuracy (1∼2 𝜇𝜀), and
low error correction factor. Furthermore, it can be easily
customized according to custom.

Key performance indicators of the series of FRP-packaged
optical fiber Bragg grating strain sensors are summarized
as follows: measurement scale is more than 5000𝜇𝜀, test
accuracy is 1 𝜇𝜀, repeatability is less than 1%, linearity is less
than 1.0%, hysteresis is less than 0.5%, and so forth. No fatigue
properties are found under more than one million times of
fatigue cycles, with strain amplitude of 3000 ± 1000 𝜇𝜀.

This series of FRP-packaged FBG strain sensors is par-
ticularly suitable for the internal strain measurement of the
concrete structures, besides the whole-process monitoring
of civil engineering structures, including construction stage,
completion test stage, and in-service stage. Still, it also can be
easily used for road engineering, geotechnical engineering,
and so forth throughout the reconstruction design.

5. Applications in Aizhai Bridge

Aizhai Bridge is a super long suspension bridge with sepa-
rated towers and beams and with span arrangement of 242m

+ 1176m + 116m. In order to obtain the information on
structure behavior in service, a structural health monitoring
(SHM) system was established for providing information
about conditions such as strain, temperature, acceleration,
deflection, wind velocity, cable force, and humidity. In this
SHM system, surface-welding GFRP-packaged optical fiber
strain and temperature sensors (shown as Figure 9) are used
for strain and temperature measuring of the main beam and
main tower, and the measuring point arrangement is shown
in Figure 22. The monitoring items and technical parameters
of FRP-packaged optical fiber Bragg grating sensors are
listed in Table 3. The data, acquired and processed by FBG
demodulator, is transferred to the data receiving server, in
which the data can be retained, managed, and arithmetically
processed.

6. Conclusions

In this study, a series of FRP-packaged optical fiber Bragg
grating strain sensors to completely meet the requirements
of the rough civil engineering infrastructures are introduced,
and their sensing performances under normal environment
and harsh environment are experimentally investigated; the
following conclusions can be drawn:

(1) Based on stain transfer mechanism, it is theoretically
proved that the testing accuracy of FRP-packaged
optical fiber strain sensors is sufficient for civil engi-
neering structures and can be applied in the practical
structures directly without any error correction.
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Figure 19: Response of the FBG wavelength at different times.
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Figure 20: In situ diagram of FRP-packaged OFBG sensors installation.

(2) FRP composites do not change the sensing perfor-
mance of the FBG sensor; furthermore, the measure-
ment scale significantly increased to 8000∼12000𝜇𝜀.

(3) FRP-packaged optical fiber FBG strain sensors do not
degenerate under the ambient temperature of 140∘C
and maintain excellent linearity and repeatability as
the bare FBG in the case of experiencing a certain
number of fatigue cycles. Besides, they have superior
corrosion resistance compared with metal packaged
optical fiber strain sensors, which makes them par-
ticularly suitable for the internal strain measurement

of the concrete structures and the whole-process
monitoring for civil engineering structures, including
construction stage, completion test stage, and in-
service stage.
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Figure 21: Schematic diagram of FRP-packaged OFBG sensors installation.
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Today, various Internet of Things (IoT) devices and applications are being developed. Such IoT devices have different hardware
(HW) and software (SW) capabilities; therefore, most applications require customization when IoT devices are changed or new
applications are created.However, the applications executed on these devices are not optimized for power and performance because
IoT device systems do not provide suitable static and dynamic information about fast-changing system resources and applications.
Therefore, this paper proposes a light-weight and versatile monitor for a self-adaptive software framework to automatically control
system resources according to the system status. The monitor helps running applications guarantee low power consumption and
high performance for an optimal environment. The proposed monitor has two components: a monitoring component, which
provides real-time static and dynamic information about system resources and applications, and a controlling component, which
supports real-time control of system resources. For the experimental verification, we created a video transport system based on
IoT devices and measured the CPU utilization by dynamic voltage and frequency scaling (DVFS) for the monitor. The results
demonstrate that, for up to 50 monitored processes, the monitor shows an average CPU utilization of approximately 4% in the
three DVFS modes and demonstrates maximum optimization in the Performance mode of DVFS.

1. Introduction

Rapid growth in information and communications tech-
nology (ICT) has resulted in the development of various
types of Internet of Things (IoT) devices and applications for
the industry, home, and other sectors. However, such IoT
devices have different hardware (HW) and software (SW)
capabilities. The HW capability is mainly influenced by the
number of CPU cores or the CPU clock speed. Further,
battery capacity is important because IoT devices do not
generally use external power. Therefore, many researchers
have considered the relation between performance and
power. For example, if a system allocates many CPU cores
to a program, the program has high performance but its
power consumption is not efficient. The SW capability of
an IoT device is mainly determined by the number of
running applications because running applications can affect
system performance, power, and so forth. Hence, these
running applications must be customized when the devices

are changed or new applications are executed on the device.
However, the applications are not optimized with respect to
performance, power, and so forth because IoT device systems
do not suitably provide static/dynamic information for fast-
changing system resources and applications.

Therefore, in this manuscript, we propose a light-weight
and versatile monitor for a self-adaptive software framework;
the proposed monitor and the framework can automatically
control system resources according to the system status. The
proposed monitor can function with small-scale systems
(e.g., IoT devices and embedded devices) and large-scale
systems (e.g., PC and rich systems); the monitor has a
light-weight design. In order to support the self-adaptive
software framework, the monitor helps running applications
to guarantee low power and high performance, thus creating
an optimal environment. The proposed monitor has two
components: a monitoring component and a controlling
component. The monitoring component provides static and
dynamic information about the systems and applications
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Figure 1: Concept of self-adaptive software framework.

in real-time. Static information is meaningful data that are
already fixed in systems and applications, and dynamic infor-
mation is meaningful data that change during the execution
of systems and applications.The controlling component helps
in the control of system resources (e.g., CPU, memory,
network, etc.) in real-time. The control functions defined are
CPU on/off, CPU frequency control, and network bandwidth
control. For the experimental verification of the proposed
monitor, we created a video transport system based on IoT
devices and measured the CPU utilization for the monitor.
The results showed that, for up to 50 monitored processes,
the average CPU utilization of the monitor is approximately
4% in the three DVFS modes. Further, we observed that the
monitor shows maximum optimization in the performance
DVFS.

The remainder of this manuscript is structured as follows:
In Section 2, we introduce the concept of a self-adaptive
software framework. In Section 3, we describe the light-
weight and versatile monitor for the self-adaptive software
framework. In Section 4, we demonstrate the potential of
the monitor through a self-developed QoS guarantee system.
Finally, we state our conclusion and outline our directions for
future research.

2. Self-Adaptive Software Framework

A self-adaptive software framework [1, 2], which is a middle-
ware to guarantee optimal QoS for each application executing

in a system, can manage and control running applications
during their life cycle in a real-time and dynamic manner.
In order to manage and control these applications, the
framework provides monitoring functions. These functions
are typically called adaptive applications. These adaptive
applications include at least two modules: a QoS generator
such as heartbeat [3] and a performance container with
various algorithms. The QoS generator is inserted into a
monitoring point of an application before the execution of the
application; then, during the execution of the application, the
QoS generator periodically reports the QoS for the applica-
tion. The performance container uses one of two approaches:
the first approach is to change the input parameters that
influence the performance of the application, and the second
approach is to create one or more algorithms that can change
according to the performance. The self-adaptive software
framework examines the reported QoS and then controls
the adaptive applications. The framework uses the static and
dynamic information about the application and the system
resources to adjust the optimal QoS performance.

Generally, the self-adaptive software framework is com-
posed of modules that monitor application or system infor-
mation and control system resources. Figure 1 shows the
overall structure of the self-adaptive software framework. As
shown in this figure, the self-adaptive software framework
layer is located between the application layer and the system
layer. The framework consists of three modules: an applica-
tion and systemmonitoringmodule, an application and system
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Figure 2: Block diagram of the light-weight and versatile monitor consisting of monitoring component.

managermodule, and an analysis and policy decisionmodule.
In the application layer, when a self-adaptive application
is running with low quality and the user requirement for
the application is high quality, it is not easy for a general
operating system to change the low-quality service to a
high-quality service. However, the self-adaptive software
framework can adjust the service quality by using the three
modules. The application and system monitoring module
gathers information from the system layer through monitor-
ing, the application and systemmanagermodule provides the
gathered information to the other modules, and the analysis
and policy decision module controls the system resources or
the flow of the application with the assistance of the manager.
Our proposed monitor corresponds to the application and
system monitoring module and the application and system
manager module.

3. Self-Adaptive System Observation

In this manuscript, we present the light-weight and versa-
tile monitor, which consists of the monitoring component
and the controlling component. First, the monitor gath-
ers static/dynamic information about the applications and
systems; this information is required for the self-adaptive
decision. Then, this information is provided to external
modules and external devices.The proposedmonitor is light-
weight with respect to CPU utilization; therefore, it can be
ported to diverse IoT devices such as embedded systems.

Figure 2 shows the block diagram of the light-weight
and versatile monitor. In this figure, when applications are
executed on a system, themonitor observes the status of these
applications and the system in real-time and records this
information in the “application information DB” and “system
information DB,” respectively. The recorded information will
be utilized to determine the optimization of the application
to obtain high performance and low power consumption.

3.1. Monitoring Component. The monitoring component
consists of five modules: program register, program informa-
tion receiver, system information gatherer, data coordinator,
and third-party modules. The program register and the

Table 1: Application information (static/dynamic).

Static information Dynamic information
Program ID Allocated core
Program name The number of threads
Program path Thread list
Max QoS Program status
Min QoS Program time
Target QoS Program/memory Utilization
Application sampling time Network information (Tx, Rx)
Log file Heartbeat rate

program information receiver are responsible for collecting
information about the application. During the execution of
an application, two modules are connected to applications in
TCP/IP. For example, when an adaptive application executes
on a system, the application is registered in the light-
weight and versatile monitor of the self-adaptive software
framework by the program register; then, the program infor-
mation receiver gathers static/dynamic information about the
registered application. Table 1 provides a summary of the
static/dynamic information for a running application.

The system information gatherer collects static/dynamic
information about the system resources in real-time. Further,
the third-party modules receive information such as power,
program characteristics, and internal kernel information
from external modules or external devices. For example,
system power and application power must be measured by
external power equipment, and the measured power is trans-
ferred to the third-party modules of the self-adaptive system
observation monitor. System static information represents
the fixed values corresponding to the HW resources (e.g.,
CPU, memory, and network), and it is configured only once
when a system functions. Generally, system static informa-
tion has a unique value for the system when HW specifics
remain unchanged.The value is determined by one-time data
collection. System dynamic information represents values
that change according to the system status. Most of these
values can vary according to the system overhead, and they
are updated periodically during the setup for information
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Table 2: System information (static/dynamic).

Static information Dynamic information
The number of cores Core activity status
Max freq. of core Core current freq.
Min freq. of core The number of threads
Core MIPS The number of processes
Available frequency Core utilization
System memory System memory

Network interface
DVFS

Network packet (Tx, Rx)
Power (CPU, GPU, and
memory)

collection. The system static information shown in Table 2
includes CPU core, CPU frequency, memory, network, and
DVFS.The system static information is the fixed information
of the HW. If the HW capability is changed, the system static
information is also updated. For this information, a data
structure corresponding to each HW system is maintained
separately.The system static information is updated only once
when the light-weight and versatile monitor is executed. The
system dynamic information shown in Table 2 includes the
current state of the CPU core, CPU utilization, memory, net-
work, and power. The dynamic information can be changed
according to the current state of the system; further, users can
change the resource values of the system, and thus, dynamic
information is changed in real-time.

The data coordinator reorganizes the information col-
lected from the program information receiver, the system
information gatherer, and the third-party modules; then, this
information is saved in the application information DB and
the system information DB. The dynamic information about
the application and systems is categorized into two data struc-
tures: instant data and calculation data. The instant data (e.g.,
CPU activity) can be used immediately in other modules,
whereas the calculation data (e.g., utilization) cannot be used
immediately owing to the need for additional operations. The
static information about the applications and systems has
a single data structure, which corresponds to instant data.
These data are classified in real-time as application, system,
or third-party data.

3.2. Controlling Component. The controlling component
consists of four modules: cpu control, memory control, net-
work control, and control execution. This component provides
an environment to control system resources such as CPU,
memory, and network. The various parameters of these
system resources are as follows:

(i) CPU: core on/off, core frequency, thread affinity,
DVFS (dynamic voltage frequency scaling) [4]

(ii) Memory: cache drop, minimum memory set
(iii) Network: bandwidth, packet drop

Control execution controls the CPU and memory by
interacting with the proc file system. Control execution
controls the network by using network control commands

Table 3: Monitoring interfaces and controlling interfaces.

Monitoring interface Controlling interface
The number of cores Core activity status
Max freq. of core Core current freq.
Min freq. of core The number of threads
Core MIPS The number of processes
Available frequency Core utilization
Systemmemory System memory
Network interface Network packet

(e.g., tc command) or kernel model programs (e.g., network
stack). Further, the controlling component provides moni-
toring interfaces and controlling interfaces such as libraries.
Table 3 shows the monitoring interfaces and controlling
interfaces. Thus, self-adaptive system observation uses the
static/dynamic information about the applications and sys-
tems to enable optimal execution of applications.

4. Experimental Verification

In this section, we present the experimental verification of
the proposedmonitor.We introduce a video transport system
based on IoT devices; the monitor is applied to this system
and the experimental results for the proposed light-weight
monitor are presented.

4.1. Implementation. Figure 3 shows a video transport system
with a self-adaptive SW framework including the light-weight
and versatile monitor. The system consists of a three-tier
structure (IoT devices↔ set-top box (STB)↔ host system).
The IoT device that performs video capture and encode
consists of an Intel Edison Board [5–8] with CAM; the STB,
which performs video streaming, consists of an Embedded
Board with Exynos 5422 [9] and contains the proposed
monitor and a self-adaptive policy manager. This manuscript
does not focus on the policy manager. The host system,
which includes a user interface, consists of a mobile device
with wireless communication such asWi-Fi.The functioning
of this system can be described as follows: video sources
are generated from the Intel Edison Board with CAM in
real-time; the generated sources are transferred to the STB
through Wi-Fi; a video streaming server on the STB receives
these video sources and decodes them in real-time; finally, the
decoded sources are transferred to the mobile device through
Wi-Fi.

In Figure 3, if a self-adaptive SW framework is not present
in the STB, the STB cannot guarantee the transfer of a high
bitrate video generated in the Intel Edison Board to the
host system because the STB may convert the video into a
low bitrate video owing to overhead. In typical systems, this
behavior is observed. However, even in the presence of a self-
adaptive SW framework in the STB, the high bitrate generated
from the Intel Edison Board may not reach the IoT devices
and the host system. For example, if the number of video
sources increases steadily, it is not easy for a typical video
transport system to provide the high bitrate videos generated
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in the Edison Board to the mobile device. The reason is
that system resources (e.g., the number of cores, memory,
and network bandwidth) allocated in the streaming server
are insufficient; hence, the STB assigns low performance to
running applications in a fairmanner. However, the proposed
video transport system can provide the high bitrate videos to
the mobile device because our system has a middleware—
the self-adaptive SW framework including the light-weight
and versatile monitor. This middleware can handle system
resources by using the application and system information
collected by the monitor. Therefore, the proposed system
always maintains the QoS defined by the user even in the case
of many overheads.

Figure 4 demonstrates a system based on the implemen-
tation of Figure 3. In Figure 4, two Edison boards capture
and encode video images.The embedded board receives these
images and processes them. The light-weight and versatile
monitor is ported to the board. The tool that runs in the

notebook shows the information collected by the monitor
in real-time; this information represents the static/dynamic
information about the video streaming server and embedded
board.Themobile device is provided with the original images
of the target systems without loss of images. The tool and
UI (user interface) show a regular QoS, indicated by the red
color, in the graph.

4.2. Results and Analysis. In order to verify the light-weight
characteristic of the proposed monitor, which functions on
the Exynos 5422 embedded system, we measure the CPU
utilization of the monitor by using our homebrew exper-
imental application. The application automatically creates
processes according to the input values and then initiates the
execution of the processes. The input values are 1, 7, 15, 30,
50, 80, 100, 130, 170, and 200. CPU utilization is measured by
DVFS governor (Interactive, Performance, and Ondemand).
Figures 5, 6, and 7 show the CPU utilization corresponding
to the number of running processes in the monitor for
Interactive, Performance, and Ondemand modes of DVFS,
respectively. The top graphs in each figure show the results
corresponding to the conversion of CPU utilization into a
percentage for 200 running processes. The CPU utilization
is measured 500 times while the processes are executing.
The bottom graphs in these figures show the average and
error range of CPU utilization according to the number of
monitored processes.

For the Interactive mode, themeasured CPUutilization is
shown as a percentage in the top graph of Figure 5. As shown
in the dotted red rectangle of this graph, the percentage is
approximately 20% for up to 50 processes. However, more
than 80 processes exceed 30%, so that the suggested monitor
can affect an embedded system (e.g., Exynos 5422) due to
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Figure 5: CPU utilization in Interactive mode.
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Figure 6: CPU utilization in Performance mode.

0
10
20
30
40
50
60
70
80
90

100

Pe
rc

en
ta

ge
 o

f C
PU

 u
til

iz
at

io
n 

(%
) CPU utilization in Ondemand mode 

1 9 17 25 33 41 49 57 65 73 81 89 97 10
5

11
3

12
1

12
9

13
7

14
5

15
3

16
1

16
9

17
7

18
5

19
3

20
1

20
9

21
7

22
5

23
3

24
1

24
9

25
7

26
5

27
3

28
1

28
9

29
7

30
5

31
3

32
1

32
9

33
7

34
5

35
3

36
1

36
9

37
7

38
5

39
3

40
1

40
9

41
7

42
5

43
3

44
1

44
9

45
7

46
5

47
3

48
1

48
9

49
7

Time (sec)

#1
#7
#15
#30

#50
#80
#100
#130

#150
#170
#200

0
2
4
6
8

10
12
14
16
18
20

#1 #7 #15 #30 #50 #80 #100 #130 #150 #170 #200

CP
U

 u
til

iz
at

io
n

The number of processes

Average CPU utilization in Ondemand mode 

y = 1.6026x − 0.2901

R2 = 0.9905

Figure 7: CPU utilization in Ondemand mode.

its monitoring overheads. The bottom graph of Figure 5 is
the detailed experimental results for the aforementioned fact.
The graph shows that the CPU utilization coefficient of the
monitor working in the Interactive mode is 1.2662 (𝑦 =
1.2662𝑥 − 0.6052). The coefficient is calculated by the regres-
sion analysis result for the measured CPU utilization based
on the number of processes. This result is correct because 𝑅2,
the reliability of the measured data, is 0.9658. In the bottom
graph of Figure 5, the CPU utilization is approximately 4%
for up to 50 processes as shown in the dotted red rectangle.
Therefore, we can state that the proposed monitor has the
light-weight characteristic because the monitor based on a
self-adaptive SW framework is not necessary for a large
number of processes (greater than 50).The results in Figures 6
and 7 are similar to the result of Figure 5.The CPU utilization
coefficient is 1.1602 (𝑦 = 1.1602𝑥 − 1.2507) and 𝑅2 is 0.9923.
The CPU utilization is also approximately 4% for up to 50
processes.TheCPUutilization coefficient in Figure 7 is 1.6026
(𝑦 = 1.6026𝑥 − 0.2901) and 𝑅2 is 0.9905. However, the
CPU utilization is approximately 5% for up to 50 processes.
Through experimental results, the proposed monitor shows
the best CPU utilization in the Performance mode and the
second-best CPU utilization in the Interactive mode. The
Ondemand mode has more overhead than the Performance
and Interactive modes because the mode controls CPU
frequency by checking CPU utilization periodically.

Figure 8 shows the CPU utilization corresponding to the
number of processes (1, 7, 15, and 50) for the Interactive,
Performance, and Ondemand modes. In all four graphs,
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Figure 8: CPU utilization by DVFS (number of processes: 1, 7, 15, and 50).

the CPU utilization of the Ondemand mode fluctuates very
widely and the utilization is also higher than that of Inter-
active and Performance modes. As the number of processes
increases, the suggested monitor has much more overhead in
the Ondemand mode. (e.g., “#Process 50 by DVFS” graph of
Figure 8 indicates that the CPU utilization of the Ondemand
mode is over 2 times that of the Interactive and Performance
modes). That is, the monitor efficiently works in the Interac-
tive and Performance modes. Overall, the Ondemand mode
has greater overhead than the Interactive and Performance
modes. Figure 9 explains the aforementioned logical reason
well. In the Performance, the CPUutilization is 0.49 when the
number of process is 1. In this case, the suggested monitor has
the most performance. The CPU utilization is 3.95 when the
number of processes is 50. The increase rate of the utilization
is about 8.06. The increase gap is the largest among the CPU
utilization of DVFS governor. In the Interactive mode, the
CPU utilization is 2.04 when the number of process is 1 and

the CPU utilization is 4.50 when the number of processes
is 50. The increase rate of the utilization is about 2.21. The
increase gap is the smallest, so that the suggested monitor
has the most stable performance. In the Ondemand mode,
the CPU utilization is 1.99 when the number of process is 1,
and the CPU utilization is 7.03 when the number of processes
is 50. In this case, the suggested monitor has the worst
performance. The increase rate of the utilization is about
3.53.Therefore, the monitor has the light-weight overhead in
the Performance mode and the monitor has the most stable
overhead in the Interactive mode.

5. Conclusion

In this manuscript, we propose a light-weight and versatile
monitor that can be used in a self-adaptive SW framework.
This monitor can be used for large-scale devices (gateway
and STB) and small-scale devices (Intel Edison Board and
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IoT devices). The proposed monitor provides static/dynamic
information about system resources and running applica-
tions to users in real-time; thus, the monitor helps a self-
adaptive policy manager of the self-adaptive SW framework
to optimally control system resources or applications. From
our experiments, we determined that the monitor shows
maximum optimization in the Performance mode of DVFS.
The monitor shows 3.95% CPU utilization for up to 50
monitored processes. In future work, we will apply the
proposed monitor to various hardware platforms and will
demonstrate the superiority of the proposed monitor.
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Improving the efficiency of the agricultural irrigation systems substantially contributes to sustainable water management. This
improvement can be achieved through an automated irrigation system that includes a real-time control strategy based on the water,
soil, and crop relationship.This paper presents a model driven control strategy applied to an irrigation system, in order to make an
efficient use of water for large crop fields, that is, applying the correct amount of water in the correct place at the right moment.The
proposed model uses a predictive algorithm that senses soil moisture and weather variables, to determine optimal amount of water
required by the crop. This proposed approach is evaluated against a traditional irrigation system based on the empirical definition
of time periods and against a basic soil moisture control system. Results indicate that the use of a model predictive control in an
irrigation system achieves a higher efficiency and significantly reduce the water consumption.

1. Introduction

Agriculture represents the major water consumer globally;
this sector uses approximately the 70% of the available fresh
water resources worldwide, mostly in crop irrigation activ-
ities. The world average efficiency of agricultural irrigation
is about the 50%–60%, mainly due to the inappropriate
management of this natural resource [1]. A deficient water
management causes not only the waste of this vital liquid, but
also a significant reduction on crop productivity.

Precision irrigation refers to the management of the
irrigation scheduling according to the crop requirements.
The amount of water applied to the crop is based on
measurements of soil, crop, and weather variables which
reflects the status of the plant [2]. Among the main goals of
precision irrigation are the increment of water efficiency, the
reduction of energy consumption, and the maximization of
crop productivity, by using technology such aswireless sensor
networks, mobile devices, remote sensing, real-time control,
and information systems.

Nowadays, most of the commercial automated irrigation
systems offered by the market (Acclima, Rainbird, Water-
mark, Decagon) are programmed to irrigate at time intervals
for predefined periods of time. The irrigation schedule is

defined offline, and it is usually based on the user empirical
knowledge on crop needs, soil characteristic, and weather
factors [3]. Some farmers use crop evapotranspiration (et𝑐)
data to determine the irrigation schedule. Evapotranspiration
represents the water lost caused by soil surface evaporation
and crop transpiration; therefore the amount of water applied
is used to refill the water consumed by the plant and the envi-
ronment. Most recently, there have appeared in the market
new commercial automatic controllers that regulate the use of
water, based on soil moisture measurement by implementing
a closed-loop irrigation control. These controllers activate
irrigation when sensors detect that soil moisture is under a
predefined low limit threshold and deactivate irrigation if soil
moisture is above a high limit [4, 5]. On-off control may also
be implemented based on direct plant canopymeasurements,
such as the crop water stress index that can be obtained by
measuring the air and canopy temperatures, as well as the
atmospheric vapor pressure [6]. However, due to practical
difficulties on obtaining real-time measurements from the
canopy, it is difficult to find any commercial irrigation
controllers based on direct plant measurements.

In recent years, agricultural engineers and control com-
munity have increased their attention to the analysis and
implementation of real-time closed-loop irrigation control
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systems, since the use of control techniques for precision
irrigation has demonstrated the obtention of large amounts
of water savings. Two major research approaches can be
observed in this area: modelling and implementation.

For the first approach, the main focus is the analysis
of the dynamics of soil, crop, and weather conditions in
order to properly model the irrigation process. Reference
[7] implements a wireless sensor network to automate a
viticulture irrigation system; the work focuses on modelling
the process dynamics using the water balance model pro-
posed by [8]. In [2] a soil-plant-atmosphere model was
developed to simulate water transport in a crop field and
to design and test model-based irrigation control strategies
such as PID (Proportional-Integral-Derivative) control and
MPC (model predictive control). Reference [9] proposes a
predictive control algorithm to schedule irrigation events
and uses measured weather data to evaluate the simulation
model. Reference [10] investigates how soil moisture sensors
positioning and accuracy may affect the performance of
soil moisture based surface drip irrigation scheduling under
different conditions.However, in general those approaches do
not deal with the implementation details when the systems
are implemented for large crop fields.

The second research approach mainly deals with the
integration of technology such as wireless sensor networks,
real-time controllers, and information systems to implement
automatic irrigation systems. In [11] an automated irriga-
tion system, based on a wireless network of soil moisture
and soil temperature sensors, was developed to optimize
water use for agricultural crops; the system was evaluated
in an organic sage greenhouse where either the moisture
or the temperature activates the on-off irrigation control.
In [12] different experiments on commercial plantations
were conducted in order to manage the irrigation based
on soil moisture measurements validating the feasibility to
implement on-off control on woody and vegetable crops. In
[13] a wireless sensor network was developed to acquire field
soil property data (soil moisture, electrical conductivity, and
soil temperature), compared to predefined thresholds, and as
a result activate or deactivate the drip irrigation. In [14] an
automated closed-loop irrigation control system was devel-
oped where irrigation decisions were site-specifically made
based on feedback from soil water conditions, by controlling
the on-off times for groups of sprinkler nozzles. Although
these approaches consider detailed implementation issues,
they do not include a model for the process dynamics and
as a result controller design is simple and empirical.

The work presented in this paper describes the imple-
mentation of an automatic system for precision irrigation
considering a model driven approach, where the process
dynamics are experimentally identified and validated in
order to design a predictive algorithm implemented over an
embedded system platform to achieve optimization in the
use of water for agricultural activities. This work extends the
preliminary results obtained on [15] where amodel predictive
control strategy for closed-loop irrigation was simulated. In
this paper, the mathematical model is refined and validated
experimentally, the predictive algorithm is implemented
over an embedded platform in order to automate a drip

irrigation field, and the obtained results on the evaluated
crop are compared against the typical commercially available
approaches.

Model predictive control (MPC) is an optimal control
strategy based on numerical optimization over a finite hori-
zon, as denoted by [16]. MPC requires a heavy computational
load to achieve optimization, where future control inputs and
future process responses are predicted using a mathematical
model and optimized according to a cost function. Model
predictive control has been proposed as a suitable technique
for large water distribution systems. In [17], MPC is used to
generate flow control strategies from the sources of water to
the consumer and irrigation areas to achieve safety volumes
in dams and flow control stability. In [18], a hierarchical
system to control an irrigation canal is proposed, where a
centralized predictive controller controls the inflow to the
canal and coordinates the local controllers bymodifying their
set-points. In [19], MPC is used to maintain the water level
of navigation canals while reducing water levels deviations.
In the proposed approach a predictive algorithm minimizes
the control signal (effective irrigation) while keeping soil
moisture under specific thresholds (avoiding water stress)
and considers external disturbances (evapotranspiration) to
predict the process dynamics.

The rest of this paper is structured as follows. Section 2
introduces the hydrological balance, the evapotranspiration,
and the soil moisture concepts. Then, in Section 3 the formal
definition of the processmodel is presented and the controller
design strategy is defined. Section 4 presents the model
parameter estimation based on direct measurements from
soil moisture and weather conditions, and it also presents
the results where the predictive model is evaluated against
traditional irrigation systems based on the definition of time
periods and against a basic soil moisture control system.
Finally, Section 5 concludes the paper.

2. Preliminaries

2.1. Hydrological Balance. The process dynamics of an agri-
cultural irrigation system can be described by using the
hydrological balance model [8]. This model establishes that
a change in water storage during a time period in a specific
location is the result of water inflows (irrigation, rainfall,
and capillary rise) minus the water outflows (evaporation,
plant transpiration, water runoff, and deep percolation), as
depicted in Figure 1.

Using soil moisture 𝜃(𝑡) in order to measure field water
storage, then, the hydrological balance dynamics can be
defined as

�̇� (𝑡) = ir (𝑡) + rf (𝑡) + cr (𝑡) − et𝑐 (𝑡) − dp (𝑡) − ro (𝑡) , (1)

where soil moisture variations in the root zone �̇�(𝑡) depends
on effective irrigation ir(𝑡), rainfall rf(𝑡), capillary rise cr(𝑡),
crop evapotranspiration et𝑐(𝑡), deep percolation dp(𝑡), and
water outflow due to runoff ro(𝑡).

If a dry and plain land area for irrigation is considered,
then rf(𝑡) (assuming no rainfall), cr(𝑡) (assuming no deep
water available for capillary rise), and ro(𝑡) (assuming no
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Figure 1: Components of hydrological balance for an irrigation
system (figure obtained from Allen et al. [8]).

runoff due to plain land) terms can be removed from water
balance, and simplified dynamics can be expressed as

�̇� (𝑡) = ir (𝑡) − et𝑐 (𝑡) − dp (𝑡) , (2)

where soil moisture variations �̇�(𝑡) depend just on the
effective irrigation, crop evapotranspiration, and deep perco-
lation.

2.2. Evapotranspiration. Crop evapotranspiration represents
the water lost caused by soil surface evaporation and
crop transpiration. The evapotranspiration rate is normally
expressed inmillimeters (mm)per unit of time (usually days).
The rate expresses the amount of water lost from the cropped
surface in units of water depth. An evapotranspiration of
1mm/day is equivalent to a loss of 10,000 liters per hectare
per day.

Crop evapotranspiration et𝑐 depends on both weather
factors and crop characteristics (crop type, development
stage). According to [8], the water demand of any crop can
be computed bymultiplying the weather factors of the evapo-
transpiration with a coefficient that depends on the crop
specific characteristics, as denoted by

et𝑐 (𝑡) = 𝐾𝑐et𝑜 (𝑡) , (3)

where 𝐾𝑐 is the constant crop coefficient which depends on
the crop type and its development stage; this constant is
globally known and it is independent from the environmental
conditions. Reference evapotranspiration et𝑜(𝑡) depends only
on weather parameters, and it can be obtained by using the
FAO Penman-Monteith method [20], which requires mea-
surements from solar radiation, wind speed, air temperature,
and relative air humidity variables.

2.3. Soil Moisture. Soil moisture plays an important role in
agriculture. Soilmoisture refers to the amount of water in soil,

Gravitational
water

Available
water

Unavailable
water

Field capacity

Permanent
wilting point

Saturation

Maximum
allowable
depletion

Figure 2: Volumetric water content parameters.

which is described as the volumetric water content (VWC).
Volumetric water content (𝜃) indicates the percentage of
water volume for a specific volume:

𝜃 = 𝑉𝑊𝑉𝑇 , (4)

where 𝑉𝑊 is the water content in volume units for a specific
sample and𝑉𝑇 is the total volume sample (soil + water + air).

In any crop, the soil moisture needs to be maintained
above permanent wilting point and stay below field capacity.
Permanent wilting point is the soil moisture level at which
plants cannot longer absorbwater from the soil. Field capacity
is the quantity of water stored in a soil volume after drainage
of gravitational water. The available water capacity of soil is
the water that is available to the crop, and it represents the
range of soil moisture values that lie above permanent wilting
point and below the field capacity, as shown in Figure 2. The
point below field capacity where crops become stressed is
known as the maximum allowable depletion (MAD); below
this level the crop is able to receive water from soil; however
after a period of time it will become stressed. This value is
expressed as a percent of the available water capacity and
typically represents 50% for most of the crops.

Field capacity and permanent wilting point are heavily
influenced by soil textural classes, [21]; for example, a silt
loam type of soil (frequently used for agricultural purposes)
has a typical range of values from 0.3 to 0.4 volumetric water
content for the available water capacity.

3. Materials and Methods

3.1. Plant Dynamics Model. Based on the hydrological bal-
ance (2), the process dynamics for an irrigation system can
be described as a block diagram with two inputs (effective
irrigation and reference evapotranspiration) and one output
(soil moisture), as shown in Figure 3.

Notice that reference evapotranspiration (et𝑜) is used
instead of crop evapotranspiration (et𝑐), because et𝑜 depends
only on external weather parameters. On the other hand, et𝑐
is the result of et𝑜 that multiplies the crop coefficient (𝐾𝑐)
according to (3), so it is assumed that 𝐾𝑐 is a constant that
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Figure 3: Irrigation system input/output definition.

belongs to the internal process dynamics of the irrigation
system. Also notice that deep percolation dp(𝑡) is not present
in the block, since it is assumed that water percolation in an
irrigation system is clearly proportional to soil moisture [7],
then (2) can be rewritten as

�̇� (𝑡) = ir (𝑡 − 𝜏) − 𝐾𝑐et𝑜 (𝑡) − 𝑐0𝜃 (𝑡) , (5)

where 𝑐0 is a constant value denoting the proportional relation
between soil moisture and deep percolation and 𝜏 represents
the time-delay from the start of irrigation until the sensor
detects a change in the soil moisture.

Since a discretemodel is required, then by using the Euler
approximation on soil moisture variations

�̇� (𝑡) = 𝜃 (𝑘ℎ + ℎ) − 𝜃 (𝑘ℎ)ℎ , (6)

where ℎ is the sampling interval. Using (6) in (5), the discrete
time dynamics is given by

𝜃 (𝑘ℎ + ℎ) = 𝑐1𝜃 (𝑘ℎ − 𝜏) + 𝑐2ir (𝑘ℎ) − 𝑐3et𝑜 (𝑘) ; (7)

without the loss of generality 𝑐1, 𝑐2, and 𝑐3 can be used
as the three discrete coefficients that absorb the previous
coefficients ℎ, 𝐾𝑐, and 𝑐0. Also it is considered that 𝜏 is
considerably larger than ℎ.

Now (7) can be reformulated by using a first-order state-
space representation as

𝜃 (𝑘ℎ + ℎ) = [𝑐1] [𝜃 (𝑘ℎ)] + [𝑐2 𝑐3 ] [ir (𝑘ℎ − 𝜏)
−et𝑜 (𝑘ℎ) ] , (8)

where 𝑐1, 𝑐2, and 𝑐3 are coefficients that define the dynamics
of the process and can be obtained from direct measurements
of the evapotranspiration, the soil moisture, and the effective
irrigation.

3.2. Coefficients Estimation. Although soil moisture dynam-
ics can be defined by a well-known stochastic differential
equation (2), the estimation of soil moisture variations for
large areas is highly complex, due to the large spatial varia-
tion in measurements along with the presence of processes
(irrigation, percolation, evapotranspiration, etc.) that vary in
space and time [22]. As a result soil moisture has a highly
nonlinear behavior, since measurements of soil moisture can
vary at spatial scale as small as meters. In addition, drainage
rates depend on topographic variations, water movements
depends on heterogeneity at scale that hardly can be quanti-
fied, and even evapotranspiration varies spatially and timely
due to soil and vegetative variations.Therefore coefficients 𝑐1,𝑐2, and 𝑐3 from (8) are time-variant and difficult to estimate.
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Figure 4: Soil moisture general dynamics.

However the soil moisture general dynamics is simple
and intuitive; see Figure 4. Irrigation adds soil moisture up
to a saturation level. Then excess water is rapidly drained
until field capacity is reached. Belowfield capacity,moisture is
withdrawn at a slower rate, depending on the crop evapotran-
spiration. Therefore, the soil moisture slope that represents
thewater depletion rate is higher during the day (high et𝑐) and
lower during the night (low et𝑐). When soil moisture arrives
to the wilting point, plants cannot longer extract water from
soil. Below wilting point the rate of depletion is even slower
and mostly depends on soil characteristics.

Therefore, in order to simplify the dynamic model, make
an adequate parameter estimation, and reduce the complexity
caused by the spatial and temporal variations in measure-
ments, two considerations were carried out to conduct the
model identification process:

(i) Soil moisture measurements may involve a large
group of nodes distributed along a large piece of land;
therefore in order to obtain a single representative
soil moisture value for the irrigation area, a data
aggregation method is required to summarize the
information provided by a group of soil moisture
sensors. According to [23] measuring accuracy is
exponentially improved when increasing the number
of soil moisture sensors.

(ii) Since crop-water-soil dynamics are different depend-
ing on the soil volumetricwater content level specified
in Figure 4, then parameter estimation for 𝑐1, 𝑐2, and 𝑐3
is obtained for each level; that is, one set of parameters
correspond to the level below the permanent wilting
point, another to the available water level (between
field capacity and permanent wilting point), and
another one to the gravitational water level. Within
each level parameters are considered time-invariant.

For system identification purposes (8) is rewritten as

𝜃 (𝑘ℎ + ℎ) = [𝑐1 𝑐2 𝑐3] [[
[

𝜃 (𝑘ℎ)
ir (𝑘ℎ − 𝜏)
−et𝑜 (𝑘ℎ)

]]
]
; (9)

then (9) can be simplified as

𝜃 (𝑘ℎ + ℎ) = 𝛾𝑇𝜙 (𝑘ℎ) , (10)
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where

𝜙 (𝑘ℎ) = [[
[

𝜃 (𝑘ℎ)
ir (𝑘ℎ − 𝜏)
−et𝑜 (𝑘ℎ)

]]
]

(11)

is the regressor vector that can be obtained from direct
measurements, 𝜃(𝑘ℎ + ℎ) is the known output, and 𝛾𝑇 =[𝑐1 𝑐2 𝑐3] is the parameter vector to be estimated.

Suppose there is an estimate of the parameter vector �̂�;
then at time 𝑘ℎ the estimation can be obtained by

�̂� (𝑘ℎ + ℎ) = �̂�𝑇 (𝑘ℎ) 𝜙 (𝑘ℎ) , (12)

where the least square estimate of 𝛾 minimizes the cost
function defined by

𝐽𝑘 = 𝑘∑
𝑖=1

[𝜃 (𝑖ℎ) − �̂�𝑇 (𝑘ℎ) 𝜙 (𝑖ℎ − ℎ)]2 , (13)

expanding the quadratic term

𝐽𝑘
= 𝑘∑
𝑖=1

[𝑦 (𝑖ℎ)2 + �̂�𝑇 (𝑘ℎ) 𝜙 (𝑖ℎ − ℎ) 𝜙𝑇 (𝑖ℎ − ℎ) �̂� (𝑘ℎ)
−2𝑦 (𝑖ℎ) 𝜙 (𝑖ℎ − ℎ) �̂� (𝑘ℎ) ] ; (14)

since on least squares 𝜕𝐽𝑘/𝜕�̂�(𝑘ℎ) = 0, then applying partial
derivative on (14) the parameter vector can be estimated by

�̂� (𝑘ℎ) = 𝐹 (𝑘) 𝑘∑
𝑖=1

𝜙 (𝑖ℎ − ℎ) 𝑦 (𝑖) , (15)

where

𝐹 (𝑘) = [ 𝑘∑
𝑖=1

(𝑖ℎ − ℎ) 𝜙𝑇 (𝑖ℎ − ℎ)]
−1

. (16)

Now, recursive least square is used to ease the implemen-
tation into a real-time algorithm. Recursive least square is an
online implementation of least squares where the estimated
parameter is predicted and corrected by using the current
measurement [24], in the form of

�̂� (𝑘ℎ + ℎ) = �̂� (𝑘ℎ) + 𝐹 (𝑘ℎ + ℎ) 𝜙 (𝑘ℎ) 𝜖 (𝑘ℎ + ℎ) , (17)

where 𝜖(𝑘ℎ + ℎ) = 𝑦(𝑘ℎ + ℎ) − �̂�𝑇(𝑘ℎ)𝜙(𝑘ℎ) is the a priori
estimate error and 𝐹(𝑘ℎ + ℎ) is the adaptation gain that can
be updated by

𝐹 (𝑘ℎ + ℎ) = 𝐹 (𝑘ℎ) − 𝐹 (𝑘ℎ) 𝜙 (𝑘ℎ) 𝜙𝑇 (𝑘ℎ) 𝐹 (𝑘ℎ)1 + 𝜙𝑇 (𝑘ℎ) 𝐹 (𝑘ℎ) 𝜙 (𝑘ℎ) . (18)

By using (17) and (18), an offline algorithm can be
implemented in order to estimate coefficients 𝑐1, 𝑐2, and 𝑐3,
as shown in Algorithm 1.

This recursive algorithm is executed after a number of
samples are directly obtained from the process; therefore

𝜃(𝑘ℎ + ℎ) and 𝜙(𝑘ℎ) are known and available. The current
estimate is equal to the previous estimate plus a correction
term. The correction term is proportional to the deviation
of the predicted value from what is actually observed. The
adaptation gain is updated on each iteration to achieve fast
convergence. At the end, coefficients are taken from the last
estimation of the loop.

3.3. Model Predictive Control. To implement the controller
for the closed-loop irrigation system, model predictive con-
trol (MPC) is used in order to minimize the control signal
(effective irrigation) while keeping soil moisture under spe-
cific thresholds (avoiding water stress) and by considering
external disturbances (reference evapotranspiration) (Algo-
rithm 2). Figure 5 shows a feedback loop where the control
objective is to keep within certain thresholds the soil water
content in order to have a healthy and productive crop. Thus
the process variable 𝑦(𝑘ℎ) is the soil moisture, 𝑟(𝑘ℎ) is the
reference value (soil moisture set-point), and the error value𝑒(𝑘ℎ) is obtained as a result of the difference between the
process value and the reference value.

The environmental factors affecting the irrigation systems
are modelled as an external disturbance, so the reference
evapotranspiration et𝑜(𝑘ℎ) represents the disturbance signal
affecting the process. By knowing the disturbance model,
then the systemmay predict the disturbance effects and react
before these effects affect the process output.

Given the dynamic model of a closed-loop irrigation sys-
temdefined by (8), the controller knows the process dynamics
due to the online estimated internal model obtained from
(17) by using recursive least squares. Within the controller,
a numerical optimization algorithm is executed based on
the current error and the disturbance measurements; this
information is applied to the internal model and an optimal
solution is found over a finite horizon 𝑇FH, which minimizes
the following quadratic cost function based on the error and
the control signal,

𝐽 (𝑘ℎ)
= 𝑇FH−1∑
𝑖=0

[ (𝑒𝑇𝑘ℎ + 𝑖ℎ | 𝑘ℎ)𝑄𝑒 (𝑘ℎ + 𝑖ℎ | 𝑘ℎ)
+𝑢𝑇 (𝑘ℎ + 𝑖ℎ | 𝑘ℎ) 𝑅𝑢 (𝑘ℎ + 𝑖ℎ | 𝑘ℎ)] , (19)

where matrix 𝑄 is positive semidefinite and matrix 𝑅 is
positive definite and represents the weight given to the error
and the control action, respectively, within the cost function.
Also, 𝑒(𝑘ℎ + 𝑖ℎ | 𝑘ℎ) and 𝑢(𝑘ℎ + 𝑖ℎ | 𝑘ℎ) denote the predicted
error and control effort, respectively, at time 𝑘ℎ+𝑖ℎperformed
at 𝑘ℎ.

The optimal input sequence for the problem of minimiz-
ing 𝐽(𝑘ℎ) is denoted by

𝑢∗ (𝑘ℎ) = argmin
𝑢

𝐽 (𝑘ℎ) , (20)

subject to

𝑢 (𝑘ℎ) = {0, 𝐼max} ,
𝜃 (𝑘ℎ) ≥ 𝜃min,
𝜃 (𝑘ℎ) ≤ 𝜃max,

(21)
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�̂�(0) = [𝑐1(0), 𝑐2(0), 𝑐3(0)]𝐹(0) = 𝜎
for 𝑘 = 0; 𝑘 ≤ number of samples; 𝑘 + + do𝑦(𝑘ℎ + ℎ) = 𝜃(𝑘ℎ + ℎ)𝜖(𝑘ℎ + ℎ) = obtain error (𝑦(𝑘ℎ + ℎ), �̂�(𝑘ℎ), 𝜙(𝑘ℎ))𝐹(𝑘ℎ + ℎ) = calculate adaptation gain (𝐹(𝑘ℎ), 𝜙(𝑘ℎ))�̂�(𝑘ℎ + ℎ) = estimate (�̂�(𝑘ℎ), 𝐹(𝑘ℎ + ℎ), 𝜙(𝑘ℎ), 𝜖(𝑘ℎ + ℎ))
end[𝑐1, 𝑐2, 𝑐3] = �̂�(𝑘ℎ)

Algorithm 1: Coefficients estimation.

Process
dynamics

External
disturbance

Optimizer

Prediction
model

MPC controller 

？Ｎo

+

−

r(kℎ)

e(kℎ)

(kℎ)

u(kℎ) = ＣＬ(kℎ) y(kℎ) = (kℎ)

Figure 5: Model predictive control loop.

where irrigation at a specified time 𝑢(𝑘ℎ) can only have
two values; irrigation is either off (=0) or on (=𝐼max). Soil
moisture value 𝜃(𝑘ℎ) is constrained by the measurement
range provided by the sensors.

The algorithm determines “when” to start irrigating and
“how much” water the crop requires. Therefore, the optimal
input sequence 𝑢∗(𝑘ℎ) is obtained by adjusting the soil
moisture low threshold and the irrigation period to optimal
values.

The algorithm starts at 𝑘ℎ by reading current values for
soil moisture, irrigation, and reference evapotranspiration;
these are considered as initial conditions and represented
by 𝜃(0), ir(0), and et𝑜(0). Then, for each combination of
predefined values for the soil moisture low threshold vector𝜃LT and the irrigation period vector ir𝑃, the algorithm esti-
mates the sequence of next state predictions over the finite
horizon 𝑇FH, while updating inputs, applying the control
rules, and calculating the total cost. Finally, the algorithm
finds the optimal combination of 𝜃𝑥 and ir𝑦 that provides the
best control rules to determine the optimal input sequence.

4. Experiments and Results

4.1. Experimental Platform Set-Up. The experimental plat-
form consists of a data acquisition and control system
described in [25], where a modular and scalable design

approach is considered in order to provide different levels of
accesswith different data contents. At the lower level, rawdata
from sensors is available, and at higher levels more refined
and consolidated information can be obtained from the
system. The experimental platform is divided in three access
levels (field, data, and user) and it is capable of controlling
four irrigation areas, as depicted in Figure 6.

At the field level, there are four irrigation areas that can
be controlled, where each area includes two sensor nodes
and one actuator node. Notice that only one weather node
can be used for the four irrigation areas, since environmental
variables have practically the same values for the complete
field area. The actuator node controls an irrigation valve and
measures the water flow; meanwhile each sensor node con-
tains three soil moisture sensors to measure the volumetric
water content at the crop root level. The sensor, weather
and actuator nodes are implemented with low cost boards
Arduino Mega based in the microcontroller ATmega328
(https://www.arduino.cc/). Soil measurements are conducted
by using a Decagon Devices (http://www.decagon.com/)
10HS volumetric water content sensor, as shown in Figure 7.
The sensors are located at the crop root level, with a measure-
ment range from 0% to 60% of volumetric water content
and a resolution of 0.1% when calibrated. In the actuator
node (see Figure 7) a Rain Bird irrigation valve (Rain Bird
Corporation, http://www.rainbird.com/) is used to activate

https://www.arduino.cc/
http://www.decagon.com/
http://www.rainbird.com/
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𝜃LT = [𝜃1, 𝜃2, 𝜃3, . . . , 𝜃𝑛]
ir𝑃 = [ir1, ir2, ir3, . . . , ir𝑚][𝜃(0), ir(0), et𝑜(0)] = read current values ()
for 𝑥 = 1; 𝑥 ≤ 𝑛; 𝑥 + + do

for 𝑦 = 1; 𝑦 ≤ 𝑚; 𝑦 + + do𝐽sum = 0
for 𝑖 = 0; 𝑖 < 𝑇FH; 𝑖 + + do𝜃(𝑖ℎ + ℎ) = next state(𝜃(𝑖ℎ), ir(𝑖ℎ), et𝑜(𝑖ℎ))

et𝑜(𝑖ℎ + ℎ) = next et𝑜(et𝑜(𝑖ℎ))
ir(𝑖ℎ + ℎ) = ir(𝑖ℎ)
if 𝜃(𝑖ℎ) ≤ 𝜃𝑥 then

ir(𝑖ℎ + ℎ) = 𝐼max
irrigation time = 0

end
if irrigation time > ir𝑦 then
ir(𝑖ℎ + ℎ) = 0
end
irrigation time = irrigation time + ℎ𝑢(𝑖ℎ) = ir(𝑖ℎ)𝐽current = current cost(𝑒(𝑖ℎ), 𝑢(𝑖ℎ))𝐽sum = 𝐽sum + 𝐽current

end
if 𝐽sum < 𝐽min then𝐽min = 𝐽sum
optimal 𝜃LT = 𝜃𝑥
optimal ir𝑃 = ir𝑦

end
end

end

Algorithm 2: Model predictive control.

or deactivate the field irrigation, and Hunter Flow Sync
(http://www.hunterindustries.com/) sensor is used to mea-
sure the water flow. The weather node is used to calculate

the reference evapotranspiration et𝑜 from the environmental
variables according to Penman-Monteith, a Decagon PYR
Sensor measures the solar radiation, from a Decagon Davis
Cup anemometer the wind speed ismeasured, and aDecagon
VP-4 sensor is used to obtain the air temperature, the air
relative humidity, and the barometric pressure, as depicted in
Figure 8.

At the data level, a wireless sensor network (WSN) is
implemented where the control node produces aggregated
information from different sensor raw data. The WSN is
implemented over the IEEE 802.15.4 standard which is the
basis for the Zigbee communication protocol (http://www
.zigbee.org/). Zigbee has become the de-facto standard
for wireless sensor networks due to low cost, low power
consumption, and small communication packet size. The
wireless communication element is implemented by a radio-
frequency Digi International Xbee (https://www.digi.com/)
transceiver that operates at 2.4Ghz with a data rate of
9600 bps and an open-field coverage of 1.6 kms. The con-
troller node main element is a high performance microcon-
troller dsPIC33F within the Microchip Explorer 16 board
(http://www.microchip.com/); see Figure 8. Control tasks
are executed on the Erika real-time kernel (Erika Enterprise,
http://erika.tuxfamily.org/); the real-time kernel provides
to the microcontroller the capability to schedule several
periodical tasks. The module has a dual network access,
since it communicates with the wireless sensor network and
also includes a long range communication access with the
data server through the GPRS standard. The GPRS element
consists of a SIMCommSIM900 (http://www.sim.com/) inte-
grated circuit which implements the modem functionality.

At the user level, a data server module is implemented by
a multicore Dell PowerEdge server (http://www.dell.com/),
which includes web services, internet access, and a database
in order to store historical information from the central

http://www.hunterindustries.com/
http://www.zigbee.org/
http://www.zigbee.org/
https://www.digi.com/
http://www.microchip.com/
http://erika.tuxfamily.org/
http://www.sim.com/
http://www.dell.com/
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Figure 8: Weather and controller nodes hardware implementation.

modules that can be located in remote areas. The database
is implemented through the open-source platform Django
(https://www.djangoproject.com/). The user can access the
data through web pages.

4.2. Plant Dynamics Validation. Process dynamic data (soil
moisture, reference evapotranspiration, and irrigation) was
captured by the data acquisition system for 21 days. The
first experimental field corresponds to one irrigation area of
approximate 20× 10meters; six sensor nodeswere distributed
along the field. Drip irrigation was used in order to water the
area covered by grass; the irrigation process was manually
activated at different days with different durations in order
to have values from below permanent wilting point until
saturation. The sensors were located in a depth of 20 cm in

order to measure the soil moisture at the grass root level. For
process identification grasswas used instead of a specific crop,
since grass 𝐾𝑐 = 1; that is, et𝑐 = et𝑜.

After data was captured, an offline recursive least square
algorithm defined by (17) and (18) was executed on Matlab
(http://www.mathworks.com/) in order to obtain the process
dynamics coefficients 𝑐1, 𝑐2, and 𝑐3, for each one of the three
volumetric water levels:

(i) Gravitational water (above field capacity): the process
dynamics depends on 𝑐1 with a high value, while 𝑐3
has no effect; 𝑐2 has a great impact during irrigation
instants.

(ii) Available water (below field capacity, above perma-
nent wilting point): the process dynamics depends

https://www.djangoproject.com/
http://www.mathworks.com/
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Figure 9: Model validation results.

on mostly 𝑐3, but also 𝑐1 has an effect; 𝑐2 has similar
impact as in the gravitational level.

(iii) Unavailable water (below permanent wilting point):
the process dynamics depends on 𝑐1 with a low
value and 𝑐3 has no effect; 𝑐2 has a lower impact in
comparison with the other levels.

Once the model coefficients were obtained, the estimated
model was validated with direct measurements. In the same
experimental field, a validation run was conducted with
random irrigations for 10 days during each one of the months
of April,May, June, July, andAugust. Figure 9 shows the result
for the days corresponding to the month of June; as can be
seen the processmodel produces a good estimation of the soil
moisture behavior with a correlation coefficient 𝑅2 = 0.9636,
with an average value of 𝑅2 = 0.9139 for the five months, as
described in Table 1.

4.3. Evaluated Methods. The objective of the automatic irri-
gation systems is to make an efficient use of water and energy
by applying the right amount of water, at the right time and
in the right place, in order to avoid, both, crop water stress
and water waste. Many different commercial and research
approaches have been proposed; based on the analysis
on how these approaches apply control engineering to imple-
ment an automated irrigation system, five different irrigations
methods were defined for the purpose of this work.

Level 0 (Empirical Open Loop Irrigation). There are no
automation elements, irrigation is manually conducted based
on the experience and labor from the farmer. This method
is still widely used in today’s agriculture. This method is not
considered for the evaluation.

Level 1 (Time Based Open Loop Irrigation). The automated
systems consist of a timer that activates pumps and valves on
a predefined basis; no sensing elements are used. Irrigation

Table 1: Model validation correlation coefficient results for each
month.

Evaluated month (during 10 days) Correlation coefficient 𝑅2
April 0.9671
May 0.8798
June 0.9636
July 0.9139
August 0.9412
Average 0.9331

decision is defined offline and based on farmer empirical
knowledge.

Level 2 (Feed-Forward Open Loop Irrigation). In this type
of strategy controller applies irrigation to refill the water
consumed by the crop and the environment. The irrigation
system must be capable of measuring the crop evapotranspi-
ration by using a sensing system or acquiring the data from
near public weather stations. Typically farmers conduct this
process on a weekly basis.

Level 3 (Closed-Loop Irrigation). The controller applies irri-
gation when sensors detect that measurements are below a
predefined low threshold and stops irrigation when a high
threshold has been reached. Typically soil water content is
used as the measured variable.

Level 4 (Model-Based Closed-Loop Irrigation). The control
system contains the mathematical model that describes the
process dynamics and uses feed-forward and feedback strate-
gies to implement advanced control laws and achieve optimal
solutions. A model predictive control algorithm has been
implemented in order to look for an optimal irrigation input
sequence based on (20) and (21).

4.4. Results and Discussion. The second experimental field
corresponds to four contiguous irrigation areas of approxi-
mate 20 × 10 meters each, for a total area of 80 × 10 meters,
in order to evaluate the four irrigation methods. The type of
soil is the same as in the first experimental field, and both
fields are in the same physical location. Drip irrigation was
used to water a green pepper crop. A 3/4HPwater pumpwith
a maximum flow rate of 170 liters per minute was used to
provide water for irrigation; each area had an on-off valve to
activate the irrigation. Each irrigation area contains up to 70
drippers in order to provide 560 liters per hour to the area; a
total of six soil moisture sensors were located for each area,
as seen in Figure 10 indicated by the red-white circles. The
evaluation was conducted during the months of September
and October. The experimental field is located outside the
city of Delicias, Chihuahua, in Mexico (latitude: 28.169149,
longitude: −105.502768).

The four evaluated irrigation methods are compared in
terms of accumulated error 𝐽acum and control effort 𝐽control. In
both cases, the lower the value the better the performance.

The accumulated error indicates how good the system
is to maintain the soil moisture levels close to the reference
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Figure 10: Experimental field with green pepper crop.

Table 2: Water consumption for the evaluated methods.

Evaluated
method

Water
consumption (in

liters)

Level 4
water
savings

Level 1 47,940 67.4%
Level 2 26,038 40.0%
Level 3 18,370 14.9%
Level 4 15,622 —

value. The maximum allowable depletion level (MAD) is
considered as the process set-point or reference value, since
below this level the crop becomes stressed and above it water
may be wasted.The error indicates the difference between the
current soil moisture value and the set-point, expressed in
percentage of volumetric water content (VWC) as defined by
(4).The accumulated error represents the sum of errors at the
sampling instants during the evaluation period.

The control effort indicates how efficient the system is, in
order to minimize the water consumption. The control effort
is represented by effective irrigation and it is expressed in
liters of water applied to the crop.

Accumulated error and control effort are defined as

𝐽acum = 𝑇eval−1∑
𝑖=0

|𝑒 (𝑘ℎ)| ,

𝐽control =
𝑇eval−1∑
𝑖=0

|𝑢 (𝑘ℎ)| ,
(22)

where 𝑇eval is the evaluation time, 𝑒(𝑘ℎ) is the difference
between the soil moisture reference value and the process
output (current soil moisture) at instant 𝑘ℎ, and 𝑢(𝑘ℎ) is the
control signal (effective irrigation) at instant 𝑘ℎ.The sampling
period ℎ for this evaluation is twominutes and theMPCfinite
horizon 𝑇FH is one week.The time-delay 𝜏 from (8) equals 20
minutes, and the matrices 𝑄 and 𝑅 from (19) have values of0.0001 and 0.1, respectively, in order to give more weight to
the control action (irrigation) rather than the error, since the
main objective is to save water.

During an evaluation period of 30 days, the water con-
sumption results for each evaluated method are shown in
Table 2. The third column expresses the percentage of saved

Table 3: Irrigation error for the evaluated methods.

Evaluated method Irrigation error Level 4 error reduction
Level 1 100,039 71.3%
Level 2 45,958 37.5%
Level 3 36,741 21.8%
Level 4 28,719 —
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Figure 11:Water consumption evolution for the evaluatedmethods.

water obtained by Level 4 in comparison with the other
methods.

On Figure 11 the evolution of water consumption for each
method is observed for the first 15 days of the evaluation
period.

The irrigation error results and Level 4 error reduction
percentage compared against the other methods are shown
in Table 3.

On Figure 12 the evolution of irrigation error for each
method is observed for the first 15 days of the evaluation
period.

In general Level 4 method (MPC controller) offers the
best performance considering the reference error and the
control effort parameters. The implementation of the MPC
controller requires an intensive computational load; however,
high performance embedded devices and real-time kernels
support the implementation of complex algorithms such as
the required in an MPC controller. Also the relatively slow
process dynamics for an irrigation system contribute to the
implementation of a real-time predictive control strategy.

5. Conclusions

This paper proposes the use of a model driven control
strategy for precision irrigation. Considering that the process
dynamics of an irrigation system can be described with
the hydrological balance model, evapotranspiration and soil
moisture variables can be sensed in order to implement a
model predictive control (MPC) to minimize the control
signal (effective irrigation) while keeping soil moisture under
specific thresholds (avoiding water stress) and considering
external disturbances (reference evapotranspiration) to pre-
dict the process dynamics.

A recursive least squares algorithm has been used in
order to estimate the model coefficients. These coefficients
have been validated by using direct measurements from
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the irrigation system. Then the proposed predictive control
strategy has been implemented over an embedded platform,
in order to evaluate the proposed irrigation method against
the traditional methods used by the farmers. Experimental
results indicate that the use of a model predictive control
strategy in an irrigation system achieves a higher control
efficiency and significantly reduce the control effort (water
consumption).

Future work will focus on conducting the parameter
estimation algorithm online and obtaining direct plant mea-
surements by using imaging devices in order to evaluate the
crop development and include this element as a variable in
the MPC model.
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This paper describes a method to suppress the effect of nonlinear and time-varying mass unbalance torque disturbance on the
dynamic performances of an aerial inertially stabilized platform (ISP). To improve the tracking accuracy and robustness of the ISP,
a compound control scheme based on both of model reference adaptive control (MRAC) and PID control methods is proposed.
The dynamic model is first developed which reveals the unbalance torque disturbance with the characteristic of being nonlinear
and time-varying. Then, the MRAC/PID compound controller is designed, in which the PID parameters are adaptively adjusted
based on the output errors between the reference model and the actual system. In this way, the position errors derived from the
prominent unbalance torque disturbance are corrected in real time so that the tracking accuracy is improved. To verify the method,
the simulations and experiments are, respectively, carried out.The results show that the compound scheme has good ability in mass
unbalance disturbance rejection, by which the system obtains higher stability accuracy compared with the PID method.

1. Introduction

For an aerial remote sensing system, due to the serious effects
of internal and external disturbances, the movement of the
aircraft is not ideal that makes the sensor’s line of sight
(LOS) jitter, eventually resulting in the degradation of images
quality [1–4]. In order to obtain high-resolution images and
satisfy the requirements of high photo overlapping ratio, the
sensor’s LOS must be strictly controlled. Therefore, inertially
stabilized platform (ISP) is a key component for the high-
precision aerial remote sense imaging system, which is used
to hold and control the LOS of the imaging sensor to keep
steady relative to the inertial space or the tracked target
[5, 6]. The ISP with high control precision is indispensable
for isolating disturbances derived from diverse sources [7, 8],
particularly for the case of swings of three angular attitudes
of aircraft. It is a principal issue for the control system of ISP
of how to minimize the effects of disturbances introduced on
the ISP [2].

Themost critical performance metric for an ISP is torque
disturbance rejection. It is difficult for the conventional PID

control method in low speed servo motion to suppress these
complex nonlinear disturbances. It is hard for the traditional
feedforward control method to further improve the ISP’s
dynamic performance [9]. Therefore, there is continuous
interest for researchers to develop the control methods
with higher accuracy and stability by various disturbances
rejection. The development of computer technology and
advanced intelligent control theory provide a new way for
the control of complex dynamic uncertain systems and the
disturbance rejection. They have been gradually used in the
control of ISP, such as neural network [10], genetic algorithm
[11, 12], fuzzy control [13, 14], robust control [15], state com-
pensation control [16], and autodisturbance rejection control
[17]. Predictive control and fuzzy control are the effective
methods to optimize the control of uncertain systems. The
combination of the two methods can enable the system to
have the quicker dynamic response and smaller overshot
[11–14]. For a system characterized by nonlinear and time-
varying behavior, the issue of stability performance becomes
very prominent. In [1], the decoupling compensation con-
troller obtains a good result in which the angular velocity
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Figure 1: Schematic diagram of an aerial remote sensing system.

coupling, torque coupling, and moment of inertia coupling
are considered. In [18], a three-closed loop PID compound
control scheme is applied to a two-axis ISP to obtain the
desired results. In [19], a feedforward compensation scheme
is proposed to achieve vibration rejection of ISP. In [20], an
active disturbance rejection control strategy is put forward to
improve robustness of electrode regulator system.

Disturbances arise from diverse sources; for example,
the angular motion and linear vibration of aircraft platform
generate the disturbance torques due to mass unbalance
and gimbal geometry [4, 5]. Generally, the influence of
unbalance torque is prominent over other disturbances. Since
the centroid is not exactly coincident with the center of the
rotating axis, the mass unbalance torque will occur when
ISP operates, which will severely degrade the system control
accuracy. To compensate the mass unbalance torque, the
static equilibrium test is required before the operation. How-
ever, due to many nonideal cases such as different imaging
sensors being installed interchangeably, it is hard to com-
pletely eliminate the unbalance torque by static equilibrium
mass correction. Moreover, since the mass unbalance torque
is a nonlinear and time-varying disturbance, it is difficult
for the conventional control to solve it [21]. Therefore, it is
necessary to compensate the mass unbalance torque by using
the intelligent control methods which have strong adaptive
disturbance rejection ability. Previously, some methods have
been proposed to compensate the unbalance torques, such
as the adaptive control based on disturbance observer [22],
the neural network control [10], the feedforward control [23],
independent mechanisms [24], fuzzy inference mechanism
[25], iterative feedback tuning of fuzzy control [26], adaptive
neural network control [27], and so on.

Model reference adaptive control (MRAC) can restrain
the influences of external disturbance by effectively revising
the model parameter errors. MRAC does not need the online
identification of the mathematical model of mass unbalance
torque, by which the time of adaptive control is greatly
shortened. Therefore, MRAC is appropriate for the occasion
of parameters change [21]. In MRAC, an adaptive reference
model needs to be designed which can achieve the desired
performance index with the same order of the plant. In

[28], a MRAC system based on the certainty equivalent
(CE) principle for the first-order delay system is proposed.
MRAC/PID compound control scheme is a combination of
adaptive control and traditional PID control, which canmake
the PID parameters of the nonlinear time-varying uncertain
systems adjusted in real time, so as to improve the system
robustness and control accuracy.MRAC/PID controller owns
the great robust ability for the nonlinear, hysteresis, and vari-
able parameters systems. Compared with the conventional
PID control method, the MRAC/PID controller can tune the
PID parameters automatically and make the system stable in
the whole working range [29].

In this paper, to improve the tracking accuracy and
robustness of an aerial inertially stabilized platform, a
MRAC/PID compound control scheme is proposed to
weaken the influence of prominent unbalance torque distur-
bance. The dynamic model is first developed which reveals
the unbalance torque disturbance with the characteristic
of being nonlinear and time-varying. Then, a MRAC/PID
compound controller is designed and simulation analysis is
conducted. To verify themethod, the experiments are carried
out.

2. Background

2.1. Aerial Remote Sensing System. Figure 1 shows the
schematic diagram of an aerial remote sensing system. Gen-
erally, an aerial remote sensing system consists of four main
components, a three-axis ISP, an imaging sensor, a position
and orientation system (POS), and the aviation platform.
When applied, the three-axis ISP is mounted on the aviation
platform, and the imaging sensor and POS are mounted on
inner azimuth gimbal of the ISP. When the aviation platform
rotates or jitters, the control system of three-axis ISP gets the
high-precision attitude reference information measured by
POS and then routinely controls the LOS of imaging sensor
to achieve accurate pointing and stabilizing relative to ground
level and flight track. The POS, which is mainly composed
of three main components, that is, inertial measurement unit
(IMU), GPS receiving antenna, and data processing system, is
used to provide an accurate reference of position and attitude
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Figure 2: Schematic diagram of the three-axis ISP’s working principle.

in inertial space for control system of ISP and imaging sensor
throughmeasuring the angularmovement of imaging sensor.

2.2. Working Principal of ISP. Figure 2 shows the schematic
diagram of the three-axis ISP principle. We can see that
the ISP consists of three gimbals, which are azimuth gimbal
(𝐴-gimbal), pitch gimbal (𝑃-gimbal), and roll gimbals (𝑅-
gimbal). Among them, the 𝐴-gimbal is assembled on the𝑃-gimbal and can rotate around 𝑍𝑎 axis. Likewise, the 𝑃-
gimbal is assembled on the 𝑅-gimbal and can rotate around𝑋𝑝 axis. The 𝑅-gimbal is assembled on the base of aviation
platform and can rotate around 𝑌𝑟 axis. From Figure 2, we
can see the relationships between three gimbals: 𝐺𝑝, 𝐺𝑟, and𝐺𝑎, respectively, stand for rate gyro that measures inertial
angular rate of 𝑃-gimbals, 𝑅-gimbals, and𝐴-gimbals. 𝐸𝑥, 𝐸𝑝,
and 𝐸𝑎, respectively, stand for photoelectric encoder which
measures relative angular between gimbals.𝑀𝑟,𝑀𝑝, and𝑀𝑎,
respectively, stand for gimbals servo motor which drives 𝑅-
gimbals, 𝑃-gimbal, and𝐴-gimbal to keep these three gimbals
steady in inertial space. 𝐴𝑥 and 𝐴𝑦, respectively, represent
accelerometers installed on the 𝑅-gimbal and 𝑅-gimbal used
to measure the gimbals’ rotary angular acceleration. 𝐸𝑥 and

𝐸𝑦 represent encoders installed on two leveling gimbals to
detect the gimbals’ rotary angular position.

2.3. Three-Closed Loop Compound Control Scheme. Conven-
tional stabilization techniques employ rate gyros, rate inte-
grating gyros, or rate sensors to sense rate disturbances about
the LOS. Figure 3 shows the block diagram of traditional
three-loop control system for ISP. In Figure 3, the blocks of𝐺-pos, 𝐺-spe, and 𝐺-cur separately represent the controllers
in the position loop, speed loop, and current loop; the PWM
block represents the power amplification used for the current
amplification to drive the torque motor; 𝐿 represents the
inductance of a torque motor and 𝑅 represents the resistance;𝐾𝑡 represents the torque coefficient of the motor and 𝑁 is
the transition ratio from the torque motor to the gimbals;𝐽𝑚 represents the moment of inertia of the motor and 𝐽𝑙
represents the moment of inertia of the gimbals along the
rotation axis.

Figure 4 shows the process model of the ISP control
scheme block diagram. 𝐺𝐴𝑃, 𝐺𝑃𝑃, and 𝐺𝑅𝑃 are the PID
controllers for position loop of azimuth gimbal, pitch gimbal,
and roll gimbal, respectively. 𝐺𝐴𝑅, 𝐺𝑃𝑅, and 𝐺𝑅𝑅 are the PID
controllers for rate loop of azimuth gimbal, pitch gimbal,
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and roll gimbal, respectively. 𝐺𝐴𝐶, 𝐺𝑃𝐶, and 𝐺𝑅𝐶 are the PID
controllers for current loop of azimuth gimbal, pitch gimbal,
and roll gimbal, respectively.

3. Dynamic Modeling of the Mass
Unbalance Torque

Due to the influence of mechanical structure design and
machining accuracy, three-axe ISP’s center of mass is not
coincident with the center of rotating shaft completely. So,
when there is acceleration that acted on the ISP gimbals,
the mass unbalance torque disturbance occurs [23], which
will severely degrade the system control accuracy. Mass
unbalance torque under the static base is caused by both of
the gravity and gimbal acceleration.

The mass imbalance produces LOS jitter when the pay-
load center of gravity is not centered on an axis of rotation
for the gimbals. Linear vibration, acting through the lever
arm of the center of gravity offset, thus produces torque
disturbances. When an ISP is working at a flying aircraft,
due to both effects of gravity acceleration and the motion
acceleration of ISP’s gimbals and imaging sensors, the mass
imbalance torque occurs. Figure 5 shows the schematic
diagram of the functional mechanism of mass imbalance
torque under moving base and static base, respectively.

In Figure 5(a), 𝑙𝑥 and 𝑙𝑧, respectively, stand for the
eccentric lever arms of mass center of ISP relative to a
horizontal rotation axis (𝑥 or 𝑦) and the vertical axis-𝑧. 𝑎𝑓
and 𝑎𝑧, respectively, stand for the horizontal and vertical
interference accelerated speed during movement acting on
the gimbal and 𝑔 stands for acceleration of gravity. If we
take the counterclockwise direction as a positive direction,
imbalance torque can be expressed as

𝑇im = −𝑚 (𝑎𝑧 + 𝑔) ⋅ 𝑙𝑥 − 𝑚 ⋅ 𝑎𝑓 ⋅ 𝑙𝑧, (1)

where 𝑇im is the unbalance torque of the moving base and𝑚
is the total mass of the frame and the load,

𝑇motor = −𝑇im𝑁 = − 1
𝑁 [−𝑚 (𝑎𝑧 + 𝑔) ⋅ 𝑙𝑥 − 𝑚 ⋅ 𝑎𝑓 ⋅ 𝑙𝑧] , (2)

where 𝑇motor is the extra unbalance torque produced by
motor.𝑁 is the transmission ratio.

The unbalance torque caused by gravity can be expressed
as

𝑇𝑔 = 𝑚𝑔𝑙𝑧 sin 𝜃 − 𝑚𝑔𝑙𝑥 cos 𝜃. (3)

Since the leveling angles of ISP are changed in a small
range of about 𝜃 = ±5∘, the cosine and sine function values
of 𝜃 are approximately equal to 1 and 0, respectively, so the
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unbalance torque caused by gravity can be further expressed
as

𝑇𝑔 = −𝑚𝑔𝑙𝑥 cos 𝜃. (4)

4. MRAC/PID Compound Controller Design

4.1. Adaptive Model Reference Control Principal. Figure 6
shows the structure of an adaptive model reference control
(MRAC) system. It is composed of four components, that is,
control process, controller, reference model, and adjustment
mechanism block [30].

The adaptive model reference control (MRAC) technique
is used for devising a controller based on the information𝑦𝑚, 𝑦𝑝, 𝑟(𝑡), and 𝑒(𝑡). The adaptive mechanism automatically
adjusts controller parameters so that the behavior of the
closed loop control plant output 𝑦𝑝 closely follows that of 𝑦𝑚
of the reference model. Parameters and structure of reference
model are specified on the base of requirements of control
performance. The adjustment mechanism of MRAC system
is constructed by adaptive control rule, which performs the
algorithms as follows.

Tracking error is defined as

𝑒 = 𝑦𝑚 − 𝑦𝑝, (5)

where 𝑒 is error of input and output, 𝑦𝑚 is the output of the
reference model, and 𝑦𝑝 is the output of the actual system.

Thus, 𝑒 will eventually be close to a constant or 0. If 𝑒
is bounded, then 𝑦𝑝 is bounded. So the control system is
convergent under this controller.

4.2. MRAC/PID Compound Controller. PID control is one of
the most commonly used control methods in engineering. It
has the advantages of simple algorithm and high reliability,
but it needsmore accurate systemmodel [31].When the input
signal is applied to a variable structure control system, the
system should be stable while altering controller coefficients
according to control error signal.

According to Figure 3, the bandwidth of the current loop
is much larger than the bandwidth of the stable loop, so the
current loop is regarded as a proportional component with
coefficient of 1.The transfer functions of the𝐺-pos and𝐺-spe
are too small and can be equivalent to 1. 𝑘𝑐((𝜏𝑐𝑠 + 1)/𝑠) is the
transfer function of 𝐺-cur, and𝑈/(𝑇PWM𝑆 + 1) is the transfer
function of the PWM [32]. In the simulation, the values of
these parameters are too small to be ignored for 0, such as 𝐿,𝑁, 𝜏𝑐, 𝑇PWM, and 𝐽𝑚. So the ISP control system is established
as the two-order system model.

Based on [29, 30], the controller is designed as follows:

𝐽 (𝜃) = 1
2𝑒2 (𝜃) , (6)

where the time rate of change of 𝜃 stands for proportional to
negative gradient of 𝐽,

𝑑𝜃
𝑑𝑡 = −𝛾 𝜕𝐽𝜕𝜃 = −𝛾𝑒 𝜕𝑒𝜕𝜃 , (7)

where 𝜃 stands for the controller parameter vector. The
components of 𝜕𝑒/𝜕𝜃 stand for the sensitivity derivatives of
the error with respect to 𝜃.The parameter 𝛾 stands for known
as the adaptation gain.
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Considering an aerial ISP system described by second-
ordermodel 𝑏/(𝑠2+𝛼1𝑠+𝛼2), the closed loop transfer function
is

𝑦𝑝 (𝑠)
𝑟 (𝑠) = 𝑏 (𝐾𝑑𝑠2 + 𝐾𝑝𝑠 + 𝐾𝑖)

𝑠 (𝑠2 + 𝛼1𝑠 + 𝛼2) + 𝑏 (𝐾𝑑𝑠2 + 𝐾𝑝𝑠 + 𝐾𝑖) , (8)

𝑦𝑝 (𝑠)
𝑟 (𝑠) = 𝑏 (𝐾𝑑𝑠2 + 𝐾𝑝𝑠 + 𝐾𝑖)

𝑠3 + (𝛼1 + 𝑏𝐾𝑑) 𝑠2 + (𝛼2 + 𝑏𝐾𝑝) 𝑠 + 𝑏𝐾𝑖 . (9)

From (9) and required performance of system, we obtain
a reference model as follows:

𝑦𝑚 (𝑠)𝑟𝑚 (𝑠) = 𝑏𝑚1𝑠2 + 𝑏𝑚2𝑠 + 𝑏𝑚3𝑠3 + 𝑎𝑚1𝑠2 + 𝑎𝑚2𝑠 + 𝑎𝑚3 , (10)

where 𝑎𝑚1 = 𝛼1+𝑏𝐾𝑑, 𝑎𝑚2 = 𝛼2+𝑏𝐾𝑝, 𝑎𝑚3 = 𝑏𝐾𝑖, 𝑏𝑚1 = 𝑏𝐾𝑑,𝑏𝑚2 = 𝑏𝐾𝑝, and 𝑏𝑚3 = 𝑏𝐾𝑖.
The values of PID controller parameters are determined,𝐾𝑝, 𝐾𝑖, and𝐾𝑑, in

𝑑𝐾𝑝
𝑑𝑡 = −𝛾𝑝 𝜕𝐽

𝜕𝐾𝑝 = −𝛾𝑝 (𝜕𝐽𝜕𝑒)( 𝜕𝑒
𝜕𝑦𝑝)( 𝜕𝑦𝑝

𝜕𝐾𝑝) ,
𝑑𝐾𝑖𝑑𝑡 = −𝛾𝑖 𝜕𝐽𝜕𝐾𝑖 = −𝛾𝑖 (𝜕𝐽𝜕𝑒)( 𝜕𝑒

𝜕𝑦𝑝)(𝜕𝑦𝑝
𝜕𝐾𝑖) ,

𝑑𝐾𝑑𝑑𝑡 = −𝛾𝑑 𝜕𝐽
𝜕𝐾𝑑 = −𝛾𝑑 (𝜕𝐽𝜕𝑒)( 𝜕𝑒

𝜕𝑦𝑝)( 𝜕𝑦𝑝
𝜕𝐾𝑑) ,

(11)

where 𝜕𝐽/𝜕𝑒 = 𝑒, 𝜕𝑒/𝜕𝑦 = 1,𝐷 = 𝑑/𝑑𝑡, and

𝜕𝑦𝑝
𝜕𝐾𝑝 =

𝑏𝐷
𝐷3 + (𝛼1 + 𝑏𝐾𝑑)𝐷2 + (𝛼2 + 𝑏𝐾𝑝)𝐷 + 𝑏𝐾𝑖
⋅ [𝑟 − 𝑦𝑝] ,

𝜕𝑦𝑝
𝜕𝐾𝑖 =

𝑏
𝐷3 + (𝛼1 + 𝑏𝐾𝑑)𝐷2 + (𝛼2 + 𝑏𝐾𝑝)𝐷 + 𝑏𝐾𝑖
⋅ [𝑟 − 𝑦𝑝] ,

𝜕𝑦𝑝
𝜕𝐾𝑑 =

𝑏𝐷2
𝐷3 + (𝛼1 + 𝑏𝐾𝑑)𝐷2 + (𝛼2 + 𝑏𝐾𝑝)𝐷 + 𝑏𝐾𝑖
⋅ [𝑟 − 𝑦𝑝] .

(12)

Then 𝑑𝐾𝑝/𝑑𝑡, 𝑑𝐾𝑖/𝑑𝑡, and 𝑑𝐾𝑑/𝑑𝑡 can be derived by

𝑑𝐾𝑝
𝑑𝑡 = −𝛾𝑝 𝜕𝐽

𝜕𝐾𝑝
= −𝛾𝑝𝑒 𝑏𝐷

𝐷3 + (𝑎1 + 𝑏𝐾𝑑)𝐷2 + (𝑎2 + 𝑏𝐾𝑝)𝐷 + 𝑏𝐾𝑖
⋅ [𝑟 − 𝑦𝑝] ,

𝑑𝐾𝑖𝑑𝑡 = −𝛾𝑖 𝜕𝐽𝜕𝐾𝑖
= −𝛾𝑖𝑒 𝑏

𝐷3 + (𝑎1 + 𝑏𝐾𝑑)𝐷2 + (𝑎2 + 𝑏𝐾𝑝)𝐷 + 𝑏𝐾𝑖
⋅ [𝑟 − 𝑦𝑝] ,

𝑑𝐾𝑑𝑑𝑡 = −𝛾𝑑 𝜕𝐽
𝜕𝐾𝑑

= −𝛾𝑑𝑒 𝑏𝐷2
𝐷3 + (𝑎1 + 𝑏𝐾𝑑)𝐷2 + (𝑎2 + 𝑏𝐾𝑝)𝐷 + 𝑏𝐾𝑖

⋅ [𝑟 − 𝑦𝑝] .

(13)

If the adaptive control law is given, the system can guar-
antee the stability of the system under the action of themodel
reference adaptive PID controller and can achieve the control
goal. Thus, a new PID control based on the reference model
is formed. The basic structure of the MRAC/PID compound
control system is shown in Figure 7. In Figure 7, the blocks of𝐺-pos, 𝐺-spe, and 𝐺-cur separately represent the controllers;
the PWM block represents the power amplification used for
the current amplification to drive the torque motor.

5. Simulation Analysis

5.1. Tracking Performance. According to the adaptive model
reference control (MRAC) method, through the parameters
adjustment simulation environment, the system can get the
ideal output.

The PID parameter values of the reference model are
selected by the parameter tuning or the test calculation
method, as shown in Figures 8 and 9.

So the result of the PID parameter value is selected and
taken out by the reference of the automatic adjustment:𝐾𝑝 =10, 𝐾𝑖 = 0, and 𝐾𝑑 = 4. Based on the fixed parameters in the
three-loop control system of ISP, the reference model is

𝑦𝑚 (𝑠)𝑟𝑚 (𝑠) = 55.44 + 221.76𝑠 + 7.56𝑠2
55.44 + 221.76𝑠 + 7.56𝑠2 + 0.018𝑠3 . (14)

Further, by (14), the control strategy of the adaptive
PID controller is adjusted by the MRAC/PID compound
controller, and the stability and accuracy of the system are
improved continuously.

First, the responses for the step input are analyzed.
Figure 10 shows the system response curve and its partial
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enlarged detail for the traditional PID controller and the
MRAC/PID compound controller. As seen in the figures,
compared with PID control, the stability time and accuracy
of the MRAC/PID compound control are much shorter and
higher.

5.2. Adaptive PIDParameters. Figure 11 shows the parameters
variation curves of the MRAC/PID compound controller.

From Figures 10 and 11, we see that the MRAC/PID com-
pound control scheme can obviously improve the accuracy of
the control system. Under the same unbalance torque distur-
bance conditions, the position output peak-valley errors of
MRAC/PID compound scheme and traditional PID control
method are +0.0075∘ to −0.006∘ and +0.035∘ to −0.05∘,
respectively, meaning that the position accuracy is improved
up to 84.1% afterMRAC/PID scheme applied.The simulation
results illustrate the compound scheme has high disturbance
rejection ability compared with the PID controller.

6. Experimental Verification

In order to validate the proposed MRAC/PID compound
scheme, the experiments are then performed, which are
conducted on a three-axis ISP.

According to the specific functional requirements of the
system, the system hardware circuit is designed. Figure 12
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Figure 11: The parameter variation curves of the MRAC/PID compound controller: (a) 𝐾𝑝 parameter; (b) 𝐾𝑖 parameter; (c) 𝐾𝑑 parameter.

shows the hardware control system circuit connection dia-
gram of three-axis ISP. The main functional devices are DC
torque motor, POS, gyroscope, encoder, and so forth.

The main program flowchart is shown in Figure 13. After
the system is reset and the external device is initialized, the

external device interrupt is opened. The six interrupt man-
agement procedures include ADC sequencer ADCSEQ inter-
rupt, interrupt timer CPU-Timer 0, SPI receiving interrupt,
SCI A sending/receiving interrupt, SCI B sending/receiving
interrupt, and SCI C receiving interrupt using the software
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Figure 14: The three-axis ISP experimental system.

system of the platform. Platform interrupt priority order is
ADCSEQ > CPU-Timer 0 > SPI > SCI A > SCI B > SCI C.

Figure 14 shows the picture of the experimental system.
Themain parameters of the ISP are as follows:maximum load
and self-weight are, respectively, 80 kg and 40 kg, the maxi-
mum leveling rotation angle range is ±5∘, and the maximum
heading rotation angle range is ±25∘. In the experiments, the
artificial load is 20 kg and the power supply voltage is 28V. As
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Figure 15: Experiment comparison between the PID and adaptive
MRAC/PID controllers under unbalance disturbance.

a comparison, the results obtained by PID controller are also
displayed.

The experiments are designed aiming at rejecting unbal-
anced torque disturbance. From (4), we know that the
unbalance torque is nonlinear and time-varying with charac-
teristic of cosine function. Therefore, the cosine interference
component is artificially added into the current loop of the
gimbal system to represent the unbalance torque disturbance.
Thus, we can evaluate the disturbance rejection ability of the
compound scheme.

Figure 15 shows the experiment comparison between
the PID and adaptive MRAC/PID controllers when the
interference current 𝐼 = 0.5 cos(0.4𝜋𝑡) + cos(0.9𝜋𝑡). We
can see that, for the MRAC/PID and PID controllers, the
output error ranges of the attitude angle are about±1∘ and±2∘,
respectively. Obviously, compared with the PID controller,
the position accuracy is improved up to nearly 50% by the
MRAC/PID compound controller.

7. Conclusion

In this paper, to suppress the nonlinear and time-varying
mass unbalance torque disturbance of the aerial-axis iner-
tially stabilized platform (ISP), a compound control scheme
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based on both of model reference adaptive control (MRAC)
and PID control methods is proposed. In this way, the
tracking accuracy and stability of the ISP are improved sig-
nificantly. To verify the method, the simulations and exper-
iments are, respectively, carried out. The results show that
MRAC/PID compound scheme is good at the disturbance
rejection. Compared with the PID, the tracking accuracy of
the MRAC/PID compound controller is improved by about
50%.
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For the problem of low control performance of Bearingless Induction Motor (BIM) control system in the presence of large load
disturbance, a novel load torque sliding mode observer is proposed on the basis of establishing sliding mode speed control system.
The load observer chooses the speed and load torque of the BIM control system as the observed objects, uses the speed error to
design the integral sliding mode surface, and adds the low-pass filter to reduce the torque observation error. Meanwhile, the output
of the load torque is used as the feedforward compensation for the control system, which can provide the required current for
load changes and reduce the adverse influence of disturbance on system performance. Besides, considering that the load changes
lead to the varying rotational inertia, the integral identification method is adopted to identify the rotational inertia of BIM, and
the rotational inertia can be updated to the load observer in real time. The simulation and experiment results all show that the
proposed method can track load torque accurately, improve the ability to resist disturbances, and ameliorate the operation quality
of BIM control system. The chattering of sliding mode also is suppressed effectively.

1. Introduction

Based on the similarity principles of magnetic bearing and
alternating current (AC) motor stator structure, BIM is
formed. Two sets of windings are embedded in the stator slot
of BIM,which can separately produce electromagnetic torque
and radial levitation force. BIM achieves the integration of
rapid rotation and stable suspension of rotor by changing
the currents in the windings and avoids the mechanical
bearing friction, wear and tear, and lubrication. It breaks
the bottleneck of traditional asynchronous motor developing
towards the higher precision and higher speed direction [1–
5]. BIMhasmany better advantages than the traditional asyn-
chronous motor, such as simple structure, uniform air gap,
high mechanical strength, high speed, and ultrahigh speed
running in the corrosion or other special environments.
Therefore, it shows broad development prospect in medical
equipment, transportation, national defense, and so forth [6–
9]. However, BIMhas the characteristics of nonlinearity,mul-
tivariability, and strong coupling.The traditional PI controller

cannot acquire high-performance control for BIM when the
control system is disturbed by load torque [10].

Sliding mode variable structure control, as a kind of
special nonlinear control, can operate in accordance with
the trajectory designed by people and purposefully adjust
operation according to the system status, which can gain
excellent control performance. Due to the fact that the sliding
mode control not only can be set by people, but also does
not need high precision mathematical model and has strong
robustness to disturbances, it is becoming a hot research
topic [11–15], and it is gradually applied in the AC servo
system. In [16], a new reaching law was designed to improve
the operation quality of sliding mode. At the same time, it
was applied in the speed control, which effectively enhanced
the robustness of permanent magnet synchronous motor
(PMSM) system. In [17], the sliding mode control combining
with model reference adaptive was used to obtain the speed.
The results showed that it increased the estimation precision
of rotor velocity for PMSM and decreased the chattering. In
[18], the sliding mode control was used in a generator based
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on the exercise equipment with nonlinear 𝑃-𝑉 characteristic
curves. The amount of generator input current harmonic
is greatly reduced. In [19], the conventional sliding mode
control was united with the adaptive fuzzy backstepping
scheme. The simulation proved that this method improved
the performance of mismatched uncertain system. In [20],
the sliding mode control dealt with the difficult problem
of obtaining the counterelectromotive force, and it finally
implemented the direct torque control of brushless direct
current motor. In [21], the sliding mode control was used to
detect the speed and position for PMSM. The experimental
results proved the validity of the proposed sliding mode
observer. In [22], based on the nonsingular terminal sliding
mode algorithm and backstepping method, the sliding mode
observer and position controller were put forward, which can
estimate the torque accurately and track the position quickly.
In [23], the adaptive sliding mode control for uncertain
singularly perturbed nonlinear system was designed. It not
only reduced the effects of uncertainty, but also guaranteed
the control performance. In [24, 25], the load sliding mode
observers were proposed.They diminished the adverse effects
of load changes on PMSM and improved the antidisturbance
ability of controlled system at some level. However, they
all ignored the problem that the load changes result in the
different rotational inertia and the controlled system had
large chattering. Hence, the system cannot achieve the best
dynamic performance.

A novel sliding mode observer of load torque, of which
the state variables are the speed and load torque, is proposed
to suppress the impacts of the load torque changes on BIM
control system. A low-pass filter used in the observer reduces
the observation error of torque. Moreover, the observer as
feedforward compensation for the given current alleviates
the output pressure of sliding mode controller (SMC). In
addition, adopting the integral identification method validly
identifies the rotational inertia and improves the precision of
BIM. The simulation and experimental results show that the
proposed method overcomes the disadvantageous effects on
the speed regulation system generated by load disturbances
and strengthens the antidisturbance ability of the system.

2. The Dynamics Model of BIM

According to the electromagnetic field theory, the radial lev-
itation force of BIM in the 𝑑-𝑞 coordinates can be established
as [6]

𝐹𝑥 = 𝐾 (𝜓1𝑑𝑖𝑠2𝑑 + 𝜓1𝑞𝑖𝑠2𝑞) ,
𝐹𝑦 = 𝐾 (𝜓1𝑑𝑖𝑠2𝑞 − 𝜓1𝑞𝑖𝑠2𝑑) , (1)

where 𝐾 = 𝐾𝑚 + 𝐾𝑙, 𝐾𝑚 = 𝜋𝑃1𝑃2𝐿𝑚1/18𝑙𝑟𝜇0𝑁1𝑁2, and𝐾𝑙 = 𝑃1𝑁2/2𝑟𝑁1; 𝐹𝑥 and 𝐹𝑦 are the components of the
radial levitation force in 𝑥 and 𝑦 directions; the subscript “1”
represents the torque windings, the subscript “2” represents
the radial levitation force windings, “𝑠” represents the stator,
and “𝑟” represents the rotor; 𝑃1 and 𝑃2 separately represent
the pole pairs of torque windings and suspension windings;𝑖𝑠2𝑑 and 𝑖𝑠2𝑞 are the current components of the stator in

levitation force windings under the 𝑑-𝑞 axis; 𝐿𝑚1 is mutual
inductance of the levitation force windings; 𝑙 is the effective
length of the rotor; 𝑟 is the stator inner diameter; 𝜇0 is the
permeability of vacuum; 𝑁1 and 𝑁2, respectively, show the
effective number of turns of the torque windings and the lev-
itation force windings; and 𝜓1𝑑 and 𝜓1𝑞 are the components
of flux linkage for the torque winding in the 𝑑-𝑞 coordinates,
respectively.

With the torque windings and the levitation force wind-
ings, BIM is a nonlinear, strongly coupled, and complex
system. In order to simplify the analysis of BIM, a hypothesis
is given that the levitation force windings only create a
rotating magnetic field. The rotor voltage equation can be
described as

𝑢𝑟1𝑑 = 𝑅𝑟1𝑖𝑟1𝑑 + 𝑝𝜓𝑟1𝑑 − (𝜓1𝑞 + 𝐿𝑟1𝑙𝑖𝑟1𝑞) (𝜔1 − 𝜔𝑟)
= 0,

𝑢𝑟1𝑞 = 𝑅𝑟1𝑖𝑟1𝑞 + 𝑝𝜓𝑟1𝑞 − (𝜓1𝑑 + 𝐿𝑟1𝑙𝑖𝑟1𝑑) (𝜔1 − 𝜔𝑟)
= 0,

(2)

where 𝑢𝑟1𝑑 and 𝑢𝑟1𝑞 are the rotor voltages of torque windings
in 𝑑-𝑞 coordinates; 𝑅𝑟1 is the rotor resistance; 𝜔1 and 𝜔𝑟 are
separately the air gap field speed and rotor speed; and 𝑝 is the
differential operator.

The flux linkage can be expressed as

𝜓1𝑑 = (𝑖𝑠1𝑑 + 𝑖𝑟1𝑑) 𝐿𝑚1,
𝜓1𝑞 = (𝑖𝑠1𝑞 + 𝑖𝑟1𝑞) 𝐿𝑚1,
𝜓𝑠1𝑑 = 𝜓1𝑑 + 𝑖𝑠1𝑑𝐿 𝑠1𝑙,
𝜓𝑠1𝑞 = 𝜓1𝑞 + 𝑖𝑠1𝑞𝐿 𝑠1𝑙,
𝜓𝑟1𝑑 = 𝜓1𝑑 + 𝑖𝑟1𝑑𝐿𝑟1𝑙,
𝜓𝑟1𝑞 = 𝜓1𝑞 + 𝑖𝑟1𝑞𝐿𝑟1𝑙,

(3)

where𝐿 𝑠1𝑙 and𝐿𝑟1𝑙 are the stator leakage inductance and rotor
leakage inductance of torque windings, respectively.

The electromagnetic torque equation is set up as

𝑇𝑒 = 𝑃1 (𝜓1𝑑𝑖𝑠1𝑞 − 𝜓1𝑞𝑖𝑠1𝑑) . (4)

The equation of motion is written as

𝑇𝑒 = 𝑇𝐿 + 𝐽𝑃1𝑝𝜔𝑟, (5)

where 𝑇𝐿 is the load torque and 𝐽 is the rotational inertia.
After coordinate transforming, the rotor flux in 𝑑-𝑞 axis

can be expressed as

𝜓𝑟1𝑑 = 𝐿𝑚1𝑖𝑠1𝑑 + 𝐿𝑟1𝑖𝑟1𝑑,
𝜓𝑟1𝑞 = 𝐿𝑚1𝑖𝑠1𝑞 + 𝐿𝑟1𝑖𝑟1𝑞. (6)
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Making the axis of the rotating coordinates 𝑑 coincide with
the rotor flux linkage of torque windings, it is written as𝜓𝑟1𝑑 = 𝜓𝑟1. Formula (6) can be simplified as

𝑖𝑟1𝑑 = 𝜓𝑟1 − 𝐿𝑚1𝑖𝑠1𝑑𝐿𝑟1 ,
𝑖𝑟1𝑞 = −𝐿𝑚1𝐿𝑟1 𝑖𝑠1𝑞.

(7)

Putting Formula (7) into Formula (2), the excitation
current 𝑖𝑠1𝑑 and slip speed 𝜔𝑠 can be obtained as follows:

𝑖𝑠1𝑑 = 𝑇𝑟1𝑝 + 1𝐿𝑚1 𝜓𝑟1,
𝜔𝑠 = 𝐿𝑚1𝑇𝑟1𝜓𝑟1 𝑖𝑠1𝑞,

(8)

where 𝜔𝑠 = 𝜔1 − 𝜔𝑟 and 𝑇𝑟1 = 𝐿𝑟1/𝑅𝑟1 is the time constant of
rotor.

The electromagnetic torque equation turns into

𝑇𝑒 = 𝑃1 𝐿𝑚1𝐿𝑟1 𝑖𝑠1𝑞𝜓𝑟1, (9)

where 𝐿𝑟1 is the rotor self-induction. Figure 1 is the block
diagram of rotor field-oriented decoupling control.

3. The Speed SMC of BIM

The system state variables are defined as

𝑒𝜔1 = 𝜔∗ − 𝜔,
𝑒𝜔2 = 𝑒𝜔1 = −𝜔, (10)

where 𝜔∗ is the given speed and 𝜔 is the actual speed.
After combining with (5), Formula (10) is described as

𝑒𝜔1 = 𝑒𝜔2 = −𝑃21𝜓𝑟1𝐽 𝐿𝑚1𝐿𝑟1 𝑖𝑠1𝑞 +
𝑃1𝐽 𝑇𝐿,

𝑒𝜔2 = 𝑒𝜔1 = −𝑃21𝜓𝑟1𝐽 𝐿𝑚1𝐿𝑟1 𝑖

𝑠1𝑞.

(11)

The sliding mode surface is chosen as

𝑠 = 𝑒𝜔1 + 𝑐1𝑒𝜔2. (12)

This paper chooses the reaching law [16] to weaken the
inherent chattering:

𝑑𝑠𝑑𝑡 = −𝜀 |𝑋|2 sgn (𝑠) − 𝑘 |𝑋|2 𝑠,
lim
𝑡→∞

|𝑋| = 0, 𝑎 ≥ 0, 𝑏 ≥ 0, 𝜀 > 0, 𝑘 > 0. (13)

According to the Lyapunov stability theory, the existence
condition of generalized sliding mode is written as [12]

𝑉 = 12𝑠2 < 0. (14)

is1q is1q

is1d

𝜔s 𝜃s1

𝜏r

𝜓r1 1
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Figure 1: Rotor field-oriented decoupling control.

Differentiating (14) with respect to time, it becomes (15)
by substituting (13):

�̇� = 𝑠 ̇𝑠 = 𝑠 (−𝜀 |𝑋|2 sgn (𝑠) − 𝑘 |𝑋|2 𝑠)
= −𝜀 |𝑋|2 |𝑠| − 𝑘 |𝑋|2 𝑠2 < 0. (15)

Formula (15) always stands up. Hence, the system can arrive
at sliding mode surface in limited time.

Differentiating 𝑠 = 𝑒𝜔1 + 𝑐1𝑒𝜔2 with respect to time, it can
be gained as

𝑠 = 𝑒𝜔1 + 𝑐1𝑒𝜔2 = 𝑒𝜔2 − 𝑐1𝑃21𝜓𝑟1𝐿𝑚1𝐽𝐿𝑟1 𝑖𝑠1𝑞. (16)

Combining Formula (13) with Formula (16) gives the
following formula:

𝑒𝜔2 − 𝑐1𝑃21𝜓𝑟1𝐿𝑚1𝐽𝐿𝑟1 𝑖𝑠1𝑞 = −𝜀 |𝑋|2 sgn (𝑠) − 𝑘 |𝑋|2 𝑠. (17)

Choosing𝑋 = 𝑒𝜔1 to avoid the differential interference in𝑒𝜔2, the sliding mode controller is designed as

𝑖𝑠1𝑞 = 𝐽𝐿𝑟1𝑃21𝜓𝑟1𝐿𝑚1𝑐1
⋅ ∫ (𝜀 𝑒𝜔12 sat (𝑠) + 𝑘 𝑒𝜔12 𝑠 + 𝑒𝜔2) 𝑑𝑡.

(18)

From (18), it can be seen that the current can eliminate steady-
state error and improve the accuracy of system.

4. The Design of Novel Load Torque Sliding
Mode Observer

4.1. The Design of Load Torque Sliding Mode Observer. Con-
sidering the high switch frequency of the controller, the load
torque can be deemed to be a constant value in a control
cycle. Considering the load torque as an extension, the state
equation of BIM can be expressed as

𝑑𝜔𝑑𝑡 = 𝑃21𝜓𝑟1𝐽 𝐿𝑚1𝐿𝑟1 𝑖𝑠1𝑞 −
𝑃1𝐽 𝑇𝐿,

𝑑𝑇𝐿𝑑𝑡 = 0.
(19)



4 Journal of Sensors

Based on the equation above, the extended load torque
observer is written as

𝑑�̂�𝑑𝑡 = 𝑃21𝜓𝑟1𝐽 𝐿𝑚1𝐿𝑟1 𝑖𝑠1𝑞 −
𝑃1𝐽 �̂�𝐿 + 𝑉,

𝑑�̂�𝐿𝑑𝑡 = 𝜂𝑉,
(20)

where 𝑉 = 𝛾 sgn (𝜔 − �̂�); 𝛾 is the sliding mode gain; 𝜂 is the
feedback gain; and �̂� and �̂�𝐿 are the estimations of electrical
angular velocity and load torque, respectively.

The estimation errors of speed and the load are defined as

[𝑥1𝑥2] = [ 𝜔 − �̂�
𝑇𝐿 − �̂�𝐿] . (21)

After Formula (19) subtracts Formula (20), the observa-
tion errors of sliding mode are obtained as

𝑑𝑥1𝑑𝑡 = −𝑃1𝐽 𝑥2 − 𝑉,
𝑑𝑥2𝑑𝑡 = −𝜂𝑉.

(22)

Because the torque change is expressed in the form of
speed finally, the designed sliding mode surface consists of
the state variable 𝑥1 = 𝜔 − �̂�. The sliding mode surface is
established as (23) to reduce the system overshoot:

𝑠 = 𝑥1 + 𝑐∫𝑥1𝑑𝑡. (23)

Differentiating the sliding mode surface and combining
with (13) and (5), it can be acquired as

�̂�𝐿 = 𝐽𝑃1 [𝛾 sgn (𝜔 − �̂�) − 𝑐 (𝜔 − �̂�) − 𝑘 |𝜔 − �̂�|2 𝑠
− 𝜀 |𝜔 − �̂�|2 sgn (𝑠)] + 𝑇𝐿 (0) .

(24)

Because the system load torque 𝑇𝐿 is an unknown variable,𝑇𝐿(0) is recorded as the estimation of load torque at time zero.
In order to decrease the chattering in the sliding mode,

the sign function sgn (𝑠) is replaced by saturation function
sat (𝑠, Δ) [25]:

sat (𝑠, Δ) =
{{{{{{{{{

1 𝑠𝑖 (𝑥) > −Δ
𝑠𝑖 (𝑥)Δ −Δ < 𝑠𝑖 (𝑥) < Δ
−1 𝑠𝑖 (𝑥) < −Δ.

(25)

Formula (24) can be expressed as

�̂�𝐿 = 𝐽𝑃1 [𝛾 sat (𝜔 − �̂�) − 𝑐 (𝜔 − �̂�) − 𝑘 |𝜔 − �̂�|2 𝑠
− 𝜀 |𝜔 − �̂�|2 sat (𝑠, Δ)] + 𝑇𝐿 (0) .

(26)

Speed
regulation

Current
regulation BIM

Optical
encoder

Integral identification
of the rotational inertia

k

𝜔∗

𝜔

𝜔

+

−
iq

Te

Ĵ

Figure 2: Diagram of inertia identification.

For the purpose of improving the observation precision
of sliding mode observer, a low-pass filter [7] shown in (27)
is added to the observer:

�̃�𝐿 = 𝜔𝑐𝑠 + 𝜔𝑐 �̂�𝐿. (27)

The output of load torque observer is as the feedforward
disturbance compensation 𝑖𝑞2 and the given current 𝑖∗𝑞 is
described as

𝑖∗𝑞 = 𝑖𝑠1𝑞 + 𝑖𝑞2
= 𝐽𝐿𝑟1𝑃21𝜓𝑟1𝐿𝑚1𝑐1 ∫(𝜀 𝑒𝜔12 sat (𝑠) + 𝑘 𝑒𝜔12 𝑠 + 𝑒𝜔2) 𝑑𝑡

+ �̃�𝐿𝜕 ,
(28)

where 𝜕 > 0 is the feedforward gain of torque observation.
From (18) and (28), it can be known that 𝜀 and 𝑘 in

Formula (18) need to be large enough for meeting the load
disturbance, while large 𝜀 and 𝑘 increase the amplitude of
discrete magnitude and result in big chattering. However, in
(28), the observed disturbance is used to provide the required
current for disturbance changes and needs no large 𝜀 and 𝑘.
As a consequence, the feedforward compensation scheme of
load torque reduces the gain amplitude of sliding mode and
lowers the negative impacts on the control system caused by
the disturbances.

4.2. The Load Torque Sliding Mode Observer with the Rota-
tional Inertia Online Identification. When a sliding mode
observer is designed, the rotational inertia of system is
usually regarded as a known quantity. However, in practice
application, the load changes will lead to the inertia changes.
Therefore, identifying the inertia online and timely updating
it to the observer will greatly improve the overall control
performance of BIM system. With the characteristics of high
precision and strong robustness, the integral identification
algorithm is used to identify the rotational inertia online.The
structure diagram of BIM’s speed loop based on the integral
identification is shown in Figure 2.

Equation (5) is rewritten as

𝑇𝑒 = �̂�𝑃1
𝑑𝜔𝑑𝑡 + �̂�𝑟, (29)
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where �̂� is the estimation of rotational inertia and �̂�𝑟 is the
collection of disturbances and its specific expression is as
follows:

�̂�𝑟 (𝑡) = Δ𝐽𝑑𝜔𝑑𝑡 + 𝑇𝐿, (30)

where Δ𝐽 is the inertia error, 𝐽 − �̂� = Δ𝐽.
By the formula above, it can be found that the output

of disturbance is in the form of torque. At the same time,
observing torque can obtain Δ𝐽. Using Δ𝐽 and constant
recursion correction based on selecting initial value of inertia,
the recursion equation can be expressed as

�̂� (𝑘) = �̂� (𝑘 − 1) + Δ𝐽. (31)

Thus, the identification accuracy of inertia depends onΔ𝐽. In order to obtain high accuracy Δ𝐽, this paper chooses
a periodic speed signal and uses the integral to eliminate the
influences of torque disturbances on rotational inertia.

Because of the high sample frequency, the load torque𝑇𝐿 is regarded as 𝑇𝐿(𝑡) = 𝑇𝐿(𝑡 + 𝑇) and the speed signal 𝜔
meets 𝜔(𝑡) = 𝜔(𝑡 + 𝑇). After on both sides of Formula (30)
multiplying by �̇�(𝑡) and integrating it, the equation is written
as

∫𝑘𝑇
(𝑘−1)𝑇

�̂�𝑟 (𝑡) �̇� (𝑡) 𝑑𝑡 = Δ𝐽∫𝑘𝑇
(𝑘−1)𝑇

�̇�2 (𝑡) 𝑑𝑡
+ ∫𝑘𝑇
(𝑘−1)𝑇

𝑇𝐿 (𝑡) �̇� (𝑡) 𝑑𝑡.
(32)

Due to the fact that the load torque is a constant within
a cycle, the definite integral of the load torque in (32) can be
calculated as follows:

∫𝑘𝑇
(𝑘−1)𝑇

𝑇𝐿 (𝑡) �̇� (𝑡) 𝑑𝑡 = 𝑇𝐿𝜔 (𝑡)𝑘𝑇(𝑘−1)𝑇
= 𝑇𝐿𝜔 (𝑘𝑇) − 𝑇𝐿𝜔 ((𝑘 − 1) 𝑇)
= 0.

(33)

Hence, (32) can be simplified as

∫𝑘𝑇
(𝑘−1)𝑇

�̂�𝑟 (𝑡) �̇� (𝑡) 𝑑𝑡 = Δ𝐽∫𝑘𝑇
(𝑘−1)𝑇

�̇�2 (𝑡) 𝑑𝑡. (34)

From (34), it can be found that the effects of load
disturbance on the inertia have been solved.

Equation (34) can be expressed as

Δ𝐽 = ∫𝑘𝑇
(𝑘−1)𝑇

�̂�𝑟 (𝑡) �̇� (𝑡) 𝑑𝑡
∫𝑘𝑇
(𝑘−1)𝑇

�̇�2 (𝑡) 𝑑𝑡 . (35)

Combining with (35), the recursive equation of inertia
identification is available as

�̂� (𝑘) = �̂� (𝑘 − 1) + ∫𝑘𝑇
(𝑘−1)𝑇

�̂�𝑟 (𝑡) �̇� (𝑡) 𝑑𝑡
∫𝑘𝑇
(𝑘−1)𝑇

�̇�2 (𝑡) 𝑑𝑡 . (36)

Table 1: Parameters of the Bearingless Induction Motor (BIM).

Parameters Torque winding Suspension winding
Rated power (Kw) 1 0.5
Rated current (A) 2.86 2.86
Stator resistance (Ω) 2.01 1.03
Rotor resistance (Ω) 11.48 0.075
Mutual inductance of
stator and rotor (H) 0.15856 0.00932

Stator leakage
inductance (H) 0.16310 0.01199

Rotor leakage
inductance (H) 0.16778 0.01474

Rotational inertia
(kg⋅m2) 0.00769 0.00769

Rotor mass (kg) 2.85 2.85
Stator inner diameter
(mm) 98 98

Core length (mm) 105 105
Pole pairs 1 2

Inertia identification is realized and can be updated to the
load observer automatically.

5. Simulation and Experimental Research

5.1. Results and Analysis of the Simulation. To validate the
effectiveness of novel load torque observer with the function
of inertia identification online and feedforward compensa-
tion scheme for BIM speed regulation system, a simulation
mode of control system is constructed. The control block
diagram of BIM includes two parts: the rotation part and the
suspension part. In rotation part, the SMC outputs the given
current 𝑖∗𝑞 by inputting the speed error. Combining with the
given air gap flux 𝜓∗1 , the excitation component is received.
With the coordinate transformation method, the two-phase
excitation current is transformed into the three-phase given
current. With the current regulation, the three-phase current
is obtained which is used to control the rotation of rotor. In
suspension part, the radial levitation force of BIM is output
by PID controllers. With 𝜓∗1 , the current in the levitation
windings can be calculated. By the coordinate transformation
and current regulation, the required three-phase current is
gained. The steady suspension and rapid rotation of rotor are
realized finally. The whole control block diagram of BIM is
shown in Figure 3 and the specific parameters of BIM are
shown in Table 1.

In the simulation, the rotational inertia is set to
0.00769/kg⋅m2 and the given speed is 𝑛 = 10000 r/min.
Based on the tracking characteristics of integral identification
algorithm, a step signal is selected as the given speed whose
amplitude is 10000 r/min and the sampling cycle is defined
as 𝑇 = 0.02 s. Figure 4 shows the identification waveform
of rotational inertia when the system suffers the load distur-
bances. It can be seen that the rotational inertia 𝐽 converges
to the given value within a sampling period at first. When
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Figure 3: Control system diagram of Bearingless Induction Motor (BIM).
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Figure 4: The identification result of rotational inertia.

the system is attacked by the load disturbance (8N⋅m), 𝐽 just
has small fluctuation and restores the stabilization quickly.
Therefore, the integral identification algorithm has better
tracking ability and shows good robustness for disturbance.

Figures 5(a) and 5(b) show the estimation load �̂�𝐿 and the
actual load 𝑇𝐿 under load mutation. As shown in (a) and (b),
a sudden load (8N⋅m) is added to the system at 𝑡 = 0.4 s.
Then, the load drops to 0N⋅m at 𝑡 = 0.6 s. It can be seen from
Figure 5 that the sliding mode observer can accurately track
the load torque and has strong robustness.

Figure 6 shows the simulations of BIM in the presence
of sudden load (8N⋅m). Figures 6(a) and 6(b) present the
output currents from the SMC and the load torque observer,
respectively. Figure 6(c) shows the speed response of BIM
under the proposed control strategy in this paper and the con-
ventional SMC. Figure 6(a) shows that the current from SMC
just slightly increases and it returns back to the stable value
rapidly. Figure 6(b) indicates that the compensation current
from load torque observer rises quickly, which provides
enough current for disturbance. Figure 6(c) demonstrates
that the speed of BIM controlled by the conventional SMC
has larger fluctuation and needs more time to operate at the
original speed value than the proposed method when it is

attacked by load mutation. Based on the above analysis, the
following two conclusions can be obtained:

(1) The feedforward compensation scheme of load torque
observer can provide the required current for load
changes. It can reduce the output pressure of SMCand
make the output of SMC almost invariant.

(2) Based on the novel load observer and feedforward
compensation strategy, the speed of BIM under big
disturbance has no fluctuation and can quickly con-
verge to the original value. The method weakens
the system chattering effectively and enhances the
stability of system.

Figures 7(a) and 7(b) show the rotor radial displacement
at the speed of 𝑛 = 10000 r/min. It can be known that the
rotor can arrive at the steady point rapidly with the proposed
control strategy in this paper. It achieves the integration of
rapid rotation and stable suspension.The systemhas excellent
control performance.

5.2. Results and Analysis of the Experiment. In order to fur-
ther verify the effectiveness of the proposed control method,
an experimental prototype with two degrees of freedom
is used to build experimental platform. Due to the limits
of photoelectrical encoder measuring speed, the speed is
set to 2000 r/min in the experiment. The air gap of motor
auxiliary bearing is 0.4mm. Moreover, the load mutation is
carried out to detect antijamming performance of BIM. The
experimental results are shown in Figure 8.

Figure 8(a) shows the radial displacement when the
system is controlled by the proposed method in this paper.
The rotor is running around the equilibrium point and the
maximum offset value is far less than the air gap of auxiliary
bearing. It indicates that the rotor is suspended steadily under
the proposed control strategy. Figures 8(b)–8(e) show the
responses of BIM with the load mutation. Figure 8(b) gives
the identification results of rotational inertia. In view of the
excellent robustness of integral identification algorithm, the
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Figure 5: The torque waveforms under load mutation: (a) the waveform of the estimation torque; (b) the waveform of the actual torque.
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Figure 6: The responses of current and speed under load mutation: (a) the output current of SMC; (b) the compensation current of load
torque; and (c) the speed response of BIM under sudden load.
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rotational inertia returns back to the stable value after a slight
fluctuation. The observing waveform of load torque is given
in Figure 8(c). It can be seen from the waveform that the
sliding mode observer tracks the load precisely. Figures 8(d)
and 8(e) present the experimental results based on the control
strategy of ordinary SMC and the proposed method in this
paper separately. From Figure 8(d), it can be found that the
current has big undulation. The speed decreases by 40 r/min
and needs 20ms to restore stability. From Figure 8(e), the
load mutation does not affect the output of SMC and the
speed is smooth. By comparing (d) with (e), it can be found
that using the new load torque sliding mode observer and
the feedforward compensation scheme canmake BIM exactly
and stably operate. In addition, it has low sensitivity with
respect to disturbances.

6. Conclusions

A novel load torque sliding mode observer was proposed
to eliminate the adverse impacts caused by load disturbance
in BIM control system. Owning to the application of a low-
pass filter in the sliding mode observer, the observation error
of load torque is effectively reduced. At the same time, the
output of load torque observer as disturbance compensa-
tion greatly diminishes the amplitude of discrete quantity
and weakens chattering. With the integral identification
method, the proposed sliding mode observer can identify
the rotational inertia accurately and improve the robustness
of rotational inertia for disturbances. The simulation and
experimental results all show that the proposed control
scheme in this paper effectively improves the dynamic and



Journal of Sensors 9

static performance of BIM control system, suppresses the
system chattering, and enhances the robustness of system.
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This paper presents adaptive fuzzy finite time sliding mode control of microelectromechanical system gyroscope with uncertainty
and external disturbance. Firstly, fuzzy system is employed to approximate the uncertainty nonlinear dynamics. Secondly, nonlinear
sliding mode hypersurface and double exponential reaching law are selected to design the finite time convergent sliding mode
controller. Thirdly, based on Lyapunov methods, adaptive laws are presented to adjust the fuzzy weights and the system can be
guaranteed to be stable. Finally, the effectiveness of the proposed method is verified with simulation.

1. Introduction

MEMS gyroscopes have become themost growingmicrosen-
sors in recent years due to the characteristics of compact size,
low cost, andhigh sensitivity.MostMEMSgyroscopes sales in
themarket are vibrating siliconmicromechanical gyroscopes,
whose basic principle is to generate and detect Coriolis Effect.
As depicted in Figure 1, under assumption that the proofmass
𝑚 of gyroscope rotates around 𝑧-axis at a speed of Ω⃗ and
makes uniform motion along the 𝑥-axis at a speed of ⃗^, a
Coriolis force of �⃗� = −2𝑚Ω⃗ × ⃗^ is produced along 𝑦-axis.

In the last few years, numerous advanced control
approaches with intelligent design have been studied to
realize the trajectory tracking in [1–4] and to handle the
system parametric uncertainties and disturbances, and the
adaptive control can be found in [5–7]. For control of MEMS
gyroscope, Park and Horowitz firstly applied adaptive state
feedback control method [8]. Both drive shaft and sensitive
axis were subjected to feedback control force in this control
method, which administered two axial modal vibration track
specified reference trajectories, weakening the boundary
between drive mode and test mode as well.

Sliding mode control changes its structure to force the
system in accordance with a predetermined trajectory. Batur
et al. developed a sliding mode control for MEMS gyroscope
system in [9]. Since then, adaptive sliding mode control

approach with the advantages of variable structure methods
and adaptive control strategies are presented to control
MEMS gyroscopes in [10, 11].

Due to the necessity of ideal sliding mode, good dynamic
quality, and high robustness, several methods are extended
to improve the performance. Yu and Man investigated a
nonlinear sliding mode hypersurface to ensure that systems
from any point of the sliding mode surface were able to reach
the balance point in a limited time in [12–16]. Bartoszewicz
[17] examined the reaching laws introduced byGao andHung
in [18] and proposed an enhanced version of those reaching
laws, which was more appropriate for systems subject to
constraints. Recently, Fallaha et al. studied a novel approach,
which allowed chattering reduction on control input while
keeping tracking performance in steady-state regime [19].
This approach consisted of designing a nonlinear reaching
law by using an exponential function that dynamically
adapted to the variations of the controlled system. Mei and
Wang in [20] proposed a nonlinear sliding mode surface
which converged to the equilibriumpoint with a higher speed
than both linear sliding mode surface and terminal sliding
mode surface. In addition, a new two-power reaching lawwas
proposed to make the system move toward the sliding mode
faster.

As a matter of fact, the methods mentioned above are
highly dependent on the structure of the nonlinearity, while,
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Figure 1: Coriolis Effect.

currently, accurate model is unavailable. Thus, fuzzy model
has been widely used to approximate nonlinear objects in
[21, 22]. Robust adaptive sliding mode control with on-line
identification for the upper bounds of external disturbance
and estimator for the nonlinear dynamics of MEMS gyro-
scope uncertainty parameters was proposed in [23].

In this paper, an adaptive fuzzy sliding mode control
strategy with nonlinear sliding mode hypersurface and dou-
ble exponential reaching law is developed to track MEMS
gyroscope. Furthermore, it converges faster compared with
strategies using conventional slidingmode surface in [23] and
terminal sliding mode surface in [12–16].

The rest of this paper is organized as follows. The
dynamics of MEMS gyroscope with parametric uncertainties
and disturbances are given in Section 2. Controller design
and stability analysis are discussed in Section 3. Numerical
simulations are conducted to verify the superiority of the
proposed approach in Section 4, comparedwith conventional
adaptive fuzzy sliding mode control. Conclusions are drawn
in Section 5.

2. Dynamics of MEMS Gyroscope

The basic principle of 𝑧-axis vibratory MEMS gyroscope is
shown in Figure 2, which can be described as a quality-
stiffness-damping system. Owing to mechanical coupling
caused by fabrication imperfections, the dynamics can be
derived as
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where 𝑚 is the mass of proof mass; Ω∗
𝑧
is the input angular

velocity; 𝑥, 𝑦 represent the system generalized coordinates;
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Figure 2: The basic principle diagram of 𝑧-axis vibratory MEMS
gyroscope.

asymmetric spring terms; and 𝑢
∗

𝑥
, 𝑢∗
𝑦
represent the control

forces.
On issues related to the study of mechanism, the law

described by model is required to be independent of dimen-
sions. So, it is necessary to establish nondimensional vector
dynamics. Because of the nondimensional time 𝑡
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Thus, the final form of the nondimensional vector dynamics
is

�̈� = (2𝑆 − 𝐷) �̇� + (Ω
2

𝑧
− 𝐾
1
) 𝑞 + 𝑢. (4)

In presence of parametric uncertainties and external
disturbance, based on (4), state equation of dynamics is
established as

�̈� = (𝐴 + Δ𝐴) �̇� + (𝐵 + Δ𝐵) 𝑞 + 𝐶𝑢 + 𝑑 (𝑡) , (5)

where 𝐴 ∈ 𝑅
2×2, 𝐵 ∈ 𝑅

2×2, 𝐶 ∈ 𝑅
2×2 are system known

matrices; Δ𝐴, Δ𝐵 are parametric uncertainties; and 𝑑(𝑡) is an
external disturbance. Besides, 𝐴 = 2𝑆 − 𝐷, 𝐵 = Ω

2

𝑧
− 𝐾
1
.

If the system total interference (consisting of parametric
uncertainties and external disturbance) is represented by
𝑃(𝑡), we know

�̈� = 𝐴�̇� + 𝐵𝑞 + 𝐶𝑢 + 𝑃 (�̇�, 𝑞, 𝑡) , (6)

where 𝑃(�̇�, 𝑞, 𝑡) = Δ𝐴�̇� + Δ𝐵𝑞 + 𝑑(𝑡).
It is vital that (6) must meet the following assumptions.

Assumption 1. The total interference ‖𝑃(�̇�, 𝑞, 𝑡)‖ ≤ 𝑃
𝑐
, where

𝑃
𝑐
is an unknown positive vector.

Assumption 2. The total interference 𝑃(�̇�, 𝑞, 𝑡) meets sliding
mode matching conditions; namely, Δ𝐴 = 𝐶𝐻

1
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2
,
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3
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1
, 𝐻
2
, 𝐻
3
are unknown matrices with

appropriate dimensions.

Assumption 3. 𝐴, 𝐵 are observability matrices.

Based on the above assumptions, the controller can be
designed to compensate the total interference.

3. Adaptive Fuzzy Finite Time Sliding
Mode Control

The fuzzy model of 𝑃(𝑡) could be composed of 𝑀 IF-THEN
rules, and the 𝑖th rule has the form
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Based on singleton fuzzifier, product inference, and center-
average defuzzifier, its output can be expressed as
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)/(∑
𝑀

𝑗=1
𝜂
𝐴
1𝑗

× 𝜂
𝐴
2𝑗

×

𝜂
𝐴
3𝑗

× 𝜂
𝐴
4𝑗

), 𝜂
𝐴
1𝑖

, 𝜂
𝐴
2𝑖

, 𝜂
𝐴
3𝑖

, 𝜂
𝐴
4𝑖

are membership function
values of the fuzzy variables �̇�, �̇�, 𝑥, 𝑦 with respect to fuzzy
sets 𝐴

1
, 𝐴
2
, 𝐴
3
, 𝐴
4
, respectively.

The fuzzy sets of input variables are defined as {𝑁, 𝑍, 𝑃},
where 𝑁 is negative, 𝑍 is zero, and 𝑃 is positive. Then

Table 1: Fuzzy control rules.

�̇�
𝑖

N Z P
�̇�
𝑖

N Z P
𝑥
𝑖

N Z P
𝑦
𝑖

N Z P
N: negative; Z: zero; P: positive.
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Figure 3: The membership functions for �̇�
𝑖
.

membership functions of �̇� are selected as the following
triangular functions:

𝜂
𝑁
(�̇�
𝑖
) =

{
{

{
{

{

1 𝑥 ≤ −3

−

1

3

𝑥 −3 ≤ 𝑥 ≤ 0

𝜂
𝑍
(�̇�
𝑖
) =

{
{

{
{

{

1

3

𝑥 + 1 −3 ≤ 𝑥 ≤ 0

−

1

3

𝑥 + 1 0 ≤ 𝑥 ≤ 3

𝜂
𝑃
(�̇�
𝑖
) =

{
{

{
{

{

1 𝑥 ≥ 3

1

3

𝑥 0 ≤ 𝑥 ≤ 3.

(8)

The corresponding membership functions of these fuzzy
sets labels are depicted in Figure 3. In addition, the member-
ship functions of �̇�

𝑖
, 𝑥
𝑖
, and 𝑦

𝑖
are the same with �̇�

𝑖
.

Based on the aforementioned fuzzy sets and membership
functions, the fuzzy rules are described in Table 1. Therefore,
81 fuzzy rules are chosen.

The control target for MEMS gyroscope is to maintain
the proof mass oscillation at given frequency and amplitude,
such as 𝑥

𝑑
= 𝐴
𝑥
sin(𝜔
𝑥
𝑡), 𝑦
𝑑
= 𝐴
𝑦
sin(𝜔
𝑦
𝑡) in the 𝑥 and 𝑦

directions, respectively. So, reference model can be designed
as

�̈�
𝑑
= 𝐴
𝑑
𝑞
𝑑
, (9)

where 𝑞
𝑑
= [
𝑥
𝑑

𝑦
𝑑
], 𝐴
𝑑
= [

−𝜔
2

𝑥
0

0 −𝜔
2

𝑦

].
And the tracking error is defined as

𝑒 = 𝑞 − 𝑞
𝑑
. (10)

Nonlinear sliding mode hypersurface is chosen as

𝑠 = ̇𝑒 + 𝛼𝑒
𝑛
1
/𝑚
1
+ 𝛽𝑒
𝑚
2
/𝑛
2
, (11)
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where 𝛼 > 0, 𝛽 > 0;𝑚
1
> 𝑛
1
> 0,𝑚

2
> 𝑛
2
> 0; what is more,

𝑚
1
, 𝑛
1
,𝑚
2
, 𝑛
2
are odd.

Then the reaching law is designed as the following double
exponential function:

̇𝑠 = −𝑘
1
|𝑠|
𝑎 sgn (𝑠) − 𝑘

2
|𝑠|
𝑏 sgn (𝑠) , (12)

where 𝑘
1
> 0, 𝑘

2
> 0, 0 < 𝑎 < 1, 𝑏 > 1.

It should be noted that the converge speed depends on
parameters such as 𝛼, 𝛽,𝑚

1
, 𝑛
1
,𝑚
2
, 𝑛
2
and 𝑘
1
, 𝑘
2
, 𝑎, 𝑏.

According to (6), equivalent control law is obtained as

𝑢eq = 𝐶
−1

(�̈� − 𝐴�̇� − 𝐵𝑞 − �̂� (�̇�, 𝑞 | 𝜃
𝑃
))

= 𝐶
−1

[(�̈�
𝑑
+ ̇𝑒) − 𝐴�̇� − 𝐵𝑞 − �̂� (�̇�, 𝑞 | 𝜃

𝑃
)] .

(13)

And the derivative of sliding surface (11) is

̇𝑠 = ̈𝑒 + 𝛼(
𝑛
1

𝑚
1

) 𝑒
𝑛
1
/𝑚
1
−1

+ 𝛽(
𝑚
2

𝑛
2

) 𝑒
𝑚
2
/𝑛
2
−1

. (14)

Then substituting (12) into (14),

̈𝑒 = −𝑘
1
|𝑠|
𝑎 sgn (𝑠) − 𝑘

2
|𝑠|
𝑏 sgn (𝑠) − 𝛼(

𝑛
1

𝑚
1

) 𝑒
𝑛
1
/𝑚
1
−1

− 𝛽(
𝑚
2

𝑛
2

) 𝑒
𝑚
2
/𝑛
2
−1

.

(15)

And substituting (15) into (13),

𝑢eq = 𝐶
−1

[�̈�
𝑑
− 𝑘
1
|𝑠|
𝑎 sgn (𝑠) − 𝑘

2
|𝑠|
𝑏 sgn (𝑠)

− 𝛼(
𝑛
1

𝑚
1

) 𝑒
𝑛
1
/𝑚
1
−1

− 𝛽(
𝑚
2

𝑛
2

) 𝑒
𝑚
2
/𝑛
2
−1

− 𝐴�̇� − 𝐵𝑞

− �̂� (�̇�, 𝑞 | 𝜃
𝑃
)] .

(16)

Besides, a robust item is designed to guarantee that the system
is asymptotically stable:

𝑢
𝑠
= −𝐶
−1

𝐾𝑠. (17)

Thus, the adaptive fuzzy finite time sliding mode controller is
obtained as

𝑢 = 𝑢eq + 𝑢
𝑠
. (18)

According to (10), we have

̈𝑒 = �̈� − �̈�
𝑑
= 𝐴�̇� + 𝐵𝑞 + 𝐶𝑢 + 𝑃 (�̇�, 𝑞, 𝑡) − �̈�

𝑑
. (19)

Substituting (18) into (19),

̈𝑒 = 𝐴�̇� + 𝐵𝑞 + [�̈�
𝑑
− 𝑘
1
|𝑠|
𝑎 sgn (𝑠) − 𝑘

2
|𝑠|
𝑏 sgn (𝑠)

− 𝛼(
𝑛
1

𝑚
1

) 𝑒
𝑛
1
/𝑚
1
−1

− 𝛽(
𝑚
2

𝑛
2

) 𝑒
𝑚
2
/𝑛
2
−1

] − 𝐴�̇�

− 𝐵𝑞 − �̂� (�̇�, 𝑞 | 𝜃
𝑃
) − 𝐾𝑠 + 𝑃 (�̇�, 𝑞, 𝑡) − �̈�

𝑑

= 𝑃 (�̇�, 𝑞, 𝑡) − �̂� (�̇�, 𝑞 | 𝜃
𝑃
) − 𝐾𝑠 − 𝑘

1
|𝑠|
𝑎 sgn (𝑠)

− 𝑘
2
|𝑠|
𝑏 sgn (𝑠) − 𝛼(

𝑛
1

𝑚
1

) 𝑒
𝑛
1
/𝑚
1
−1

− 𝛽(
𝑚
2

𝑛
2

)

⋅ 𝑒
𝑚
2
/𝑛
2
−1

.

(20)

Substituting (20) into (14),

̇𝑠 = 𝑃 (�̇�, 𝑞, 𝑡) − �̂� (�̇�, 𝑞 | 𝜃
𝑃
) − 𝐾𝑠 − 𝑘

1
|𝑠|
𝑎 sgn (𝑠)

− 𝑘
2
|𝑠|
𝑏 sgn (𝑠) .

(21)

The optimal parameters are set as

𝜃
∗

𝑃
= arg min [sup 


�̂� (�̇�, 𝑞 | 𝜃

𝑃
) − 𝑃 (�̇�, 𝑞, 𝑡)






]

𝜃
𝑃
∈ Ω
𝑃
, �̇�, 𝑞 ∈ 𝑅

2×2

,

(22)

whereΩ
𝑃
is a set of 𝜃

𝑃
.

And the minimum approximation errors are defined as

𝑤 = 𝑃 (�̇�, 𝑞, 𝑡) − �̂� (�̇�, 𝑞 | 𝜃
𝑃
) . (23)

Substituting (23) into (21), we derive

̇𝑠 = �̂� (�̇�, 𝑞 | 𝜃
∗

𝑃
) − �̂� (�̇�, 𝑞 | 𝜃

𝑃
) + 𝑤 − 𝐾𝑠

− 𝑘
1
|𝑠|
𝑎 sgn (𝑠) − 𝑘

2
|𝑠|
𝑏 sgn (𝑠) .

(24)

Considering (7), (24) can be expressed as

̇𝑠 = 𝜑
𝑇

𝑃
𝜇 (�̇�, 𝑞) + 𝑤 − 𝐾𝑠 − 𝑘

1
|𝑠|
𝑎 sgn (𝑠)

− 𝑘
2
|𝑠|
𝑏 sgn (𝑠) ,

(25)

where 𝜑
𝑃
= 𝜃
∗

𝑃
− 𝜃
𝑃
.

So adaptive law can be selected as

�̇�
𝑃
= −𝑟𝑠

𝑇

𝜇 (�̇�, 𝑞) . (26)

Namely,

̇𝜃
𝑃𝑥

= 𝑟𝑠 (1)𝜇
𝑥
(�̇�, 𝑞) ,

̇𝜃
𝑃𝑦

= 𝑟𝑠 (2)𝜇
𝑦
(�̇�, 𝑞) ,

(27)

where �̇�
𝑃
= −

̇𝜃
𝑃
.

Lyapunov function is defined as

𝑉 =

1

2

(𝑠
𝑇

𝑠 +

1

𝑟

𝜑
𝑇

𝑃
𝜑
𝑃
) . (28)



Journal of Sensors 5

Differentiate𝑉with respect to time yields, and substitute (26)
as

�̇� = 𝑠
𝑇

𝑤 − 𝑠
𝑇

𝐾𝑠 − 𝑘
1
𝑠
𝑇

|𝑠|
𝑎 sgn (𝑠)

− 𝑘
2
𝑠
𝑇

|𝑠|
𝑏 sgn (𝑠) .

(29)

Owing to the fuzzy approximation theory, adaptive fuzzy
system can approximate nonlinear system closely. Therefore,
�̇� ≤ 0; namely, the system is asymptotically stable.

4. Simulation Study

In this section, numerical simulations are investigated to
track the position and speed trajectories ofMEMS gyroscope,
compensate parametric uncertainties and external distur-
bances, and verify the superiority of the proposed approach
compared with conventional adaptive fuzzy sliding mode
control strategy using linear sliding mode surface. Those two
methods are defined as follows.

Method 1. Define the adaptive fuzzy sliding mode control
proposed in this paper as Method 1, whose sliding mode
surface is shown in (11), and the reaching law is expressed in
(12).

Method 2. Define the conventional adaptive fuzzy sliding
mode control as Method 2, whose sliding mode surface is
= ̇𝑒 + 𝛽𝑒, and the reaching law is ̇𝑠 = 0.

Parameters of the MEMS gyroscope are as follows:

𝑚 = 0.57 × 10
−8 kg,

𝑑
𝑥𝑥

= 0.429 × 10
−6Ns/m,

𝑑
𝑦𝑦

= 0.0429 × 10
−6Ns/m,

𝑑
𝑥𝑦

= 0.0429 × 10
−6Ns/m,

𝑘
𝑥𝑥

= 80.98N/m,

𝑘
𝑦𝑦

= 71.62N/m,

𝑘
𝑥𝑦

= 5N/m,

Ω
𝑧
= 5.0 rad/s.

(30)

Since the position of proof mass ranges within the scope
of submillimeter and the natural frequency is generally in
the range of kilohertz, assume that reference length is 𝑞

𝑜
=

10 × 10
−6m, reference frequency is 𝜔

𝑜
= 1 kHz, and the

reference trajectories are 𝑥
𝑑
= sin(6.71𝑡), 𝑦

𝑑
= 1.2 sin(5.11𝑡),

respectively.
Then set other simulation parameters as

𝐴 = [

−0.075 0.0025

−0.0175 −0.0075

] ,

𝐵 = [

−14207 −877

−877 −12564

] ,

Time (s)
0 0.5 1 1.5 2 2.5 3

Time (s)
0 0.5 1 1.5 2 2.5 3

−2
0
2

−2
0
2

Reference position
Position tracking

x
(𝜇

m
)

y
(𝜇

m
)

Figure 4: Position tracking of Method 1.

𝐶 = [

1 0

0 1

] ,

𝐾 = [

1000 0

0 1000

] ,

𝛼 = [

10 0

0 10

] ,

𝛽 = [

10 0

0 10

] ,

𝑚
1
= 3,

𝑛
1
= 2,

𝑚
2
= 3,

𝑛
2
= 1,

𝑃 (𝑡) = [

3.2 × 10
−6

5 × 10
−6

+ 5 × 10
−6 sin (5.11 (𝑡 + 0.3))

] ,

𝑟 = 0.01,

𝑎 = 0.5,

𝑏 = 10,

𝑘
1
= 1000,

𝑘
2
= 1000.

(31)

And select the initial state values of the system as
[0.8 0 1 0]

𝑇.
Then the position and speed trajectories of Method 1 are

shown in Figures 4 and 5 and those of Method 2 are depicted
in Figures 6 and 7.

The position tracking error and speed tracking error of
Methods 1 and 2 are shown in Figures 8–11, respectively.

Through the tracking simulation of MEMS gyroscope,
the proposed approach is with satisfying performance; in
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Figure 5: Speed tracking of Method 1.

Time (s)
0 0.5 1 1.5 2 2.5 3

Time (s)
0 0.5 1 1.5 2 2.5 3

Reference position
Position tracking

−2
0
2

−2
0
2

x
(𝜇

m
)

y
(𝜇

m
)

Figure 6: Position tracking of Method 2.
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Figure 7: Speed tracking of Method 2.

addition, in comparison to Method 2, the convergence time
is shortened to 0.3 from 0.6.

5. Conclusion and Future Work

An adaptive fuzzy finite time sliding mode control strategy
using nonlinear sliding mode hypersurface and double expo-
nential reaching law is proposed to compensate parametric
uncertainties and external disturbance of MEMS gyroscope
in this paper. Based on Lyapunov methods, the stability of
system can be guaranteed. Simulations verify that, compared
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Figure 8: Position tracking error of gyroscope 𝑥.
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Figure 9: Position tracking error of gyroscope 𝑦.
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Figure 10: Speed tracking error of gyroscope 𝑥.
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Figure 11: Speed tracking error of gyroscope 𝑦.



Journal of Sensors 7

with conventional adaptive fuzzy linear sliding mode control
strategy, the convergence time of finite time convergent con-
trol strategy proposed in this paper is shortened to 0.3 from
0.6; namely, convergence has been significantly improved.
For future work, the novel adaptive online constructing fuzzy
algorithm [24] can be employed for more efficient learning
while disturbance observer based design [25, 26] can be
considered to improve system performance.
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The detection and tracking algorithms of road barrier including tunnel and guardrail are proposed to enhance performance and
reliability for driver assistance systems. Although the road barrier is one of the key features to determine a safe drivable area, it
may be recognized incorrectly due to performance degradation of commercial sensors such as radar and monocular camera. Two
frequent cases among many challenging problems are considered with the commercial sensors. The first case is that few tracks of
radar to road barrier are detected due to material type of road barrier. The second one is inaccuracy of relative lateral position by
radar, thus resulting in large variance of distance between a vehicle and road barrier. To overcome the problems, the detection and
estimation algorithms of tracks corresponding to road barrier are proposed. Then, the tracking algorithm based on a probabilistic
data association filter (PDAF) is used to reduce variation of lateral distance between vehicle and road barrier. Finally, the proposed
algorithms are validated via field test data and their performance is compared with that of road barrier measured by lidar.

1. Introduction

The driver assistance systems (DAS) such as adaptive cruise
control (ACC), forward collisionwarning, and lane departure
warning systems have been commercialized on the market
[1]. They have evolved to more intelligent DAS such as
automatic emergency braking (AEB), lane change assistance
(LCA), and lane keeping assistance (LKA) systems [2]. As
prototypes of a highly automated vehicle have been intro-
duced on the media recently, reliability of the performance
becomes more important. That is, once false decision is
made by a computer or vehicle, it makes the driver have
low reliability of the system and may thus result in no use
of the system. The reliability of the decision mainly counts
on accurate detection and recognition of multiple obstacles
and vehicles. For instance, Honda Motor Company had to
recall certain model year 2014-2015 Acura vehicles with AEB
in the United States. The reason was that a collision mitiga-
tion braking system (CMBS) may inappropriately interpret
certain roadside infrastructure such as iron fences or metal
guardrails as obstacles and unexpectedly apply the brakes

[3]. Furthermore, NHTSA in the United States investigated
complaints alleging unexpected braking incidents of the
autonomous braking system in Jeep Grand Cherokee vehicles
with no visible objects on the road [3].

The detection and tracking algorithms of road barrier,
which may be called either road border or boundary in the
literature, depend on sensor configuration and their models
for the road barrier.Most of the sensor configurations are sin-
gle or a combination of radar [1, 2, 4, 5], camera [6], and lidar
(or laser scanners) [7, 8] to recognize the drivable area via
reflections from guardrail and curb. Next, extended objects
such as road and road barrier are described as clothoid,
circle, and elliptical model and their tracking algorithm is
based on Kalman filter, probabilistic data association filter
(PDAF), and interacting multiple model (IMM) PDAF [1,
2, 4, 9]. In this study, it is assumed that a front radar
and a monocular camera are only used for detection and
tracking of road barrier. Although additional sensors can be
implemented for better performance or the lidar may be used
as in the literature, the sensor configuration is limited in
the viewpoint of commercialization in the near future. For
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Figure 1: Detection characteristics to road barrier by radar.

instance, cost of sensors, robustness to weather, installation
inside bumper, and popularity in automotive market are
considered to choose the sensor configuration.

The contribution of this paper is to enhance reliability of
road border detection when only few tracks are generated
by radar with respect to road border and to improve lateral
position accuracy of road border. Since the performance
of a commercial radar relies on material and geometry of
tunnel and guardrail, different number of tracks are made
depending on driving environments. Thus, the estimation
for stationary tracks out of detection range is proposed for
better performance of road barrier detection. Furthermore,
the tracking algorithmof road barrier based on a probabilistic
data association filter (PDAF) is proposed to reduce variation
of lateral offset, which is a lateral distance between an ego
vehicle and road barrier.

2. Problem Statement

When commercial radars for driver assistance systems such
as ACC and AEB are used, two challenging problems will
be considered in this paper. A normal detection scenario
is shown in Figure 1(a) and the corresponding tracks are
shown in Figure 1(b). Two tracks to front vehicles are marked
as a square and the others marked as × correspond to left
guardrail in Figure 1(a). However, as shown in Figures 1(c)
and 1(d), few tracks of radar are generated for the road
barrier. Its detection performance may rely on the material
type and/or shape of road barrier. This problem may lead
to difficulty in determining whether there is road barrier in
either left or right side.

Next, radar tracks of road barrier are compared with
cloud points with magenta color measured by a front lidar
sensor in Figures 2(b) and 2(d). As shown in Figures 2(a)
and 2(c), inaccuracy of lateral position measured by radar
with respect to lidar measurements can be larger in the same

driving scenario. This is expected to have large variance of
lateral position of road barrier when only radar is used to
recognize it.

3. Road Barrier Detection

The proposed road barrier detection based on sensor fusion
of radar and monocular camera consists in four steps:
selection of region of interest (ROI), estimation, clustering,
and representation. First, the selection of ROI is roughly
described in Figure 3. That is, based on the assumption that
road barrier is placed on either left or right side, zone B is
defined with respect to a body fixed coordinate. If the road in
Figure 3 is modeled as [4]

𝑦 =

1

2

𝜅𝑥
2
+ 𝜑𝑥, (1)

where 𝑥 and 𝑦 are longitudinal and lateral position, respec-
tively, in a body fixed coordinate in Figure 4, 𝜅 is curvature,
and 𝜑 is the angle between the longitudinal axis of the
vehicle and the road lane from amonocular camera as shown
Figure 4. Then, zoneB is written as

𝑓barrier (𝑥) =
1

2

𝜅𝑥
2
+ 𝜑𝑥 + 𝜀

1
, (2)

where 𝜀
1
is a lateral offset which determines a width of zone

B; that is, 𝑙min ≤ 𝜀1 ≤ 𝑙max and −𝑙max ≤ 𝜀1 ≤ −𝑙min.
Next, based on detection range of radar, zone C in Fig-

ure 3 is defined for estimation of stationary tracks. Before the
estimation, amotion attribute to determine whether tracks in
zoneB are either stationary or dynamic is decided by

𝑝
𝑖
=

{

{

{

dynamic if 

V + (�̇�

𝑖
+ 𝑦
𝑖
�̇�)






> 𝜀
2

stationary otherwise,
(3)
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Figure 2: Road barrier detection by radar and lidar.
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Figure 3: Region of interest (ROI) for road barrier detection.

where V is the vehicle velocity, �̇� is the yaw rate, �̇� is the
range rate, and subscript 𝑖 stands for the 𝑖th radar track. It
is remarked that there is uncertainty of detection range of
radar. So, it is essential to divide regions either to track or to
estimate. Once a stationary track in zoneB enters zoneC, it
is estimated based on discrete Kalman filters as follows [10]:

�̂� [𝑘 + 1 | 𝑘] = 𝐴�̂� [𝑘 | 𝑘] ,

𝑃 [𝑘 + 1 | 𝑘] = 𝐴𝑃 [𝑘 − 1 | 𝑘 − 1]𝐴
𝑇
+ 𝑄 [𝑘] ,

(4)

where 𝑥 = [𝑦 V
𝑦
𝑥 V
𝑥]

𝑇 and 𝑥 and 𝑦 denote the relative
longitudinal and lateral position, respectively, and V

𝑥
and V
𝑦

are the relative longitudinal and lateral velocity.
The measurement update equations are given by

�̂� [𝑘 + 1 | 𝑘 + 1]

= �̂� [𝑘 + 1 | 𝑘]

+ 𝐾 [𝑘 + 1] (𝑧 [𝑘 + 1] − 𝐻�̂� [𝑘 + 1 | 𝑘]) ,

y

x

X

Y

l

(xi−1, y(xi−1))
(yi−1, xi−1)

l i−1 l i

𝜅

𝜑
(xi, y(xi))

(yi, xi)

Figure 4: Definitions of lateral offset (𝑙
𝑖
) and projection point.

𝑃 [𝑘 + 1 | 𝑘 + 1]

= 𝑃 [𝑘 + 1 | 𝑘] − 𝐾 [𝑘 + 1]𝐻𝑃 [𝑘 + 1 | 𝑘] ,

(5)

where𝐾[𝑘+1] = 𝑃[𝑘+1 | 𝑘]𝐻𝑇(𝐻𝑃[𝑘+1 | 𝑘]𝐻𝑇+𝑅[𝑘+1])−1.
Since a constant velocity (CV) is considered, the system

matrix 𝐴 and measurement matrix𝐻 are written as [10, 11]

𝐴 =

[
[
[
[
[

[

1 𝑇 0 0

0 1 0 0

0 0 1 𝑇

0 0 0 1

]
]
]
]
]

]

,

𝐻 =
[
[

[

1 0 0 0

0 0 1 0

0 0 0 1

]
]

]

,

(6)

where 𝑇 is sampling time.
In the third step or clustering, in order to group tracks

corresponding to road barrier among stationary tracks
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Figure 5: Procedure of road barrier detection.

including estimated track, projection points are calculated as
follows (see circles in Figure 4):

𝑙
𝑖
= 𝑦
𝑖
− (

1

2

𝜅𝑥
2

𝑖
+ 𝜑𝑥
𝑖
) , (7)

where the subscript 𝑖 stands for the 𝑖th track of radar. After
that, the projection points are classified by left or right if the
projection points are positioned in zone B. If the distance
between 𝑗th and (𝑗−1)th projection points is less than 𝜀

2
, 𝑗th

𝑘 is increased and (𝑗 − 1)th 𝑘 is defined as a breakpoint. If
the distance between (𝑚 − 1)th and 𝑚th projection points is
greater than 𝜀

2
, the breakpoint is generated at (𝑚 − 1)th 𝑘 as

follows:

𝑘 [𝑗] =

{

{

{

𝑘 [𝑗 − 1] + 1 if 

𝑙
𝑗
− 𝑙
𝑗−1






< 𝜀
3

0 otherwise

for 𝑗 = 2, . . . , 𝑚.

(8)

Finally, if there are two projection points in two break-
points or 𝑘[𝑚 − 1] ≥ 1, all 𝑖th tracks satisfying the following
inequality are regarded as road barrier [2]:

𝑥
𝑝
≤ 𝑥
𝑖
≤ 𝑥
𝑝+1
,

𝑓barrier (𝑥𝑝) − 𝜀4 ≤ 𝑦𝑖 ≤ 𝑓barrier (𝑥𝑝) + 𝜀5

for 𝑝 = 1, . . . 𝑞, 𝑖 = 1, . . . , 𝑛.

(9)

Considering the 𝑦-coordinates as erroneous in comparison
with 𝑥-coordinates, the clothoidmodel which can be approx-
imated by a two-order polynomial is calculated in

𝑓
𝑟𝑏
(𝑥 [0]) =

1

2

𝜅𝑥
2
+ 𝜑𝑥 + 𝑙 [0] , (10)

where 𝑙[0] = {𝑙
1
+ 𝑙
𝑚
}/2. It is noted that the calculation of

clothoid model corresponds to creation of road barrier.
The procedure to detect road barrier is shown in Figure 5.

First, six tracks among seven ones coming from radar are
classified as stationary objects. Then, they are projected
to 𝑦-axis along the road model and the corresponding
projection points are shown as circles in Figure 5(a). Next,
based on distance between two projection points in (7), two
breakpoints are determined as shown in Figure 5(b) and six
tracks thus are classified as road barrier based on (9). Then
the clothoidmodel in (10) is determined and shown as a solid
line in Figure 5(c). After a few seconds, the closest stationary
track in zoneB goes into zoneC (also refer to Figure 3) and
it becomes out of detection range and estimated based on dis-
crete Kalman filter (see also a diamond mark in Figure 5(d)).

4. Tracking Road Barrier

The tracking road barrier is composed of creation, mainte-
nance, and deletion. Creation step uses the result of road
barrier detection in (10). Maintenance step based on PDAF
tracks lateral offset of road barrier. So, it is rewritten as

𝑓
𝑟𝑏
(𝑥) =

1

2

𝜅𝑥
2
+ 𝜑𝑥 +

̂
𝑙, (11)

wherê𝑙 is a tracked value via PDAF and will be derived later.
While the lane information detected by amonocular cam-

era sensor is useful to model roads, its performance depends
on light and road conditions. For example, if the lane mark
is worn out or covered by soil or snow, it may result in false
detection of lane mark. Thus, considering the condition of
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lane marks, whether measurements by a monocular camera
or estimate value is used is decided as follows [12]:

𝜅 =

{
{

{
{

{

𝜅V if 𝜎
𝐿
= HIGH & 𝜎

𝑅
= HIGH

�̇�

V
otherwise

𝜑 =

{

{

{

𝜑V if 𝜎
𝐿
= HIGH & 𝜎

𝑅
= HIGH

0 otherwise,

(12)

where 𝜎 is confidence of right or left lanes, �̇� is yaw rate, and
V is vehicle speed.

The PDAF is based on discrete Kalman filter and a state
variable is defined as

𝑥 = [𝑦 V
𝑦]

𝑇

, (13)

where 𝑦 and V
𝑦
are the relative lateral position and velocity,

respectively. For time update of the state variable and error
covariance matrix,

�̂� [𝑘 | 𝑘 − 1] = 𝐴𝑑
�̂� [𝑘 − 1 | 𝑘 − 1] ,

𝑃 [𝑘 | 𝑘 − 1] = 𝐴𝑑
𝑃 [𝑘 − 1 | 𝑘 − 1]𝐴

𝑇

𝑑
+ 𝑄 [𝑘] .

(14)

System and measurement metrics are as follows:

𝐴
𝑑
= [

1 𝑇

0 1

] ,

𝐻 = [1 0] .

(15)

If the number of projection points in two breakpoints is 𝑚,
the measurement is defined as

𝑧 [𝑘] = {𝑙𝑗 [
𝑘]}

𝑚

𝑗=1
, (16)

where 𝑗means the number of projection points.
In the gating region it has to be decided which measure-

ments (i.e., clustered projection points) are associated with
which existing projection points.The corresponding residual
and residual covariance matrix 𝑆 are calculated as

V
𝑖 [
𝑘] = 𝑧𝑖 [

𝑘] − 𝐻�̂� [𝑘 | 𝑘 − 1] ,

𝑆 [𝑘 | 𝑘 − 1] = 𝐻𝑃 [𝑘 | 𝑘 − 1]𝐻
𝑇
+ 𝑅 [𝑘] .

(17)

All measurements are checkedwhether the normalized resid-
ual satisfies the following thresholding condition.

V𝑇
𝑖
[𝑘] 𝑆
−1
[𝑘 | 𝑘 − 1] V𝑖 [𝑘] ≤ 𝜀

2

5
. (18)

After that, valid measurements which are in gating region
are combined to single residual. The weighting is according

Table 1: Specification of environment sensors.

Sensor Detection range Field of view
Radar
Long mode 174m ±10∘

Short mode 60m ±45∘

Monocular camera 90m ±40∘

Lidar 200m ±42.5∘

to the likelihood values of the corresponding measurements.
Finally, the measurement update of the state variable calcu-
lates estimated track using the combined residual [13]:

�̂� [𝑘 | 𝑘] = �̂� [𝑘 | 𝑘 − 1] + 𝐾 [𝑘] V [𝑘] ,

̂
𝑙 [𝑘 | 𝑘] = 𝐻�̂� [𝑘 | 𝑘] ,

(19)

where 𝐾[𝑘] = 𝑃[𝑘 | 𝑘 − 1]𝐻
𝑇
[𝐻𝑃[𝑘 | 𝑘 − 1]𝐻

𝑇
+ 𝑅]
−1,

V[𝑘] = ∑𝑚[𝑘]
𝑖=1

𝛽
𝑖
V
𝑖
[𝑘], and

𝛽
𝑖

=

exp [− (1/2) (V𝑇
𝑖
[𝑘] 𝑆
−1
[𝑘 | 𝑘 − 1] V𝑖 [𝑘])]

∑
𝑚[𝑘]

𝑗=1
exp [− (1/2) (V𝑇

𝑖
[𝑘] 𝑆
−1
[𝑘 | 𝑘 − 1] V𝑖 [𝑘])]

.

(20)

5. Experimental Validation

As listed in Table 1, both radar andmonocular camera, which
are available commercially, are installed on a test vehicle and
a front lidar is in addition used for performance comparison.
Although a large amount of driving data has to be used
for validation, the primitive evaluation of the performance
is conducted with driving data of 13 minutes including the
driving scenarios in Figures 1 and 2.Most of driving data have
been tested on a highway. It is also noted that the driving
data corresponding to tollgate, exit zone, and area without
any tunnel or guardrail is not considered for performance
evaluation.

Based on detection characteristics of radar, five envi-
ronment scenarios on highway are considered. The first
and second scenarios are shown in Figure 1 and called
concrete+steel and concrete guardrail, respectively, in the
paper. It is interesting to remark that different detection
characteristics for the concrete guardrail are shown in Figures
1(c) and 2. In addition, steel guardrail, curb, and tunnel are
included for validation as shown in Figure 6. It is thought that
most of road barrier on highway in Korea can be described by
one of five environment scenarios.

The first case shown in Figures 1(c) and 1(d) is revisited.
That is, few tracks for road barrier are generated by radar.
As shown in Figure 7, only two tracks with respect to left
guardrail are generated at 𝑡

1
= 123.7 (sec). After 0.8 sec,

the nearest stationary track stays out of detection range of
radar as shown in Figure 7(d). The solid lines represent
trajectory of tracks from 𝑡 = 123.7 to 124.5 (sec). Since the
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(a) Steel guardrail (b) Curb (c) Tunnel

Figure 6: Additional environment scenarios for detection and tracking of road barrier.
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Figure 7: Road barrier detection via estimation.

track corresponding to road barrier is located in zone C
in Figure 3, it becomes a road barrier candidate (see also
a diamond mark in the figure). Then there are still two
breakpoints for road barrier and the detected road barrier is
represented as shown in Figure 7(d).

Two driving scenarios in which lateral position of tracks
by radar may be inaccurate are considered when an ego vehi-
cle drives along tunnel or guardrail as shown in Figures 8(a)
and 8(c). The proposed tracking algorithm of road barrier is
compared with lidar and Kalman filter based approach in [4].
It is shown in Figures 8(b) and 8(d) that the performance of
the proposed detection and tracking of road barrier is closer
to that of lidar. Furthermore, it is shown in Figure 9 that
four different approaches are comparedwith respect to lateral
offset. Then, their relative quantitative performances with
respect to lidar are evaluated in terms of root mean square
error (RMSE) of lateral offset and recognition accuracy.They
are summarized with respect to environment scenarios in
Table 2.

Two performance measures are used for validation
depending on environment scenarios. The first one is per-
ception of road barrier (RB) and defined as ratio of detection
period of RB by the proposed algorithm to detection by image
manually. To describe the tracking performance, RMSE of
lateral offset between sensor fusion of radar and vision and
that of lidar and vision is used for the second performance
measure. Finally, the performance comparison is summa-
rized in Table 2. It is validated that the proposed algorithm
improves perception of road barrier more when few tracks
are often generated by radar in cases of concrete guardrail,
tunnel, and curb on highway. Furthermore, it is shown that
tracking performance of the proposed algorithm is more
robust than others in different environment scenarios.

The detection and tracking algorithms are proposed to
overcome two problems: one is when few tracks to road
barrier are generated by radar and the other is when inac-
curacy of lateral position becomes worse in a short time
and it happens frequently. Both estimation and clustering



Journal of Sensors 7

(a) Snapshot at 𝑡 = 79.8 (sec)

y
 (m

)

0

5

−5

x (m)
0 10 20 30 40 50 60 70 80

Road barrier with PDAF
Road barrier with KF

Road barrier (lidar + vision)

(b) Tracking performance in tunnel

(c) Snapshot at 𝑡 = 21.9 (sec)

x (m)
0 10 20 30 40 50 60

y
 (m

)
0

5

−5

Road barrier with PDAF
Road barrier with KF

Road barrier (lidar + vision)

(d) Tracking performance at curved road

Figure 8: Performance comparison of road barrier tracking.

Table 2: Performance comparison of tracking of road barrier.

Scenario Detection
only

Kalman
filter PDA filter

Perception of RB (%)
Concrete 65.78 67.53 81.42
Tunnel 62.21 63.49 81.30
Curb 70.96 76.39 89.52
Concrete + iron 98.53 98.87 100.00
Iron 98.76 99.53 100.00
Total 67.75 69.22 84.32

RMSE (m)
Concrete 0.5396 0.4148 0.3992
Tunnel 0.8010 0.8265 0.7692
Curb 2.6398 2.8001 2.6089
Concrete + iron 0.7354 0.7183 0.6481
Iron 0.7583 0.7438 0.7068
Total 1.1497 1.2231 1.0992

methods are combined to handle the first problem and the
tracking algorithm of lateral offset of road barrier based
on PDAF is proposed to deal with the second problem. Its
performance is evaluatedwith comparison of that of lidar and
other approaches in the literature. Although it is shown via
field test data that the proposed algorithm is good enough to
recognize road barrier without lidar, it is quite necessary to
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−1
−2
−3
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−6

Figure 9: Time response of lateral offset of road barrier.

validate it with massive field test data in the near future in
order to consider various driving scenarios.
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Mobile applications have become amust in every user’s smart device, andmany of these applicationsmake use of the device sensors’
to achieve its goal. Nevertheless, it remains fairly unknown to the user to which extent the data the applications use can be relied
upon and, therefore, to which extent the output of a given application is trustworthy or not. To help developers and researchers and
to provide a common ground of data validation algorithms and techniques, this paper presents a review of the most commonly
used data validation algorithms, along with its usage scenarios, and proposes a classification for these algorithms. This paper also
discusses the process of achieving statistical significance and trust for the desired output.

1. Introduction

There has been an increase of the number of mobile applica-
tions that make use of sensors to achieve a plethora of goals.
Many of these applications are designed and developed by
amateur programmers, and that in itself is good as it confirms
an increase in the overall set of skills of the developer
community. Nevertheless, and evenwhen the applications are
developed by professionals or by companies, there are not
many applications that publicize or disclose how the sensors’
data is processed. This is a problem, in particular when these
applications are meant to be used in a scenario where they
can influence their users’ lives, as for example, when the data
is expected to be used to identify Activities of Daily Living
(ADLs) or, to an extreme, when the applications are used in
medical scenarios.

Due to the nature of the mobile device itself, multi-
processing, with limited computational power and limited

battery life, the data that is collected from the sensors is often
unusable in its primary form, requiring further processing
to allow it to be representative of the event or object that it
is supposed to measure. The recording of sensor data and
the sequent processing of this data need to include validation
subtasks that guarantee that the data are suitable to be fed into
the higher-level algorithms.

Moreover, the use of the sensors’ data to feed higher-
level algorithms needs to guarantee a minimum degree of
error, with this error being the difference between the output
of these applications, built on limited computational mobile
platforms, and the output of a golden standard. To achieve
a minimum degree of error, statistical methods need to be
applied to ensure that the output of the mobile application is
tomaximumextent similar to the output given by the relevant
golden standard, if and when this is possible.

To mitigate this problem, this paper presents and
discusses the most used data validation algorithms and
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techniques and their usage in a mobile application that relies
on the sensors’ data to give meaningful output to its user.The
algorithms are listed and their use is discussed.Thediscussion
of the statistical process to ensure maximum reliability of the
results is also presented.

The remainder of this paper is organized as follows: this
paragraph concludes Section 1, where a short introduction
to the problem and a proposal to achieve its mitigation are
disclosed; Section 2 presents the most commonly found data
validation methods, along with a critical comparison of its
usage scenarios; Section 3 deepens the analysis presenting
a classification of the data validation methods; Section 4
discusses the applicability of these methods, including the
discussion of the degree of trust the data can be expected to
provide; finally, Section 5 presents relevant conclusions.

2. Data Validation Methods

Sensor data validation is an important process executed
during the data acquisition and data processing modules of
the multisensor mobile system. This process consists of the
validation of the external conditions of the data and the
validity of the data for specific purpose, in order to obtain
accurate and reliable results. The sequence of this validation
may be applied not only in data acquisition but also in data
processing since increase, as these increase the degree of
confidence of the systems, with the confidence in the output
being of great importance, especially for systems involved in
medical diagnosis, but also for the identification of ADLs or
sports monitoring.

In addition, data validationmethodsmust be used during
the different phases of the conception of a new system,
such as design, development, tests, and validation.Therefore,
the data validation methods with verified reliability during
the conception should be also used to validate the data
automatically during the execution time.

One of the causes for the presence of incorrect val-
ues during the data acquisition process may be existence
of environmental noise. Even when the data is correctly
collected, the data may still be incorrect because of noise.
Therefore, very often the data captured or processed has to
be cleaned, treated, or imputed to obtain better and reliable
results. Following the existence of missing values at random
instants of time, the causes may be the mechanical problems
or power failures of sensors. At this case, data correction
methods should be applied, including data imputation and
data cleaning. The data validation process may be simplified
as presented in Figure 1.

The selection of the best technique for sensor data
validation also depends on the type of data collected, the
purpose of its application, and the computational platform
where the algorithm will be run. Data validation techniques
are commonly composed by statistical methods. Due to the
characteristics of mobile devices, data validation techniques
can be executed locally in the mobile device or at the
server-side, depending on the amount of data to validate
simultaneously, the frequency of the validation tasks, and
the computational, communication, and storage resources
needed for the validation. The characteristics of the sensors

are also important for the selection of the best techniques,
which may be separated in three large groups, which are
sensor performance characteristics, pervasive metrics, and
environmental characteristics [1].

While data validation is important for improving the
reliability of a system, it also depends on other factors, such
as power instability, temperature changes, out-of-range data,
internal and external noises, and synchronization problems
that occur when multiple sensors are integrated into a
system [2]. However, the reconstruction of the data and
correction for the correct measurement is also important,
and several research studies have proposed systems,methods,
models, and frameworks to improve the data validation and
reconstruction [3, 4].

Sensor data validation methods can be separated in three
large groups, such as faulty data detection methods, data
correction methods, and other assisting techniques or tools
[5].

Firstly, faulty data detection methods may be either
simple test based methods or physical or mathematical
model based methods, and they are classified in valid data
and invalid or missingness data [6, 7]. For the detection
of faulty data, the authors in [7] presented an order of
methods that should be applied to obtain better results,
which are as follows: zero value detection, flat line detection,
minimum and maximum values detection, minimum and
maximum thresholds based on last values, statistical tests
that follow certain distributions, multivariate statistical tests,
artificial neural networks (ANNs) [8], one-class support
vector machine (SVM) [9], and classification and physical
models. On the one hand, simple test based methods include
different techniques, such as physical range check, local
realistic range detection, detection of gaps in the data, con-
stant value detection, the signals’ gradient test, the tolerance
band method, and the material redundancy detection [7,
10, 11]. On the other hand, physical or mathematical model
based methods include extreme value check using statistics,
drift detection by exponentially weighted moving averages,
the spatial consistency method, the analytical redundancy
method, gross error detection, the multivariate statistical test
using Principal ComponentAnalysis (PCA), and datamining
methods [7, 12, 13].

Secondly, data correction methods can be carried out by
interpolation, smoothing, data mining, and data reconcilia-
tion [10, 12, 14]. For the application of the interpolation, the
authors of [11] proposed the use of the value measured from
the last measurement or the use of the trend from previous
sets of measurements. The smoothing methods, for example,
moving average and median, may be used to filter out the
random noise and convert the data into a smooth curve that
is relatively unbiased by outliers [10]. The application of data
mining techniques allows the replacement of the faulty values
by the measurements performed with several methods, for
example, ANNs [14]. The data reconciliation methods, for
example, PCA, are used for the calculation of a minimal
correction to themeasured variables, according to the several
constraints of the model [13].

Thirdly, the other assisting techniques or tools are,
namely, the checking of the status of the sensors, the checking
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Figure 1: Sequence of activities performed during the data validation process.

of the duration after sensor maintenance, data context clas-
sification, the calibration of measuring systems, and the
uncertainty consideration [6, 7, 10].

Several research studies have been performed, using data
validation techniques. In [15], PCA is used for the compres-
sion of linearly correlated data. The authors compared the
Auto-Associative Neural Network (AANN) and the Kernel
PCA (KPCA) methods for data validation, creating a new
approach named asHybridAANN-KPCA that uses these two
methods. When compared with AANN and KPCA meth-
ods, the Hybrid AANN-KPCA achieves better performance
results for the prediction or correction of inconsistent data.

In [16], the authors proposed that the data validation
may be performedwithKalman filtering and linear predictive
coding (LPC), showing that the results using Kalman filtering
are better than LPC using several types of data, but the LPC
reported a smaller energy consumption.

Several studies proposed the use of ANNs, for example,
the Multilayer Perceptron (MLP), that can be trained to
perform the identification of faulty sensors using prototype
data and used to determine the near optimal subset of sensor
data to produce the best results [2, 17–19]. Besides, the sensor
data validation may be performed with other probabilistic
methods, such as Bayesian Networks, Propagation in Trees,
Probabilistic CausalMethods, and Learning Algorithms [20].
The authors of [20] proposed the anytime sensor validation
algorithms that combine several probabilistic methods. On
the contrary, [21] proposed the validation of data using the
Sparse Bayesian Learning and the Relevance Vector Machine
(RVM), which are an specialization of SVM.

For the estimation of the values during data validation,
the authors of [22] analysed the use of the Kalman filter,

which was implemented in twomethods: Algorithmic Sensor
Validation (ASV), and Heuristic Sensor Validation (HSV).
The ASV method implements different statistical methods,
for example, mean, standard deviation, and sensor confi-
dence that represent the uncertain nature of sensors. HSV
identifies faulty sensor readings as attributable to a sensor or
system failure. As an example, the authors of [23] proposed
the use of the Kalman filter for the validation of the GPS
data.

Other used methods are the grey models, which consists
of differential equations describing the behaviour of an
accumulated generating operation (AGO) data sequence. As
an example, [4] presented a novel self-validating strategy
using grey bootstrap method (GBM) for data validation and
dynamic uncertainty estimation of self-validating sensor.The
GBM can evaluate the measurement uncertainty due to poor
information and small sample.

In [2], the Autoregressive Moving Averages (ARMA)
transform the process for determining the validity of the
acquired data, evaluating the levels of noise and providing
a timely warning from the expected signals. The model
created for ARMA includes linear regression techniques to
predict the invalid values with Autoregressive (AR) and
Moving Average (MA) models. Sensor Data Validation in
Aeroengine Vibration Tests also implements the Autoregres-
sive (AR) Model, complemented with the Empirical Mode
Decomposition (EMD) [24]. Another method presented is
the sensor validation and fusion of the Nadaraya-Watson
statistical estimator [25], using a Fuzzy Logic model [26].
These methods and others, including the use of Gaussian
distributions and error detection methods, may be also used
to improve the quality of the measurements [27, 28].
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Intelligent sensor systems are able to perform the capture
and validation of the sensors’ data. Staroswiecki [29] argues
that the data validation is important to increase the confi-
dence level of these systems, proposing two types of vali-
dation, such as technological and functional. Technological
validation consists on the analysis of the conditions of the
hardware resources of the sensors, but it does not guarantee
that the estimation produced by the sensor is correct, but
only that the operating conditions were not against possible
correctness. On the contrary, functional validation consists
of Fault Detection and Isolation (FDI) procedures, which
consists of the use of algorithms to complement the Tech-
nological Validation. The authors of [30] also agreed with
Staroswiecki in the separation of the data validation in two
types, presenting a real time algorithm based on probabilistic
methods. Other studies have been researched and developed,
including the data validation techniques using intelligent
sensor systems [31].

Another powerful technique for data validation consists
of the use of self-validating (SEVA) sensors, which provide an
estimation of the error bounds during themeasurements [32].
SEVA are widely researched in literature. An example, using
a Back-Propagation (BP) model, is applied into a system to
obtain an estimated value and then a fault detection method
called SPRT (sequential probability ratio test), identifying the
validity of the system [33]. For the use of SEVA technologies,
the authors of [34] also proposed the validated random fuzzy
variable (VRFV) based uncertainty evaluation strategy for
the online validated uncertainty (VU) estimation. In [35],
the authors presented a novel strategy of using polynomial
predictive filters coupled with VRFV which is proposed for
the online measurements validation and validated uncer-
tainty estimation of multifunctional self-validating sensors.
These authors also performed a research about the use of
some fuzzy logic rules, comparing the predicted values with
the actual measurements to obtain the confidence evaluation
[36]. In [37], the authors proposed an approach of sensor data
validation using self-reporting, including the measurement
based on the data quality, that is, validating the data loss
measured by periodic sensors, the timing of data collection,
and the accuracy of the detection of changes. ANNs may
be used for SEVA with self-organizing maps (SOM) [38],
which are trained using unsupervised learning techniques to
produce a low-dimensional, discretized representation of the
input space of the training samples [39].

The use of valid data is important for the developments
of intelligent sensor systems, which may be used for health
purposes and, consequently, for the detection of the ADLs
[40–45].The use ofmobile devices allows the data acquisition
anywhere and at anytime, but these devices have several con-
straints, such as low memory, processing power, and battery
resources, but data validation may help for increasing of the
performance of the measurements, reducing the resources
needed [46–48]. In general, these systems use probabilistic
methods to detect the failures at real-time to obtain better
results.

Table 1 presents a summary of the data validation
methods included on each category. The methods that are
mainly implemented use statistical and artificial intelligence

techniques, such as PCA, RVM,ANNs, and others, increasing
the reliability of the data acquisition and data processing
algorithms. In spite of the SVM and the ANN working in a
slightly different manner, their foundations are quite similar.
In fact the SVM without kernel is a single neural network
neuron with a different cost function. Congruently, when the
SVM has a kernel it is comparable with a 2-layer ANN.

Following the methods presented at Table 1, the most
studied scenarios for data validation are mainly related to
health sciences, laboratory experiments, and other undif-
ferentiated tasks. However, only a minor part of studies is
related to the use of mobile devices, smart sensors, and other
devices used daily. Besides, the development of healthcare
solutions based on the sensors available on the mobile
devices increases the requirement of the validation of the
data collected by the sensors available on the mobile devices.
Depending on the types of the data, for some complex data
acquired, such as images, videos, GPS signal, and other
complex types of data, the validation of the data should be
accomplished by other auxiliary systems working at the same
time, validating the data at the server-side, but a constant
network connection must be available. Other topologies of
systems may be susceptible for the implementation of data
validation techniques. TheWireless Sensor Networks (WSN)
are an example of systems where the different nodes of the
network may perform the validation of the data collected for
the neighbourhood nodes, and these nodesmay be composed
of different types of sensors. However, the main topology for
the implementation with mobile devices is the self-validation
using only the sensors and the data available on the mobile
device.

The data validation may be executed automatically and
transparently for the mobile devices’ user and, commonly,
at least one of the methods for each stage should be imple-
mented in a system to perform the validation of the sensors’
data. Firstly, for faulty data detection methods, the ANNs
are the most used methods for the training of the data
and for the detection of the inconsistent values. Secondly,
for data correction methods, the most used method is the
Kalman filter. Thirdly, the other assisting techniques that
are commonly applied are the data context classification,
the checking of the status of sensors, and the uncertainty
considerations. Applying the data validation techniques cor-
rectly, the reliability and acceptability of the systems may be
increased.

3. Classification of Data Validation Methods

Data validation methods may be classified in three large
groups [5] as follows: faulty data detection methods, data
correction methods, and other assisting techniques or tools.

The faulty data detectionmethods and the data correction
methods may be executed sequentially in a multisensor
system in order to obtain the results based on valid data. The
other assisting techniques or tools mainly consist of the vali-
dation of the working state of the sensors, and this validation
may be executed at the same time of the execution of faulty
data detection and data correction methods, because these
types of failures invalidated the results of the algorithms.
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Table 1: Classification of the data validation methods by functionality.

Groups of data validation methods Methods included Description

Faulty data detection methods

ANNs
(i) MLP; AANN; BP algorithm; SVM;

Instance based
(i) SOM

Gaussian distributions
Statistical methods

(i) ASV; HSV
Probabilistic methods

(i) Bayesian Networks; Propagation in Trees;
Probabilistic Causal Methods; Learning Algorithms;
Sparse Bayesian Learning; RVM; SPRT

Dimensionality Reduction
(i) Fuzzy logic; PCA; KPCA;

others
(i) Hybrid AANN-KPCA

Consisting of the detection of faulty or
incorrect values discovered during the
data acquisition and processing stages

Data correction methods

Kalman filter
LPC
ARMA

(i) AR; MA; EMD
Nadaraya-Watson statistical estimator
Interpolation
Smoothing
Data mining techniques
Data reconciliation techniques

Consisting of the estimation of faulty or
incorrect values obtained during the data
acquisition and processing stages

Other assisting techniques or tools

Checking of the status of the sensors
Checking of the duration after sensor maintenance
Data context classification
Calibration of measuring systems
Uncertainty consideration
Grey models

(i) GBM; dynamic uncertainty estimation of
self-validating sensor

VRFV method

These are different approaches created for
the correct validation of the data

These different approaches are based on either mathematical
methods, for example, statistical or probabilistic methods, or
complex analysis, for example, artificial intelligencemethods.
According to [49], the data validation methods may be
classified in several types of methods, which are presented in
Figure 2.

As depicted in Figure 2, the faulty data detection meth-
ods, used to detect failures on the sensors’ signal, may
include ANNs, dimensional reduction methods, instance
based methods, probabilistic and statistical methods, and
Bayesian methods. On the contrary, the data correction
methods include the following methods: filtering, regression,
estimation, interpolation, smoothing, data mining, and data
reconciliation. These methods work specifically with the
sensors’ data and the selection of the methods that can
be applied by a system should consider the system’s usage
scenarios.

Finally, the other assisting techniques or tools are mainly
related to detection of problems originated by either hard-
ware components or its working environment. In addition,
on real-time systems, these problems should be verified
constantly to prevent the existence of failures in the data
captured.

4. Applicability of the Sensor Data
Validation Methods

Mobile devices have a plethora of sensors available for the
measurement of several parameters, including the identifi-
cation of the ADLs. Examples of these sensors include the
accelerometer, the gyroscope, the magnetometer, the GPS,
and the microphone.

The data acquisition using accelerometers may fail
because of several problems, including problems related with
the internal electronic amplifier of the Integrated Electronic
Piezoelectric (IEPE) device, the exposure to temperatures
beyond the accelerometer working range, failure related with
electrical components, capture of environmental noise, the
multitasking and multithreading capabilities of the mobile
devices that may cause irregular sampling rates, the position-
ing of the accelerometer, the low processing and memory
power, and the battery consumption [50]. The causes of
failure of an accelerometer are similar to the causes of the
failure of a gyroscope, a magnetometer, or a microphone [51].
In addition, the GPS has another failure cause, which consists
of the low connectivity of satellites in indoor environments
[52].



6 Journal of Sensors

Data
validation techniques

Faulty data
detection
methods

Artificial neural networks

Dimensionality reduction

Instance based

Probabilistic

Statistic

Artificial intelligence

Bayesian

Kalman filterFiltering

Regression

Nadaraya-Watson statistical estimator
Interpolation

Smoothing

Data mining techniques

Data reconciliation techniques

Data
correction
methods

Other
assisting

techniques
or tools

Checking the status of the sensors

Checking the duration after sensors maintenance

Data context classification
Calibration of measuring systems

Uncertainty consideration

Ensemble
GBM

Grey models
VRFV method

validating sensors
Dynamic uncertainty estimation of self-

Grey models

MA
ARARMA

EMD

LPC

Gaussian distributions

Sparse Bayesian Learning 
Bayesian Networks

Fuzzy logic

HSV
ASV

Propagation in Trees
Learning Algorithms
Probabilistic Causal Methods

SOM

SPRT

Hybrid AANN-KPCA
KPCA
PCA

Hybrid AANN-KPCA
BP
AANN
MLP

RVM
SVM

Figure 2: Different categories of the data validation methods.

The validation of the data is important, but, for critical
systems, for example, clinical systems, not only should the
input data be validated, but also the results should be vali-
dated to guarantee the reliability, accuracy and, consequently,
acceptance of the system. The validation of the system may
consist of the detection of failures and the methods that may

be applied are the faulty detection methods. As presented
in Section 3, the methods that may be included in this
category are probabilistic and statistical methods, among
others, which may be used to validate the results of the
system. This validation can be performed by comparing the
results obtained by an equivalent system which is considered



Journal of Sensors 7

to be a gold standard [53] with the results obtained by
the developed methods implemented by different sensors or
devices, for example, a mobile device.

Once estimated the initial error of the system, that is, how
different the obtained results are from the results obtained
by the gold standard system, the validation of the results of
the system consist of three steps, such as the definition of
the confidence level needed for the acceptance of the system,
the determination of the minimum number of experiments
needed to validate the application with confidence level
defined, and the validation of the results when compared
to a golden-standard [54]. The definition of the degree of
confidence of the system is a choice of the development
team. The system design leader may define what system
needs to have a maximum 5% error 95% of the times.
Using these parameters, a minimum number of calibration
experiments need to be performed to allow the fine tuning
of the algorithm.The minimum number of experiments may
be measured by several statistical tests, for example, Student’s
𝑡-test [55].

After the calibration of the algorithms in the system,
further tests and comparison with golden-standard systems
can be done to insure that the results reported by the
system have a 5% maximum error when compared to the
golden standard results, for 95% of the time. Note that
the 5% and 95% values are merely indicative. Moreover,
the data collection stage must hold into consideration the
limits for the optimal functioning of the sensors. As these
limits are extremely dependent on the task the sensors must
perform, we do not discuss them in this paper, for example,
if the application is supposed to track the movements of a
sportsperson in an open environment, it is possible that a
thermal sensor reports an environment temperature of −5∘C,
yet, for an application that tracks the indoor activity of an
elder, such value should raise an alarm. In this extreme case,
it is even possible that more robust systems need to contain
different types of sensors.

5. Conclusion

The validation of the data collected by sensors in a mobile
device is an important issue for two main reasons: the first
one is the increasing number of devices and the applications
that make use of the devices’ sensors; the other is that also
increasingly users rely on these devices and applications to
collect information and make decisions that may be critical
for the user’s life and well-being.

Despite the fact that there is a wide array and types of
data validation algorithms, there is also a lack of published
information on the validity of many mobile applications.
Also, it is impossible to present a critical comparison of the
discussed methods, even within their respective categories,
as their efficiency is extremely dependent on their particular
usage; for example, the efficiency of a specific method may
be very dependent on the number and type of features
the algorithm selects on the signal to be processed, and of
course these features are chosen in view of the intended
purpose of the application. Additionally, it is possible that
evenwith the same chosenmethod and the same chosen set of

features, different authors report different efficiency ratios; for
example, their base population sample varies in size and/or
type using different population sizes or using populations that
are homogenous in age (elders or youngsters).

This paper has presented a discussion on the different
types of data validationmethods such as faulty data detection,
data correction, and assisting techniques or tools. Further-
more, a classification of these methods in accordance with
its functionalities was provided. Finally, the relevance of the
data validation methods for critical systems in terms of its
reliability, accuracy and acceptancewas highlighted. Comple-
mentary studies should be addressed aiming at providing an
overview on the use of valid data for the identification of the
ADLs.
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Garćıa, and M. P. Michaelides, “Combining contaminant event
diagnosis with data validation/reconstruction: application to
smart buildings,” in Proceedings of the 22nd Mediterranean
Conference on Control and Automation (MED ’14), pp. 293–298,
June 2014.

[4] Y. Chen, J. Yang, and S. Jiang, “Data validation and dynamic
uncertainty estimation of self-validating sensor,” in Proceedings
of the IEEE International Instrumentation and Measurement
Technology Conference (I2MTC ’15), pp. 405–410, Pisa, Italy,
May 2015.

[5] S. Sun, J. Bertrand-krajewski, A. Lynggaard-Jensen et al., “Lit-
erature review for data validation methods,” SciTechnol, vol. 47,
no. 2, pp. 95–102, 2011.

[6] J.-L. Bertrand-Krajewski, S. Winkler, E. Saracevic, A. Torres,
andH. Schaar, “Comparison of and uncertainties in raw sewage
COD measurements by laboratory techniques and field UV-
visible spectrometry,”Water Science and Technology, vol. 56, no.
11, pp. 17–25, 2007.



8 Journal of Sensors
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Sinceweak fault signals often lead to themisjudgment and other problems for faulty line selection in small current to ground system,
this paper proposes a novel faulty line selection method based on variable scale bistable system (VSBS). Firstly, VSBS is adopted to
analyze the transient zero-sequence current (TZSC) with different frequency variety scale ratio and noise intensity, and the results
show that VSBS can effectively extract the variation trends of initial stage of TZSC. Secondly, TZSC is input to VSBS for calculation
with Runge-Kutta equations, and the output signal is chosen as the characteristic currents. Lastly, correlation coefficients of every
line characteristic current are used as the index to a novel faulty line selection criterion. A large number of simulation experiments
prove that the proposed method can accurately select the faulty line and extract weak fault signals in the environment with strong
noise.

1. Introduction

As an important part of the power system, distribution
network is closely associated with its users and also has direct
impact on the users. Data show that 80% of fault occurring in
distribution network is single phase-to-ground fault. When
single phase-to-ground fault occurs, the line voltage value is
still symmetrical, the fault current is weak, and it could run
1 to 2 hours after fault occurs, which significantly improves
the reliability of power supply. However, during the single
phase-to-ground fault period, nonfault phase voltage could
rise, which will threaten the system insulation and result
in interphase shortage, protection tripping, power supply
outage, and other problems. Because of the weak fault
signal and the harsh working condition, faulty line selection
becomes difficult. Therefore, it is necessary to carry out
further research in this area [1, 2].

At present, scholars have put forward various faulty
line selection methods. Based on different characteristic
components, faulty line selection methods for single phase-
to-ground could be divided into 3 categories, that is, signal
injection method [3], steady-state component method [4],
and transient component method [5, 6]. The signal injection
method needs additional signal device and its engineering
realization is complex. In steady-state component method
the characteristic signal is weak, which makes the result
unreliable, while the transient characteristics method is more
reliable and applicable because the transient characteristics
component is larger than steady component and it will not
be influenced by the arc suppression coil and it will need no
additional devices [7–11]. Papers [7, 8] use wavelet transform
to extract characteristic information for faulty line selection,
but the wavelet transform is easily influenced by noise, and
the chosen characteristic frequency band may be nonvalid
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Figure 1: The structure and TZSC equivalent circuit of small current to ground system.

transient faulty component. In addition, different wavelet
basis function would lead to different extraction results
and thus lead to error judgment. Paper [9] adopts Prony
algorithm to fit TZSC signal when fault occurs. This method
not only effectively avoids the effect of current transformer
saturation flux density on collected signals but also improves
the overall Prony fitting precision to a certain extent; but
its calculation amount is large, its fitting order is difficult
to determine, and the antinoise ability is not strong. In
[10], the support vector machine shows its advantages in
solving the problem of small sample, nonlinear, and high
dimensional pattern recognition, but the recognition ability
is easily influenced by its own parameters. Paper [11] uses
Empirical Mode Decomposition (EMD) of TZSC to extract
the five harmonic components in characteristic components
and input them into Duffing oscillator to achieve faulty line
selection according to the change of phase diagram. But when
TZSC is greatly interfered with, modal aliasing phenomenon
of EMD would arise and cause error judgment. Paper [12]
employs the ratios of the first half-wave extreme and Spectral
Kurtosis relative energy entropy from TZSC to build the
stepped faulty line selection method. Paper [13] uses the
S-transform to obtain the modulus and phase information
of electric components at each frequency point, and this
information is employed to detect the faulty line. In [14],
Hilbert-Huang transform is used to decompose the TZSC,
and then the most high frequency component of the intrinsic
mode functions (IMF) can be obtained, and, based on this,
the selection criterion is built; however, the decomposition
process may causemodal aliasing. Paper [15] adopts evidence
uncertainty reasoning and compared abnormal events to
reduce computation amount and to improve the accuracy of
faulty line selection. Paper [16] employs cross-correlation the-
ory to calculate the integrated correlation coefficient of pure
fault component of zero-modulus current for each line and
takes the line with the smallest one as the faulty line. Paper
[17] carries out the wavelet transform to decompose the tran-
sient zero-sequence current for each line, calculates the high
and low frequency wavelet energies according to the wavelet
coefficients, and selects the faulty line according to the maxi-
mum value of high or low frequency energy; however, in the
strong noise background, the waveform and energy of weak
TZSC will be affected.

In recent years, the research on stochastic resonance has
made great progress. Stochastic resonance is a new practical
technology which uses stochastic resonance principle to
detect weak signal, and its research and application have
spread into physical fields [18, 19], signal processing [20, 21],
mechanical fault diagnosis [22], biology [23], neural network
[24], and other academic fields; however, the research on
this technology in power system is still needed. Therefore,
with detailed study of the effect of TZSC on bistable system,
this paper proposes a novel faulty line selection method for
small current to ground systembased on stochastic resonance
theory. For signal feature extraction, the method employs
VSBS to deal with TZSC and, then, choose the initial stage of
output signal as characteristic current; for faulty line selection
criterion, a novel faulty line selection criterion, which is based
on cross-correlation coefficient sign, is proposed through
calculating correlation coefficient of characteristic signal.

2. Characteristic Analysis of Single Phase-to-
Ground Fault

The structure of small current to ground system is shown in
Figure 1(a); when it experiences single phase-to-ground, the
TZSC analysis circuit of faulty line is shown in Figure 1(b).
In Figure 1, 𝐶

0
and 𝐿

0
are zero-sequence capacitance and

inductance, respectively, 𝑅
𝑔
is transition resistance of ground

point, 𝑅
𝑝
and 𝐿

𝑝
are, respectively, equivalent resistance and

inductance of arc suppression coil, and𝑈(𝑡) is zero-sequence
voltage.

Whendistribution network fault occurs, fromFigure 1(b),
the TZSC flowing through the fault point 𝑖

0,𝑡
is shown as [25]

𝑖
0,𝑡

= 𝑖
0𝐿,𝑡
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where 𝑖
0𝐿,𝑡

and 𝑖
0𝐶,𝑡

are inductive current and capacitive
current of TZSC, and its initial values are 𝐼

𝐿𝑚
and 𝐼

𝐶𝑚
,

respectively (𝐼
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𝜔
𝑓
and 𝛿 are oscillation angular frequency and attenuation

coefficient of TZSC, 𝜏
𝐿
is decay time constant of inductive

current, and 𝜑 is initial phase angel.
From (1), when single phase-to-ground fault occurs in

distribution network, the transient capacitance current has
the characteristic of periodic attenuation oscillation. And [1]
indicates that the free oscillation frequency of overhead line
is within 300Hz to 1500Hz and the free oscillation frequency
of cable lines is 1500Hz∼3000Hz.

In addition, studies show that when single phase-to-
ground fault occurs, the traveling wave pole is consistent
with the overall changing trend of initial stage TZSC in
transient process, so the mutation direction characteristic of
initial stage TZSC can be used to replace the traveling wave
polarity characteristic of TZSC, which can greatly reduce the
hardware requirements and improve the reliability of faulty
line selection [26]. Besides, whether it is big initial fault angle
or small initial fault angle, the whole changing trend of faulty
line is opposite to that of nonfaulty line in TZSC initial
stage. But the introduction of arc suppression coil will greatly
reduce ground fault current of distribution network, and
when the fault occurs in voltage zero position, the changing
trend of the initial stage TZSC is not easy to distinguish,
which will make faulty line selection more difficult.

Hence, in some faulty conditions, it can be seen from
the above analysis that TZSC of distribution network belongs
to weak signal. As stochastic resonance (SR) theory has the
unique advantage of amplification and detection of weak
signals [27], it is helpful to employ the stochastic resonance
theory to detect TZSC which is used to select the faulty line.

3. Signal-Detecting Ability of Variable Scale
Bistable System

The bistable system for studying stochastic resonance is
shown in [28]

𝑠
𝑝 (𝑡) =

d𝑥
d𝑡

= −

𝑑 (−𝑎𝑥
2
/2 + 𝑏𝑥

4
/4)

d𝑥
+ 𝑠
𝑖 (𝑡) + Γ (𝑡) , (2)

where 𝑡 is time, 𝑠
𝑖
(𝑡) is input signal, Γ(𝑡) is noise whose

intensity is 𝐷, 𝑠
𝑝
(𝑡) is output signal, and 𝑥 is the speed of

Brownian particle.
According to Fokker-Planck equation, the probability

distribution function of 𝑥 is shown in (3) when 𝑠
𝑖
(𝑡) is

𝐴 sin(2𝜋𝑓
0
𝑡) and 𝑎 and 𝑏 are equal to 𝜇 and 1, where 𝐴 and

𝑓
0
are the amplitude and frequency of periodic signal:
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Since (3) has nonautonomous −(𝜕/𝜕𝑥)[𝐴 sin(2𝜋𝑓
0
𝑡)𝜌(𝑥,

𝑡)], it has no steady-state solution; that is, it can not have
exact expression. However, in the adiabatic approximation
condition with 𝐴 ≪ 1, 𝐷 ≪ 1, and 𝑓

0
≪ 1, the output
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Figure 2: The curve of 𝑅out with changed 𝐷.

signal-to-noise ratio of bistable system can be obtained and
shown in

𝑅out =
√2𝜇
2
𝐴
2
𝑒
−𝜇
2
/4𝐷

4𝐷2
. (4)

Supposing 𝜇 is 1 and 𝐴 is 0.2, the curve of 𝑅out is shown
in Figure 2 when 𝐷 changed. The feature of Figure 2 is that,
with the rise of 𝐷, 𝑅out presents a trend of increasing and
begins to decrease when 𝐷 reached 0.13, which is the feature
of stochastic resonance. So the bistable system can use noise
to increase 𝑅out of signal; that is, the weak signal is amplified
and detected.

Under the small parameters of adiabatic approximation
condition, the theoretical analysis of stochastic resonance of
bistable system coincides with the numerical simulation of
the bistable system [28]. However, it is improper to apply
the method of small parameters stochastic resonance directly
to the processing of signals with large parameters. Reference
[27] introduces variable scale stochastic resonance to the
process and gets better results; however, when the signal
is TZSC, what change will happen to stochastic resonance
feature of bistable system, and what rules can we get? This
section will focus on the influence of each parameter on
bistable system and try to figure out the VSBS characteristics
under the effect of TZSC.

3.1. Variable Metric Algorithm and Its Evaluation Index. The
principle of variable metric algorithm is to transform high
frequency into low frequency in order to make the large
parameter signal close to or meeting small parameters condi-
tions of stochastic resonance, whichmeans that the frequency
is compressed and then detected by bistable system.

The Calculation Process of Variable Scale. According to the
frequency and sampling frequency of signals, a frequency
compression-scale ratio (CR) is determined, based on which
the compression sampling frequency 𝑓

𝑠𝑟
is defined (𝑓

𝑠𝑟
=

𝑓
𝑠
/CR). Then numerical calculation step ℎ (ℎ = 1/𝑓

𝑠𝑟
) is

obtained from𝑓
𝑠𝑟
, and, finally, the response output of bistable

system is numerically calculated.
Since TZSC are generally broadband signals and their

frequency range is not confined to one or a small number
of frequencies but distributed in a wide frequency band,
to which the traditional signal-to-noise ratio measurement
cannot be effectively applied, it is necessary to develop other
measurement indexes.
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Figure 3: The simulation for bistable system.

Reference [27] shows that although nonlinear Langevin
equation cannot accurately predict the motion of Brownian
particles, it can well predict the statistical properties of
the particle orbits. So, this paper uses cross-correlation
coefficient as a measure to describe the response of VSBS
whose input signal is weak aperiodic signal. The covariance
Cov(𝑠

𝑝
(𝑡), 𝑠
𝑖
(𝑡)) and cross-correlation coefficients 𝜌

𝑝𝑖
of two

signals are shown in

Cov (𝑠
𝑝 (𝑡) , 𝑠𝑖 (𝑡)) = 𝐸

(𝑠𝑝 ⋅𝑠𝑖)
− 𝐸
𝑠𝑝
𝐸
𝑠𝑖

𝜌
𝑝𝑖

=

Cov (𝑠
𝑝
(𝑡) , 𝑠
𝑖
(𝑡))

√𝐷(𝑠
𝑝
(𝑡))√𝐷 (𝑠

𝑖
(𝑡))

.

(5)

Additionally, in the initial faulty stage, the overall chang-
ing trend of TZSCof faulty line is opposite to that of nonfaulty
line, so this paper focuses on the changing trend of input
signal and output signal.

3.2. Simulation of Variable Scale Bistable System

3.2.1. Simulation ofNonintroducingVariable Scale. Supposing
there is a set ofmeasured signals, the sampling points are 500,
the corresponding parameters of (2) are 𝑎 = 𝑏 = 1, 𝐴 = 20A,
𝑓
0

= 40Hz, and 𝐷 = 100 db, respectively, and the value of
sampling frequency 𝑓

𝑠
is 1000Hz. Fourth-order Runge-Kutta

algorithm is adopted to calculate (2). And the value of cross-
correlation coefficients 𝜌

𝑝𝑖
of 𝑠
𝑖
(𝑡) and 𝑠

𝑝
(𝑡) is −0.0078, whose

results are shown in Figure 3. Figure 3(a) shows the result of
𝑠
𝑖
(𝑡) with noise intensity as 100 db, Figure 3(b) shows 𝑠

𝑖
(𝑡)

without noise, and Figure 3(c) shows 𝑠
𝑝1
(𝑡) without being

solved by variable scale.
It can be known from Figure 3 and 𝜌

𝑝𝑖
that when both

weak signal frequencies𝑓
0
and𝐷 are large parameters (larger

than 1), the output and input of the system differ dramatically,
and the information contained in the output signal will not

be able to represent the original signal. That is why the
stochastic resonance method with small parameters can not
be directly applied to large parameters signal, so the detection
is ineffective.

3.2.2. Simulation of Introducing Variable Scale. Bring in
variable scale thought, choose CR as 100, 𝑎 = 𝑏 = 1,𝐴 = 20A,
𝑓
0
= 40Hz,𝐷 = 100 db, and the value of sampling frequency

𝑓
𝑠
is 1000Hz; calculate (2) with fourth-order Runge-Kutta

algorithm and cross-correlation coefficients 𝜌
𝑝𝑖

of 𝑠
𝑖
(𝑡) and

𝑠
𝑝
(𝑡), 𝜌
𝑝2𝑖

will be obtained, and its value is 0.8088. The result
is shown in Figure 3(d).

Figure 3(d) shows that after the treatment of VSBS, the
waveform of output signal 𝑠

𝑝
(𝑡) becomes orderly. Compared

to Figure 3(c), the cross-correlation coefficients between 𝑠
𝑖
(𝑡)

and 𝑠
𝑝
(𝑡) have obviously improved as well as the amplitude

value of 𝑠
𝑝
(𝑡); besides, 𝑠

𝑝
(𝑡) and 𝑠

𝑖
(𝑡) belong to strong

correlation. Therefore, through frequency conversion, the
disorganized large parameter signal ismade clear and orderly;
besides, 𝜌

𝑝𝑖
is equal to 0.8088, which indicates that 𝑠

𝑝
(𝑡) could

better represent changing trend of 𝑠
𝑖
(𝑡) submerged in noise,

achieving the large parameter stochastic resonance or, exactly
speaking, a kind of stochastic resonance.

3.3. Transient Zero-Sequence Current Detection. In order to
test whether VSBS can detect the TZSC, the ideal TZSC 𝑖

𝑧
(𝑡)

[29] is defined as below:

𝑖
𝑧
(𝑡) = 𝑥

1
(𝑡) + 𝑥

2
(𝑡) + 𝑥

3
(𝑡) + 𝑥

4
(𝑡) + Γ (𝑡) , (6)

𝑥
1
(𝑡) = 5.6 cos (2𝜋 × 50𝑡 + 60

∘
) , (7)

𝑥
2
(𝑡) = 40𝑒

−56𝑡 cos (2𝜋 × 250𝑡 + 30
∘
) , (8)

𝑥
3 (𝑡) = 72𝑒

−102𝑡 cos (2𝜋 × 315𝑡) , (9)

𝑥
4
(𝑡) = 10𝑒

−5.5𝑡
. (10)
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Figure 4: Characteristic extraction of TZSC by VSBS.

It can be seen that 𝑖
𝑧
(𝑡), which consists of 5 signals, has the

characteristic of multifrequency and attenuation; therefore it
is a nonperiodic signal. Input it into (2), and its corresponding
parameters are 𝑎 = 𝑏 = 1 and 𝐷 = 50 db and sampling
frequency is 𝑓

𝑠
=100000Hz. CR is equal to 1000, and then

the results of its numerical simulation are shown in Figure 4.

Definition of Characteristic Current 𝑖
𝑐
(𝑡). Characteristic cur-

rent is the output signal obtained by solving VSBS with TZSC
by fourth-order Runge-Kutta algorithm. Choose nonnoises
𝑖
𝑧
(𝑡) and 𝑖

𝑐
(𝑡) to calculate cross-correlation coefficient 𝜌

𝑐𝑧
,

and the value is 0.7628.
When only the first 0.01 s of 𝑖

𝑧
(𝑡) and 𝑖

𝑐
(𝑡) is chosen, as

shown in Figure 4(a), the noise causes strong disturbance in
the initial stage of 𝑖

𝑧
(𝑡), which makes the changing trend not

so clear as the original signal. It is known from Figure 4(c)
that, after VSBS treatment, the changing trend of 𝑖

𝑐
(𝑡) is

similar to that of 𝑖
𝑧
(𝑡); then, their 𝜌

𝑐𝑧
is calculated, and the

value has improved to 0.8909.Therefore, VSBS can effectively
extract TZSC changing trend of the initial stage.

This method can be used to better extract the change
trend of TZSC in the initial stage. This paper defines 0∼0.01 s
as the initial stage of TZSC, 0.01 s∼∞ as noninitial stage,
and signal length as the whole stage. To put it vividly, TZSC
from (6) is chosen as the label, and the results are shown in
Figure 4(d).

3.4. The Detection Adaptability of TZSC. In order to test
detection adaptability of VSBS for TZSC, the paper will
analyze frequency compression-scale ratio, noise intensity,
the initial value, and signal amplitude, respectively.

3.4.1. Frequency Compression-Scale Ratio (CR). Set 𝑎 = 𝑏 = 1

and 𝐷 = 50 db and sampling frequency 𝑓
𝑠
equals 100000Hz;

set CR as 10, 100, 1000, and 5000, respectively, and the change
of 𝜌
𝑐𝑧
is shown in Table 1.

It can be seen from Table 1 that, with the increase of CR,
𝜌
𝑐𝑧
between 𝑖

𝑧
(𝑡) and 𝑖

𝑐
(𝑡) first increases and then decreases;

Table 1: 𝜌cz in different conditions.

Condition Whole stage 𝜌cz Initial stage 𝜌cz

CR = 10 −0.2220 −0.3395
CR = 100 0.4716 0.5300
CR = 1000 0.7628 0.8909
CR = 5000 0.6784 0.7944
𝐷 = 0 0.7638 0.8874
𝐷 = 50 0.7628 0.8909
𝐷 = 100 0.7518 0.8876
𝐷 = 1000 0.6470 0.8641
𝐷 = 5000 0.4286 0.7910
IV = 34.8 0.7628 0.8909
IV = 0 0.8806 0.9221
IV = −34.8 0.8555 0.8914
𝜏 = 1/100 0.4807 −0.0234
𝜏 = 1/10 0.7403 0.1820
𝜏 = 1 0.9221 0.7130
𝜏 = 10 0.7146 0.9916
𝜏 = 100 0.7150 0.9922

the reason is that the increase of CR can gradually compress
the frequency band range of 𝑖

𝑧
(𝑡) into VSBS’s detection range,

and there may be a most suitable CR making the input and
output most relevant, but when CR continues to increase,
excessive frequency compression will also lead to decrease
of gap between different frequencies of 𝑖

𝑧
(𝑡), showing the

reduction of frequency species, which will further weaken
the detection ability of VSBS. In addition, the calculation of
cross-correlation coefficients of 𝑖

𝑧
(𝑡) and 𝑖

𝑐
(𝑡) in initial stage

shows that 𝜌
𝑐𝑧
has greatly improved, and the changing trend

of 𝑖
𝑐
(𝑡) is the same as that of 𝑖

𝑧
(𝑡), which verifies that VSBS

can effectively extract the changing trend of TZSC in initial
stage.
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Figure 5: Characteristic current under the different conditions.

3.4.2. Noise Intensity (D). Set 𝑎 = 𝑏 = 1, sampling frequency
𝑓
𝑠

= 100000Hz, and CR = 1000. Set noise intensity 𝐷 as
0 db, 50 db, 100 db, 1000 db, and 5000 db, respectively, and
the change of cross-correlation coefficient 𝜌

𝑐𝑧
is shown in

Table 1. The change of characteristic current 𝑖
𝑐
(𝑡) is shown in

Figure 5(a) when the noise intensity of 𝑖
𝑧
(𝑡) is 0 db, and the

change of characteristic current 𝑖
𝑐
(𝑡) is shown in Figure 5(b)

when the noise intensity of 𝑖
𝑧
(𝑡) is 100 db.

It can be seen from waveform in Figure 5 that the
amplitude of 𝑖

𝑐
(𝑡) increases with the increase of D, which

means that part of the noise energy is transferred to 𝑖
𝑐
(𝑡)

[27]. In addition, the increases of 𝐷 made the latter part
waveform disorderly; however, the changing trend of the
waveform in initial stage is clear which shows no difference
with the changing trend of nonnoise; therefore, this once
again shows that the VSBS can extract initial stage TZSC.
From 𝜌

𝑐𝑧
in Table 1 we know that, within a certain range

of noise intensity, the increase of 𝐷 shows little effect on
𝜌
𝑐𝑧

of whole stage and of initial stage, which indicates that
VSBS can well extract changing trend of TZSC in initial
stage with the disturbance of strong noise. However, excessive
noise intensity will produce a wide range of interference
frequency components, which will affect the existence of the
original signal, resulting in the decrease of cross-correlation
coefficient and fuzziness of the changing trend in initial stage.
It is worth noting that when the noise intensity is 0, the VSBS
can also predict the changing trend of TZSC.

3.4.3. Signal Initial Value (IV). Set 𝑎 = 𝑏 = 1, 𝑓
𝑠

=

100000Hz, CR = 1000, and 𝐷 = 50 db; set initial value of
𝑖
𝑧
(𝑡) as 0 and 34.8, respectively, where 34.8 is initial value

(IV) of 𝑖
𝑧
(𝑡). Then carry out numerical simulation and the

change of characteristic current 𝑖
𝑐
(𝑡) and cross-correlation

coefficient 𝜌
𝑐𝑧
is shown in Table 1 and Figure 5. Figure 5(c) is

characteristic current 𝑖
𝑐
(𝑡) when initial value of 𝑖

𝑧
(𝑡) is 0, and

Figure 5(d) is characteristic current 𝑖
𝑐
(𝑡)when initial value of

𝑖
𝑧
(𝑡) is 34.8.

It can be known from Figures 5(c) and 5(d) and Table 1
that when initial value of 𝑖

𝑧
(𝑡) is 0, the change trend of 𝑖

𝑐
(𝑡)

is closest to that of 𝑖
𝑧
(𝑡), especially in the initial stage. Either

increase or decrease of the initial value will decrease 𝜌
𝑐𝑧
,

because when initial value of VSBS is 0, any tiny disturbance
is likely to cause it to move in the double potential well with
large amplitude, so it can better reflect the moving trend
of signals. However, when the initial value is too large, tiny
disturbance may not be enough to cause a large amplitude
motion in the double well potential or only small range of
motion in a single potential well, therefore, it will weaken
the detection ability of VSBS, and this is consistent with the
decrease of 𝜌

𝑐𝑧
in Table 1. Another reason for adopting TZSC

to select faulty line in this paper is that when the initial value
of TZSC is 0, VSBS and faulty line selection can be better
combined [30].

3.4.4. Signal Amplitude. Set 𝑎 = 𝑏 = 1, 𝑓
𝑠
= 100000Hz, CR =

1000, and 𝐷 = 50 db; set the initial value as 0, increase the
amplitude of 𝑖

𝑧
(𝑡), and set the amplitude factor 𝜏 as 1/100, 1/10,

1, 10, and 100, respectively.
It is known from Table 1 that, with the increase of

amplitude 𝑖
𝑧
(𝑡), cross-correlation coefficient 𝜌

𝑐𝑧
of whole

stage and initial stage first increases and then decreases,
but 𝜌
𝑐𝑧
of noninitial stage increases. The reason is that 𝑖

𝑧
(𝑡)

belongs to damped oscillation signal, and, compared with
that of noninitial stage, the amplitude values of initial stage
are always larger, and the detection ability of VSBS on 𝑖

𝑧
(𝑡) in

noninitial stage is weaker. Therefore, appropriate increase of
signal value would improve detection ability of VSBS.

Based on the above analysis, the features of BSVS detect-
ing TZSC are summarized as follows:

(1) Appropriate frequency compression ratio can
improve the signal detection performance.

(2) For small amplitude signal, appropriate increase of
amplitude can improve signal detection performance.
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(3) For the signal with zero initial value, VSBS has a better
detection performance of changing trend in its initial
stage.

(4) The cross-correlation coefficient of whole stage is
always smaller than that of initial stage.

4. Faulty Line Selection Method

4.1. Parameter Setting. Based on the above analysis, this paper
will select faulty line according to the following characteris-
tics of VSBS detecting TZSC:

A The overall changing trend of TZSC in initial stage
between faulty line and nonfaulty line is opposite.

B VSBS has excellent detection ability for the changing
trend of TZSC in initial stage.

C When single phase-to-ground fault occurs in
small current to ground system, the free oscil-
lation frequency of overhead lines is generally
300Hz∼1500Hz, while the free oscillation frequency
of cable lines is 1500Hz∼3000Hz. In addition,
different fault conditions may cause the TZSC
spectrum to transfer into low frequency band [25].

D Appropriate increase of signal amplitude helps to
improve detection performance of VSBS.

According to A and B, this paper will focus on cross-
correlation coefficient of different lines. Since the TZSC
before failure is 0, when calculating cross-correlation coeffi-
cients, we will choose T/4 cycle after fault as the initial stage
(0.02 s∼0.025 s) in the paper; with C frequency varieties are
compressed as much as possible to make frequency varieties
into the frequency range which VSBS can detect, in order
to enhance the adaptability of the method; therefore, the
frequency compression-scale ratio (CR) is set as 1500. Based
onD and simulation experiment, when themaximumampli-
tude of signal is less than 5, we first expand the amplitude by
10 times and then input it into VSBS. In addition, we find that
TZSC amplitude before fault is not 0 but a very small value,
which needs to be set to 0 before fault.

4.2. Pretreatment of Faulty Line Selection. Take line 𝑙
1
as an

example:

A Choose TZSC of line number 1 from one cycle before
fault to one cycle after fault as TZSC 𝑖

𝑧
(𝑡), and set the

signal one cycle before fault as 0.
B Judge whether the maximum amplitude of 𝑖

𝑧
(𝑡) is

smaller than 5, if it is, carry out C, and if it is not,
carry outD.

C Expand amplitude of 𝑖
𝑧
(𝑡) by 10 times and input it into

VSBS to calculate characteristic current 𝑖
𝑐
(𝑡).

D Directly input 𝑖
𝑧
(𝑡) into VSBS to calculate character-

istic current 𝑖
𝑐
(𝑡).

Calculate 𝑖
𝑐
(𝑡) of all lines according to the above steps.

4.3. Steps of Faulty Line Selection. Take 𝑙
𝑗
as an example to

explain the steps of faulty line selection.

Step 1. Calculate cross-correlation coefficients 𝜌
𝑗𝑞

between
line number 𝑙

𝑗
(𝑗 = 1, 2, 3, . . .) and other lines 𝑙

𝑞
(𝑞 =

1, 2, 3, . . . 𝑞 ̸= 𝑗) in initial stage.

Step 2. Count positive and negative signs of calculated 𝜌
𝑗𝑞
:

(1) If all the signs of 𝜌
𝑗𝑞
are the same, the output is “−1”

and line 𝑙
𝑗
is judged as faulty line.

(2) If all the signs of 𝜌
𝑗𝑞
are not the same, the output is “1”

and line 𝑙
𝑗
is judged as nonfaulty line.

The remaining lines are also judged with the same steps.

5. Case Study

5.1. Simulation Model. ATP-EMTP is used in this paper to
simulate the single phase-to-ground fault. The simulation
model is shown in Figure 6 and the parameters of simulation
model are the same as [31].

5.2. Simulation Results with Changing Phase and Resistance.
Build the simulation model according to the parameters,
make fault of line 𝑙

1
occur at the point 5 km from the bus,

and change the initial fault angle (0∘, 30∘, 60∘, and 90∘) and
ground resistance for simulation. It is known from [25] that
when single phase-to-ground fault of the small current to
ground system occurs, the fault resistance value is generally
0 kΩ to 2 kΩ; therefore, themaximum fault resistance is set as
2 kΩ in the paper.Then, select the faulty line according to the
proposedmethod, and the parameters of VSBS are as follows:
𝑎 = 𝑏 = 1 and CR = 1500. In addition, we use (𝑙

1
, 0∘, and

300Ω) to indicate the fault occurrence in line number 1 when
its initial angle is 0∘ and faulty resistance is 300Ω. The results
of their specific cross-correlation coefficients are shown in
Table 2 in which 𝜌

12
represents cross-correlation coefficient

of characteristic currents 𝑙
1
and 𝑙
2
.

The paper takes (𝑙
1
, 90∘, and 2000Ω) as an example to

explicitly show the consequence of VSBS. Under this fault
condition, the TZSC of 𝑙

2
and 𝑖
𝑐
(𝑡) of 𝑙

2
are shown in Figures

7(a) and 7(b); the cross-correlation coefficients are shown in
Table 3.

The comparison of Figures 7(a) and 7(b) shows that, after
the treatment of VSBS, the changing speed of 𝑖

𝑐
(𝑡) in initial

stage becomes slow, and oscillation part is reduced, which
makes the changing trend of 𝑖

𝑐
(𝑡) in initial stage easier to

identify than that of TZSC in initial stage. It can be seen from
Figure 7(b) that 𝑖

𝑐
(𝑡) waveform of faulty line is steadier than

that of nonfaulty lines, because frequency compressionmakes
the part in low frequency band and with strong intensity
easy to detect by VSBS, and the part in high frequency
band and with weak intensity may be ignored, besides, the
intensity of low frequency band fault transient component
in the faulty line is much larger than that of nonfaulty
line, and, therefore, the characteristic current waveform of
faulty line is steadier than that of nonfaulty line. Besides,
through simulation, we discover that because the transient
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Figure 6: ATP simulation model.

free oscillation components and zero-sequence steady-state
components are offset, the increase of fault resistance also
makes waveform 𝑖

𝑐
(𝑡) of each line steadier.

It can be seen from Table 3 that 𝜌
1𝑞

of 𝑙
1
and other lines

are equal to−0.9732,−0.8092, and−0.7535, respectively; since
all of them are the same sign, the output is “−1”; 𝜌

2𝑞
of

𝑙
2
and other lines are equal to −0.9732, 0.7408, and 0.6597,

respectively; since all of them are not the same sign, the
output is “1”; therefore, we judged 𝑙

1
as faulty line, and the

judging result is consistent with simulation.

In summary, we know from Table 2 that TZSC of
various fault conditions is, respectively, input into VSBS, and
the output judging results are consistent with actual fault
situations. Therefore, the proposed method can accurately
achieve faulty line selection under different fault resistance
and initial fault angle.

5.3. Simulation Results of Fault with Random Gauss White
Noise Added. Since signals collected in actual system with
fault often carry noise with them, to verify the antinoise
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Table 2: Results of different initial angle and ground resistance.

Faulty line Fault situation 𝜌
12

𝜌
13

𝜌
14

𝜌
23

𝜌
24

𝜌
34

Judgment result

𝑙
1

(0∘, 10Ω) −0.4942 −0.8054 −0.9092 0.7852 0.6078 0.7973 𝑙
1
fault

(0∘, 100Ω) −0.6776 −0.7360 −0.7528 0.8573 0.7034 0.8744 𝑙
1
fault

(0∘, 500Ω) −0.5710 −0.7146 −0.6549 0.8999 0.8369 0.9032 𝑙
1
fault

(0∘, 1000Ω) −0.5991 −0.3511 −0.7291 0.7810 0.7424 0.6944 𝑙
1
fault

(0∘, 1500Ω) −0.6845 −0.2796 −0.3330 0.7057 0.5993 0.8385 𝑙
1
fault

(0∘, 2000Ω) −0.6928 −0.5382 −0.5511 0.6465 0.5293 0.8454 𝑙
1
fault

(30∘, 10Ω) −0.5835 −0.8295 −0.9360 0.8132 0.6362 0.7710 𝑙
1
fault

(30∘, 100Ω) −0.7767 −0.8968 −0.8948 0.8668 0.7265 0.8485 𝑙
1
fault

(30∘, 500Ω) −0.7987 −0.8858 −0.8773 0.8746 0.8609 0.9254 𝑙
1
fault

(30∘, 1000Ω) −0.7353 −0.6373 −0.7927 0.8598 0.9000 0.7555 𝑙
1
fault

(30∘, 1500Ω) −0.6972 −0.5462 −0.5819 0.8233 0.7478 0.8720 𝑙
1
fault

(30∘, 2000Ω) −0.7340 −0.4746 −0.4987 0.8116 0.7052 0.8649 𝑙
1
fault

(60∘, 10Ω) −0.6113 −0.8418 −0.9606 0.8201 0.6109 0.7682 𝑙
1
fault

(60∘, 100Ω) −0.8523 −0.9398 −0.9703 0.9080 0.7461 0.8808 𝑙
1
fault

(60∘, 500Ω) −0.9027 −0.9822 −0.9407 0.9268 0.9015 0.9374 𝑙
1
fault

(60∘, 1000Ω) −0.8862 −0.7425 −0.9420 0.8639 0.9368 0.7823 𝑙
1
fault

(60∘, 1500Ω) −0.9137 −0.7322 −0.7302 0.8450 0.7847 0.8721 𝑙
1
fault

(60∘, 2000Ω) −0.8855 −0.9129 −0.8872 0.8027 0.7284 0.8894 𝑙
1
fault

(90∘, 10Ω) −0.9293 −0.8728 −0.9691 0.9117 0.8795 0.7960 𝑙
1
fault

(90∘, 100Ω) −0.9464 −0.9790 −0.9820 0.9549 0.8879 0.9346 𝑙
1
fault

(90∘, 500Ω) −0.9714 −0.8578 −0.9932 0.8990 0.9487 0.8150 𝑙
1
fault

(90∘, 1000Ω) −0.9846 −0.8524 −0.8428 0.8467 0.7932 0.8995 𝑙
1
fault

(90∘, 1500Ω) −0.9812 −0.8457 −0.7970 0.8033 0.7265 0.9038 𝑙
1
fault

(90∘, 2000Ω) −0.9732 −0.8092 −0.7535 0.7408 0.6597 0.9216 𝑙
1
fault

Table 3: Cross-correlation coefficientwith (𝑙
1
, 90∘, and 2000Ω) fault

situation.

Faulty
line 𝜌

12
𝜌
13

𝜌
14

𝜌
23

𝜌
24

𝜌
34

Result

𝑙
1

−0.9732 −0.8092 −0.7535 0.7408 0.6597 0.9216 𝑙
1

performance of themethod, we added 0.5 db or −0.5 db noise
intensity to TZSC when fault in different line occurred and
set signal before fault as 0. The selection results and specific
cross-correlation coefficients are shown in Tables 4 and 5,
respectively.

Signal-to-noise ratio equaling −0.5 db and fault situations
as (𝑙
2
, 60∘, 1500Ω) are taken as an illustration.The TZSCwith

noise of 𝑙
2
and 𝑖
𝑐
(𝑡) of 𝑙

2
are shown in Figures 7(c) and 7(d),

and the cross-correlation coefficients are shown in Table 6.
Firstly, from the faulty line selection method and Table 6,

cross-correlation coefficients 𝜌
2𝑞

of 𝑙
2
and other lines are all

negative, so the output is “−1” and 𝜌
𝑗𝑞

of other lines are
different, so the output is “1”; therefore, we judge line 𝑙

2
as

faulty line, which is consistent with actual fault situation.
Then, comparison of Figures 7(c) and 7(d) shows that, with
the disturbance of strong noise, even if the TZSC of each
line is submerged in strong noise, the proposed method is
still able to effectively extract the changing trend of TZSC in
initial stage and can accurately judge the faulty line. Finally,

Tables 4 and 5 indicate that, with the disturbance of different
noise intensity, the changing trends of characteristic currents
in initial stage between faulty line and nonfaulty line still have
a better discrimination after the treatment of VSBS, so we
can say themethod shows a good antinoise performance.The
definition of signal-to-noise ratio [28] shows that the smaller
the ratio is, the larger the noise intensity will be; therefore,
antinoise performance of the method in this paper is much
better than the one proposed in [8], which added 15 db and
0.5 db noise.

5.4. Adaptation Analysis of Faulty Line Selection Method

5.4.1. Different Faulty Lines. When fault occurs in 𝑙
2
, 𝑙
3
, and

𝑙
4
, respectively, we carry out faulty line selection method

proposed in the paper to verify its adaptability, and the
results and specific cross-correlation coefficients are shown
in Table 7.

We know from [25] that, with the introduction of cable
lines, although the attenuation process of fault transient
current becomes shorter, the frequency spectrum principal
component of transient component will move to low fre-
quency band, which helps to detect VSBS.Therefore, different
line fault conditions will not affect selection results of the
method, and excellent results can also be obtained with
different fault resistance.
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Figure 7: The TZSC and characteristic current of 𝑙
2
for different fault condition.

Table 4: Adding 0.5 db Gauss white noise.

Faulty line Fault situation 𝜌
12

𝜌
13

𝜌
14

𝜌
23

𝜌
24

𝜌
34

Judgment result

𝑙
1

(0∘, 300Ω) −0.5426 −0.7043 −0.7148 −0.4045 0.3447 0.9060 𝑙
1
fault

(90∘, 1300Ω) −0.7183 −0.8165 −0.9733 0.5301 0.6960 0.7200 𝑙
1
fault

𝑙
2

(30∘, 400Ω) −0.7562 0.8406 0.8673 −0.8435 −0.8573 0.9282 𝑙
2
fault

(60∘, 1500Ω) −0.5732 0.5756 0.5700 −0.9466 −0.9019 0.8969 𝑙
2
fault

𝑙
3

(60∘, 200Ω) 0.6424 −0.7439 0.7361 −0.7997 0.5996 −0.8890 𝑙
3
fault

(90∘, 2000Ω) 0.4531 −0.1279 0.1332 −0.4213 0.4255 −0.9950 𝑙
3
fault

𝑙
4

(0∘, 600Ω) 0.1898 0.2342 −0.1300 0.8282 −0.0314 −0.3755 𝑙
4
fault

(30∘, 1700Ω) 0.8354 0.8258 −0.1221 0.8843 −0.1130 −0.0464 𝑙
4
fault

Table 5: Adding −0.5 db Gauss white noise.

Faulty line Fault situation 𝜌
12

𝜌
13

𝜌
14

𝜌
23

𝜌
24

𝜌
34

Judgment result

𝑙
1

(0∘, 300Ω) −0.5919 −0.6906 −0.6985 0.8092 0.7142 0.9197 𝑙
1
fault

(90∘, 1300Ω) −0.4888 −0.8292 −0.9956 −0.5549 0.4627 0.8320 𝑙
1
fault

𝑙
2

(30∘, 400Ω) −0.7433 0.8314 0.8227 −0.8555 −0.8542 0.9247 𝑙
2
fault

(60∘, 1500Ω) −0.6892 0.5295 0.7051 −0.8987 −0.8958 0.8216 𝑙
2
fault

𝑙
3

(60∘, 200Ω) 0.5730 −0.4954 0.3834 −0.8823 0.6574 −0.8804 𝑙
3
fault

(90∘, 2000Ω) 0.3280 −0.5827 0.6395 −0.5173 0.4422 −0.9832 𝑙
3
fault

𝑙
4

(0∘, 600Ω) 0.6865 0.7746 −0.2193 0.8570 −0.0483 −0.4239 𝑙
4
fault

(30∘, 1700Ω) 0.3201 0.6745 −0.3900 0.6954 −0.5253 −0.7236 𝑙
4
fault

Table 6: Cross-correlation coefficients with (𝑙
2
, 60∘, and 1500Ω)

fault situation.

Faulty
line 𝜌

12
𝜌
13

𝜌
14

𝜌
23

𝜌
24

𝜌
34

Result

𝑙
2

−0.6892 0.5295 0.7051 −0.8987 −0.8958 0.8216 𝑙
2

5.4.2. Different Fault Distance. Since the distance of fault
point is different in actual fault situations, we carry out

simulation of line 𝑙
1
, with different distance from the bus line,

and the fault distance is set as 4.5 km, 7.5 km, 10.5 km, and
13.5 km, respectively. Select the faulty line with the method
and the results are shown in Table 8, with specific cross-
correlation coefficients shown in Table 8.

It can be seen that the selection results are consistent
with actual fault situation, which indicates that the method
can also achieve faulty line selection of fault with different
distance situation, especially with high ground resistance in
the end of line.
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Table 7: Results of fault in different line.

Faulty line Fault situation 𝜌
12

𝜌
13

𝜌
14

𝜌
23

𝜌
24

𝜌
34

Judgment result

𝑙
2

(0∘, 200Ω) −0.6531 0.9323 0.9305 −0.6822 −0.6978 0.9235 𝑙
2
fault

(0∘, 1200Ω) −0.7730 0.4276 0.5390 −0.2614 −0.3268 0.6480 𝑙
2
fault

(30∘, 300Ω) −0.8426 0.9380 0.9252 −0.8706 −0.8636 0.9173 𝑙
2
fault

(30∘, 1600Ω) −0.7976 0.4731 0.5823 −0.4084 −0.4836 0.6704 𝑙
2
fault

(60∘, 50Ω) −0.9389 0.9236 0.9220 −0.9775 −0.9866 0.9468 𝑙
2
fault

(60∘, 500Ω) −0.9552 0.9591 0.9292 −0.9702 −0.9210 0.9186 𝑙
2
fault

(90∘, 100Ω) −0.9745 0.9646 0.9611 −0.9881 −0.9833 0.9640 𝑙
2
fault

(90∘, 2000Ω) −0.3466 0.3401 0.2875 −0.9268 −0.9663 0.8184 𝑙
2
fault

𝑙
3

(0∘, 200Ω) 0.2988 −0.2088 0.7533 −0.5504 0.3707 −0.4434 𝑙
3
fault

(0∘, 1200Ω) 0.4411 −0.5978 0.4780 −0.1951 0.4098 −0.1930 𝑙
3
fault

(30∘, 300Ω) 0.3693 −0.4231 0.7843 −0.5670 0.3883 −0.6595 𝑙
3
fault

(30∘, 1600Ω) 0.5930 −0.5245 0.5808 −0.2329 0.5754 −0.3471 𝑙
3
fault

(60∘, 50Ω) 0.5844 −0.5267 0.4706 −0.8439 0.7423 −0.9695 𝑙
3
fault

(60∘, 500Ω) 0.5631 −0.7989 0.8680 −0.5192 0.5302 −0.8409 𝑙
3
fault

(90∘, 100Ω) 0.6357 −0.7711 0.6803 −0.6946 0.5872 −0.9779 𝑙
3
fault

(90∘, 2000Ω) 0.7254 −0.3280 0.2684 −0.7031 0.6408 −0.9910 𝑙
3
fault

𝑙
4

(0∘, 200Ω) 0.8296 0.8473 −0.0548 0.9663 −0.0947 −0.1597 𝑙
4
fault

(0∘, 1200Ω) 0.7250 0.5219 −0.4825 0.8572 −0.4005 −0.1097 𝑙
4
fault

(30∘, 300Ω) 0.8040 0.8457 −0.1849 0.9636 −0.2711 −0.2791 𝑙
4
fault

(30∘, 1600Ω) 0.7594 0.5734 −0.4455 0.8304 −0.3052 −0.1994 𝑙
4
fault

(60∘, 50Ω) 0.6962 0.4713 −0.1996 0.7384 −0.2860 −0.7616 𝑙
4
fault

(60∘, 500Ω) 0.8955 0.9260 −0.4905 0.9621 −0.5296 −0.5718 𝑙
4
fault

(90∘, 100Ω) 0.8089 0.8493 −0.8635 0.9817 −0.9673 −0.9873 𝑙
4
fault

(90∘, 2000Ω) 0.8014 0.3311 −0.4829 0.6891 −0.8129 −0.9470 𝑙
4
fault

Table 8: Results of fault with different distance.

Faulty line Fault situation 𝜌
12

𝜌
13

𝜌
14

𝜌
23

𝜌
24

𝜌
34

Judgment result

𝑙
1
(4.5 km)

(0∘, 10 Ω) −0.4489 −0.8020 −0.8974 0.7467 0.5894 0.7566 𝑙
1
fault

(0∘, 100Ω) −0.6667 −0.7359 −0.7554 0.8437 0.6847 0.8680 𝑙
1
fault

(0∘, 500Ω) −0.5742 −0.7155 −0.6577 0.9012 0.8383 0.9043 𝑙
1
fault

(0∘, 1000Ω) −0.6003 −0.3521 −0.7290 0.7853 0.7477 0.6978 𝑙
1
fault

(0∘, 1500Ω) −0.6861 −0.2790 −0.3324 0.7096 0.6051 0.8424 𝑙
1
fault

(0∘, 2000Ω) −0.7598 −0.2504 −0.2922 0.6492 0.5343 0.8500 𝑙
1
fault

𝑙
1
(7.5 km)

(0∘, 10Ω) −0.6947 −0.9639 −0.9391 0.7768 0.7641 0.9503 𝑙
1
fault

(0∘, 100Ω) −0.7154 −0.7370 −0.7452 0.9116 0.7875 0.9062 𝑙
1
fault

(0∘, 500Ω) −0.5624 −0.7148 −0.6455 0.8987 0.8371 0.8998 𝑙
1
fault

(0∘, 1000Ω) −0.5985 −0.3462 −0.7319 0.7675 0.7272 0.6817 𝑙
1
fault

(0∘, 1500Ω) −0.6824 −0.2807 −0.3355 0.6925 0.5808 0.8271 𝑙
1
fault

(0∘, 2000Ω) −0.7538 −0.2572 −0.2988 0.6381 0.5127 0.8316 𝑙
1
fault

𝑙
1
(10.5 km)

(0∘, 10Ω) −0.5543 −0.9069 −0.9374 0.7530 0.6665 0.9332 𝑙
1
fault

(0∘, 100Ω) −0.7379 −0.7404 −0.7442 0.9511 0.8637 0.9347 𝑙
1
fault

(0∘, 500Ω) −0.5586 −0.7198 −0.6388 0.9008 0.8435 0.8981 𝑙
1
fault

(0∘, 1000Ω) −0.6028 −0.3422 −0.7371 0.7592 0.7194 0.6716 𝑙
1
fault

(0∘, 1500Ω) −0.6842 −0.2810 −0.3374 0.6827 0.5661 0.8183 𝑙
1
fault

(0∘, 2000Ω) −0.7533 −0.2619 −0.3028 0.6323 0.4989 0.8188 𝑙
1
fault

𝑙
1
(13.5 km)

(0∘, 10Ω) −0.9348 −0.9142 −0.9543 0.9721 0.9623 0.9682 𝑙
1
fault

(0∘, 100Ω) −0.7530 −0.7467 −0.7521 0.9639 0.9094 0.9508 𝑙
1
fault

(0∘, 500Ω) −0.5585 −0.7284 −0.6356 0.9039 0.8536 0.8981 𝑙
1
fault

(0∘, 1000Ω) −0.6121 −0.3380 −0.7439 0.7569 0.8223 0.6670 𝑙
1
fault

(0∘, 1500Ω) −0.6914 −0.2798 −0.3368 0.6780 0.5608 0.8176 𝑙
1
fault

(0∘, 2000Ω) −0.7582 −0.2654 −0.3038 0.6312 0.4937 0.8124 𝑙
1
fault
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Table 9: Selection results of different time length.

Time length Sample size Accuracy
0.005 s 112 110/112
0.01 s 112 107/112
0.015 s 112 71/112

5.4.3. Influence of Different Initial Stage Length on Selection
Accuracy. From themoment of fault occurrence, choose time
length of different initial stage as 0∼0.005 s, 0∼0.01 s, and 0∼
0.015 s, initial fault angle as 0∘, 30∘, 60∘, and 90∘, respectively,
fault resistance as 10Ω, 50Ω, 100Ω, 500Ω, 1000Ω, 1500Ω,
and 2000Ω, and faulty line as 𝑙

1
, 𝑙
2
, 𝑙
3
, and 𝑙

4
, respectively, that

is, a total of 4 × 7 × 4 = 112 different fault conditions. Then,
use the method proposed in the paper to carry out faulty line
selection, and the selection results as shown in Table 9.

Table 9 shows that time length of the initial stage can affect
the selection accuracy.The longer the length of initial stage is,
the lower the selection accuracy will be.Themain reasons are
as follows:

(1) VSBS can well detect the changing trend of TZSC
in initial stage, besides, TZSC is an oscillation atten-
uation signal whose initial value is 0, therefore,
with smaller time length, and the cross-correlation
coefficient has better representation.

(2) When single phase-to-ground fault occurs in dis-
tribution network, TZSC of each line will increase
suddenly, and the TZSC mutation direction between
faulty line and nonfaulty line is opposite. However, in
the following T/4 time period, this situation will not
happen, so the increase of signal length will affect the
overall changing trend of the signal and 𝜌

1
and, then,

cause wrong judgment.
(3) It is known from Section 3 that, with the increase

of time length, 𝜌
1
would also decrease, which means

that the characteristic current can not well extract the
changing trend of TZSC, and it would lead to wrong
judgment.

5.5. Adaptation Analysis of Faulty Line Selection Method. In
order to compare with other faulty line selection methods,
choose TZSC with (𝑙

4
, 90∘, and 10 Ω) fault situation as

an example, and demonstrate it from the following two
cases, respectively: with noise and without noise. With the
disturbance of noise, signal-to-noise ratio of the added noise
is −0.5 db, and antinoise performances of existing methods
are emphatically analyzed. At the end, in different faulty
conditions, the selection results, which are from different
faulty line selection methods, are given.

5.5.1. Without Disturbance of Noise

VSBS Method. According to the method in the paper,
input TZSC of each line to VSBS, use fourth-order Runge-
Kutta method for numerical simulation, and calculate cross-
correlation coefficients of every line 𝑖

𝑐
(𝑡), the results of which

are shown in Table 10. Choose characteristic current of 𝑙
3

and display its waveform in 0.019 s∼0.021 s, as is shown in
Figure 8(a).

Wavelet Packet Method. We use db10 wavelet packet to
decompose TZSC of each line by four layers. Choose
characteristic frequency band according to the maximum
energy selection principle [32], restructure it with single
branch, and calculate cross-correlation coefficient of every
frequency band, whose results are shown in Table 10. Choose
characteristic frequency band of 𝑙

3
and display its waveform

in 0∼50, as is shown in Figure 8(b).

Wavelet Method. We use db10 wavelet to decompose TZSC
of each line by four layers. Choose the approximation coeffi-
cients of the four-layer wavelet of each line as characteristic
signal, restructure it with single branch, and calculate cross-
correlation coefficient after the restructuring of every char-
acteristic signal, the results of which are shown in Table 10.
Choose approximation coefficient waveform of line 𝑙

3
and

display its waveform in 0.019 s∼0.021 s which is shown in
Figure 8(c).

EMD Method. We use EMD algorithm [33] to decompose
TZSC of each line. Choose the first intrinsic mode com-
ponents (IMF1 component) after treatment as characteristic
mode component, calculate cross-correlation coefficient of
each IMF1 component, and the results are shown in Table 10.
Choose IMF1 component of line 𝑙

3
and display its waveform

in 0.019 s∼0.021 s, which is shown in Figure 8(d).
Firstly, for waveform, the changing trend of initial stage

waveform in Figure 8(a) is clearer than that in Figure 8(b),
indicating that VSBS can better describe the changing trend
of TZSC compared to wavelet packet transform, because
when the initial value is 0, the brown particles are in
potential peak position of bistable system, and any small
disturbance will make the brown particles of bistable system
move drastically, so the bistable system can well track the
signal changing trend. Oscillating components in Figure 8(b)
are more abundant than that in Figure 8(a), which means
that the characteristic signal processed by wavelet packet
could containmore frequency components; the reason is that
wavelet packet has such good capability of time-frequency
analysis that it can elaborately divide the high frequency and
low frequency of signals, while the frequency compression
and transformation of VSBS will make some frequency
components lost.

Thewaveform of Figure 8(a) changed after fault occurred,
and the changing amplitude is larger than that before fault,
while the waveform of Figure 8(c) changed before fault
occurred, and the changing amplitude after fault occurred
is smaller than that before fault, showing that VSBS can
better reflect the changing time and trend of TZSC compared
to wavelet transform. In addition, the oscillation degree of
Figure 8(c) is smaller than that of Figure 8(b), indicating
that although wavelet transform has good time-frequency
localization, its high frequency resolution is poor.

The oscillation degree of Figure 8(d) is the strongest,
because IMF component obtained by EMD contains
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Table 10: Cross-correlation coefficient of different signal processing algorithm without noise.

Signal processing 𝜌
12

𝜌
13

𝜌
14

𝜌
23

𝜌
24

𝜌
34

Result
VSBS 0.9065 0.6112 −0.5938 0.7582 −0.7103 −0.9876 𝑙

4

Wavelet packet −0.4887 −0.0218 −0.2531 0.6983 −0.5990 −0.9548 Error
Wavelet 0.4483 −0.1536 −0.6129 0.1580 −0.9549 0.0137 Error
EMD 0.1968 0.4415 −0.2457 0.3389 −0.8920 −0.3948 𝑙

4
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Figure 8: Characteristic signal of 𝑙
3
extracted by different signal processing algorithm without noise.

frequency component which changes with the signal itself
and is more suitable for nonstationary signals like TZSC.
However, similar to Figure 8(c), Figure 8(d) also changed
before fault occurred, indicating that EMD algorithm has a
weaker ability to describe changing time and trend of TZSC
compared to VSBS.

Then, from the cross-correlation coefficient and faulty
line selection results we can see that, with the method
proposed in this paper, after processing with VSBS and EMD,
only the cross-correlation coefficients of TZSC between line

𝑙
4
and other lines are all the same, so line 𝑙

4
is judged as faulty

line, which is consistent with actual situations. However,
processed bywavelet packet, the cross-correlation coefficients
between characteristic signal of line 𝑙

1
and other lines are

equal to −0.4887, −0.0218, and −0.2531, respectively, all of
which are the same negative sign, and, in the same way, the
cross-correlation coefficients between 𝑙

4
and other lines are

equal to −0.2531, −0.5990, and −0.9548, respectively, which
are also the same sign, so 𝑙

1
and 𝑙
4
are judged as faulty line,

but this result is not consistent with actual fault situation.
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Figure 9: Characteristic signal of 𝑙
3
extracted by different signal processing algorithm with noise.

Table 11: Cross-correlation coefficient of different signal processing algorithm with noise.

Signal processing method 𝜌
12

𝜌
13

𝜌
14

𝜌
23

𝜌
24

𝜌
34

Result
VSBS 0.9193 0.6179 −0.5949 0.7604 −0.7152 −0.9889 𝑙

4

Wavelet packet −0.4851 −0.0997 −0.2113 0.7048 −0.6111 −0.9429 Error
Wavelet 0.4328 −0.1579 −0.6183 0.1505 −0.9500 0.0231 Error
EMD −0.4851 −0.0997 −0.2113 0.7048 −0.611 −0.9429 Error

And, then, processed by wavelet algorithm, none of the cross-
correlation coefficients of characteristic signal between one
line and other lines are the same sign, so all the lines are
judged as healthy line, which, obviously, is not consistent
with actual situation. This shows that wavelet transform and
wavelet packet transform are not suitable for faulty line
selection in this paper.

5.5.2. With Disturbance of Noise. With the same method
and steps of Section 5.5.1, taking the waveform of line 𝑙

3
in

0.019 s∼0.021 s as an example, we add a strong noise with

signal-to-noise ratio as −0.5 db for simulation, the results
of which are shown in Figure 9 and Table 11. Figure 9(a)
is obtained by the process of VSBS, Figure 9(b) is obtained
by the process of wavelet packet algorithm, Figure 9(c) is
obtained by the process of wavelet transform algorithm, and
Figure 9(d) is obtained by the process of EMD algorithm.

As to waveform, there are no obvious differences between
other figures and Figure 8 except that Figure 9(d) is
submerged in noise. As to cross-correlation coefficients, we
will choose cross-correlation coefficient between line 𝑙

1
and

line 𝑙
2
for analysis: without noise, processed in turn by VSBS,
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Table 12: The faulty line selection results using VSBS.

Faulty line Fault situation 𝜌
12

𝜌
13

𝜌
14

𝜌
23

𝜌
24

𝜌
34

Judgment result

𝑙
1

(0∘, 600Ω) −0.5728 −0.7529 −0.6276 0.8075 0.7007 0.8648 𝑙
1
fault

(90∘, 1300Ω) −0.3714 −0.7972 −0.9721 0.4664 0.3556 0.7120 𝑙
1
fault

𝑙
2

(30∘, 60Ω) −0.8249 0.8697 0.8300 −0.9433 −0.9556 0.9368 𝑙
2
fault

(60∘, 700Ω) −0.8470 0.8171 0.7311 −0.9788 −0.9223 0.9154 𝑙
2
fault

𝑙
3

(90∘, 1200Ω) 0.6945 −0.8165 0.7977 −0.6321 0.6379 −0.9853 𝑙
3
fault

(30∘, 80Ω) 0.3286 −0.4111 0.3350 −0.5162 0.7632 −0.6732 𝑙
3
fault

𝑙
4

(60∘, 800Ω) 0.7923 0.5940 −0.1569 0.8881 −0.4586 −0.5013 𝑙
4
fault

(0∘, 1000Ω) 0.1455 0.4597 −0.5422 0.6710 −0.0118 −0.6022 𝑙
4
fault

Table 13: The faulty line selection results using wavelet packet.

Faulty line Fault situation 𝜌
12

𝜌
13

𝜌
14

𝜌
23

𝜌
24

𝜌
34

Judgment result

𝑙
1

(0∘, 600Ω) −0.4176 −0.7475 −0.7392 0.0358 0.4844 0.1128 𝑙
1
fault

(90∘, 1300Ω) −0.4293 −0.7013 −0.6931 0.0363 0.4732 −0.0221 𝑙
1
fault

𝑙
2

(30∘, 60Ω) −0.0995 −0.1246 −0.3036 −0.5007 −0.5424 −0.3091 Error
(60∘, 700Ω) −0.0659 −0.2447 0.0931 −0.6616 −0.3810 −0.4056 Error

𝑙
3

(90∘, 1200Ω) −0.1564 −0.1681 −0.2352 −0.0367 −0.3298 −0.8204 Error
(30∘, 80Ω) −0.0819 −0.2292 −0.3543 0.0630 −0.2489 −0.7990 Error

𝑙
4

(60∘, 800Ω) −0.4760 −0.0045 −0.6670 0.3079 −0.0135 −0.7307 Error
(0∘, 1000Ω) −0.4838 0.0016 −0.6757 0.2884 0.0106 −0.7269 𝑙

4
fault

Table 14: The faulty line selection results using wavelet.

Faulty line Fault situation 𝜌
12

𝜌
13

𝜌
14

𝜌
23

𝜌
24

𝜌
34

Judgment result

l
1

(0∘, 600Ω) −0.5330 −0.7158 −0.8579 0.4851 0.2899 0.5469 𝑙
1
fault

(90∘, 1300Ω) −0.3189 −0.3250 −0.9168 0.2064 0.2794 0.2527 𝑙
1
fault

l
2

(30∘, 60Ω) −0.6787 −0.0655 0.6617 0.0808 −0.9550 −0.2924 Error
(60∘, 700Ω) −0.5115 0.3300 0.4164 −0.6453 −0.8811 0.3380 Error

l
3

(90∘, 1200Ω) 0.3446 −0.3254 0.3109 −0.3577 0.2208 −0.9037 𝑙
3
fault

(30∘, 80Ω) 0.0951 −0.0220 0.1917 0.2228 0.1118 −0.1896 Error

l
4

(60∘, 800Ω) 0.3017 0.4761 −0.4812 0.6225 −0.6560 −0.8082 𝑙
4
fault

(0∘, 1000Ω) 0.0751 0.0991 −0.2497 0.6540 −0.2592 0.0464 Error

wavelet packet, and wavelet algorithm, the value is 0.9065,
−0.4887, and 0.4483, respectively, while, with noise, processed
in turn by VSBS, wavelet packet, and wavelet algorithm, the
value is 0.9193, −0.4851, and 0.4328, respectively. Thus it
can be seen that, with noise, the cross-correlation coefficient
values by VSBS, wavelet packet, and wavelet algorithm are
of little difference, so all of them have better antinoise
ability. However, the cross-correlation coefficient processed
by EMD algorithm without noise is 0.1968, and, with noise,
the value is −0.4851, which changes from positive correlation
to negative correlation, and the change is large, so combined
with Figure 8(d) we can say that the antinoise ability of EMD
algorithm is weak.

In summary, VSBS can extract the changing trend in
initial stage of weak TZSC with the disturbance of strong
noise, and its performance is better compared to wavelet
transform, wavelet packet transform, and EMD algorithm;

therefore, we choose VSBS to extract characteristic frequency
band of TZSC in this paper.

5.5.3. Faulty Line Selection Results from Different Method.
In strong noise background whose signal-to-noise ratio
is −0.5 db, when different fault occurs including different
lines, faulty resistance, and initial phase, the VSBS, wavelet
packet, wavelet, and EMD are employed to select faulty line,
respectively, and their faulty line selection results are shown
in Tables 12–15, respectively.

Table 12 shows that VSBS has no misjudgment in strong
noise background and different faulty conditions; that is, the
VSBS method can select faulty line correctly. However, there
are many misjudgments in Tables 13–15. These data indicate
further that the antinoise performance of VSBS is better
compared to wavelet transform, wavelet packet transform,
and EMD algorithm.
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Table 15: The faulty line selection results using EMD.

Faulty line Fault situation 𝜌
12

𝜌
13

𝜌
14

𝜌
23

𝜌
24

𝜌
34

Judgment result

𝑙
1

(0∘, 600Ω) −0.0014 −0.0122 −0.0328 0.0103 −0.0362 −0.0239 Error
(90∘, 1300Ω) 0.1435 −0.0413 0.0427 0.0506 −0.0252 0.0327 Error

𝑙
2

(30∘, 60Ω) −0.0428 −0.0414 0.1031 −0.0378 −0.1844 −0.0168 Error
(60∘, 700Ω) −0.0061 0.0327 0.0047 0.0046 0.0319 −0.0592 Error

𝑙
3

(90∘, 1200Ω) −0.0273 −0.0076 0.0364 0.0416 0.0595 0.0010 Error
(30∘, 80Ω) −0.0002 −0.0232 0.0214 −0.0680 0.0496 −0.3613 𝑙

3
fault

𝑙
4

(60∘, 800Ω) −0.0207 0.0271 0.0123 −0.0448 0.0256 0.0073 𝑙
4
fault

(0∘, 1000Ω) 0.0370 −0.0199 −0.0206 −0.1296 0.0571 −0.0115 Error

6. Conclusions

This paper proposes a novel faulty line selection method for
distribution network based on VSBS theory, and our research
gets the following conclusions:

(1) VSBS has better recognition for TZSC, which can
effectively extract the changing trend of TZSC in
initial stage under different fault situations, and
the method can accurately judge the faulty line. In
addition, VSBS has better antinoise ability, which
helps extract the changing trend of weak TZSC with
the disturbance of strong noise, and its antinoise
performance is better than that of EMD algorithm
and harmonic selection criterion.

(2) The changing trend of TZSC in initial stage (0∼
0.005 s) is used to judge faulty line, which can reduce
calculation time and the requirements for hardware.
Besides, for the characterization capability of chang-
ing time and trend of TZSC in initial stage, the
method in this paper is better than wavelet algorithm
and wavelet packet algorithm.

(3) The inadequacies of this paper are as follows: the fre-
quency compression ratio is obtained through exper-
iment, which might cause deviation. In addition,
high resistance to ground fault with −10 db strong
noise needs further study owing to the insufficient
sensitivity of the present research.

Appendix

Build the simulation model according to the parameters,
make fault of line 𝑙

1
occur at the point 5 km from the bus,

and change the initial fault angle (0∘, 30∘, 60∘, and 90∘) as well
as ground resistance for simulation. Then, with the proposed
selection method, the cross-correlation coefficients of each
line and faulty line selection results are shown in Table 2.

Add 0.5 db or −0.5 db noise intensity to TZSC when fault
in different lines occurs. And set signal before fault to 0. The
selection results and specific cross-correlation coefficients are
shown in Tables 4 and 5.

In Figure 5, 𝑙
3
is cable-overhead line, and 𝑙

4
is pure

cable line; we carry out faulty line selection with the method
proposed in the paper to verify its adaptability, the results

of which are shown in Table 7, and specific cross-correlation
coefficients are shown in Table 7.

Since the distance of fault point is different in actual fault
situations, we carry out simulation of line 𝑙

1
, with different

distance from the bus line, and the fault distance is 4.5 km,
7.5 km, 10.5 km, and 13.5 km, respectively. Select the faulty line
with the method and the results are shown in Table 8.

Notations

VSBS: Variable scale bistable system
TZSC: Transient zero-sequence current.
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Cyber-physical systems for robot control integrate the computing units and physical devices, which are real-time systems with
periodic events. This work focuses on CPS task scheduling in order to solve the problem of slow response and packet loss caused
by the interaction between each service. The two-level fuzzy feedback scheduling scheme is designed to adjust the task priority
and period according to the combined effects of the response time and packet loss. Empirical results verify the rationality of the
cyber-physical system architecture for robot control and illustrate the feasibility of the fuzzy feedback scheduling method.

1. Introduction

Cyber-physical systems (CPSs) are integrations of the physi-
cal world, computation, communication, and control designs
[1]. Many cyber-physical systems are equipped with dis-
tributed computing units that communicate with each other
through the network [2]. As [3, 4] propose, application archi-
tecture, control technique, and resource allocation are impor-
tant research topics in CPSs. One representative CPSs appli-
cation architecture is stated in [5]. Another application of
CPSs for neutrally controlled artificial legs is put forward in
[6]. Reference [7] outlines the architecture of passive control
CPSs. All these systems embody the features of CPS like dis-
tributed computing.

Distributed robot control systems consist of many com-
puting nodes, actuators, sensing devices, and network topolo-
gies [8–10].These are typical applications of distributed CPSs
that must handle many aperiodic and periodic events. The
computing nodes or devices have different interfaces. Apply-
ing middleware can realize network interconnection, data
integration, and integrated application, which accounts for
the increasing significance of middleware technologies with
respect to distributed robot control CPSs. Real-time CORBA
[11] is a vital real-time middleware frequently used in dis-
tributed systems. A reconfigurable real-time middleware is

proposed in [12], which provides a flexible software platform
for CPSs with timing constraints.

The scheduling models of traditional real-time CORBA
are completely independent of each node [13]. That is to say,
the scheduling in each node is independent. The scheduling
method does not take nodal performance into account; there-
fore, it fails to guarantee global optimum. For that, the fuzzy
feedback scheduling, a global scheduling framework based
on end-to-end real-time CORBA scheduling model, is pro-
posed in this paper. According to the nodal performance
index, this method adjusts the task priority and period to
improve the overall performance of CPSs for robot control
and enhance the performance of the end-to-end real-time
system.

2. Systems Architecture of CPSs for Robot
Control Based on Real-Time Middleware

As the core mechanism of CORBA, ORB (Object Request
Broker) realizes transparent interaction between objects
residing at various computing nodes in heterogeneous envi-
ronments. Using naming service of CORBA, the clients and
the CRRBA objects are connected according to the objects’
names. This method facilitates programming and establishes
seamless connection between objective systems.
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Figure 1: Systems architecture of CPSs for robot control.

Figure 1 shows the architecture of CPSs for robot control,
whichmainly consists of actuators, sensors, server nodes, and
global scheduling server. These components communicate
with each other via ORB. The tasks that travel along the
servers compete for network resources of ORB soft bus. Once
the requests are received, global scheduling server schedules
the tasks to control multiple actuators, which can be regarded
as a task management. Be they aperiodic or periodic events,
the control tasks are assigned to server nodes by global sched-
uling server, resulting in competition for computing resour-
ces of global scheduling server. Moreover, implemented in
different server nodes, the tasks in one server node com-
pete for computing resources within their own server node
while the monitor in charge of this server node monitors
performance of this node. Then feedback information is sent
to global scheduling server. The global scheduling server
decides on the task priority and period according to the
feedback information and assigns the tasks to server nodes
in the light of priority. Server nodes map task priority to local
operating system. This work focuses on resource scheduling
and two-level scheduling method is illustrated later in the
article.

3. Fuzzy Feedback Scheduling Method

The CPSs for robot control are an evolution of the real-
time networked control systems [14, 15].The tasks scheduling
of CPSs can be based on the involved research results.
Scheduling strategy can be divided into static scheduling
and dynamic scheduling according to the implementation
method. Liu and Layland proposed RM (Rate Monotonic)
scheduling algorithm and EDF (Earliest Deadline First)
real-time scheduling algorithm [16]. They are the most
representative of the research results in scheduling algo-
rithm. At present, they have become the research foundation
of scheduling algorithm. RM algorithm is a static prior-
ity assignment algorithm which assigns priorities to tasks
according to their request rates; the more frequent the task
is, the higher in priority the task is. Reference [16] proves
that the RM algorithm is the best one in the static scheduling
algorithm. EDF scheduling algorithm is a dynamic priority

scheduling algorithm. it assigns priorities to tasks according
to their absolute deadline. A task will be assigned the highest
priority if the deadline of its current request is the nearest and
will be assigned the lowest priority if the deadline of its cur-
rent request is the furthest. In the EDF scheduling algorithm,
tasks with the highest priority level are always to be executed
first, while the lower-priority tasks are to be preempted.

Because the robot control system environment is com-
plex, RM scheduling algorithm has poor environment suit-
ability [16]. Reference [17] makes it clear that dynamic
scheduling algorithm outperforms static scheduling algo-
rithm in changeable environments. Therefore, this work cen-
ters on EDF real-time scheduling algorithm. Reference [18]
presents an improved dynamic EDF scheduling method for
the network control systems, where task priority is changed
according to the control error. References [19–21] demon-
strate similar scheduling methods to set the task priority and
reduce packet loss.

Studies have shown that feedback scheduling can better
utilize resources and improve control performance in the dis-
tributed systems [22]. So both EDF dynamic scheduling and
feedback schedule are taken into consideration. Reference
[23] illustrates a fuzzy feedback scheduler that makes better
use of resources according to the system performance while
[24] shows an online feedback scheduling algorithm for the
sake of error reduction by optimizing the object function for
a robot manipulator.

3.1. The Fuzzy Feedback Scheduling Framework. Figure 2
presents the fuzzy feedback scheduling framework. Two-
level fuzzy feedback scheduling method is designed in this
paper where the object function of the method includes the
response time and transmission error.

The effect of the first level scheduling is setting priority.
An EDF dynamic scheduling algorithm is designed at this
level. First of all, requirements of resource utilization 𝑈

𝑖
for

each close-loop by fuzzy feedback controller are estimated.
Then, the priority configurator computes the task priority in
consideration of deadline, importance, and requirements of
resource utilization. Lastly, tasks are transferred in the light
of priority order and mapped to the operating system.
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Figure 2: The fuzzy feedback scheduling framework.

The effect of the second level scheduling is adjusting
period. Firstly, the total resource utilization 𝑈 is computed
by fuzzy feedback controller, and then period manager
module adjusts the task period according to the total resource
utilization.This method can address network congestion and
achieve better resource utilization.

The feedback performance criteria function of the 𝑖th
control loop is shown as follows: 𝐽

𝑖
(𝑘) = 𝛼𝐸

𝑖
(𝑘) + 𝛽𝜏

𝑖
(𝑘),

𝐸
𝑖
(𝑘) = (𝑋

𝑖
(𝑘)−𝑋

𝑖𝑆
(𝑘))/𝑋

𝑖
(𝑘).𝑋

𝑖
(𝑘) representing all packets

of the 𝑖th control loop at the 𝑘th cycle is computed by the
monitor of the global scheduling server. 𝑋

𝑖𝑆
(𝑘) referring

to the packets that have been transmitted successfully is
calculated by the monitor of the server nodes and sent to
the global scheduling server. 𝜏

𝑖
(𝑘) represents the response

time ratio and follows the equation 𝜏
𝑖
(𝑘) = 𝐻

𝑖
(𝑘)/𝐻

𝑖max.
𝐻
𝑖
(𝑘) is the execution time of the 𝑖th task. Global scheduling

server computes the execution time via the starting time and
terminal time that are reported from the actuators. 𝐻

𝑖max is
the maximum execution time, while 𝛼 and 𝛽 are the weight
of the packet loss ratio and response time ratio following the
equation of 𝛼 + 𝛽 = 1.

The deviation of performance indicator of the 𝑖th control
loop is described as follows: 𝐽

𝑖𝑒
(𝑘) = 𝐽

𝑖𝑟
−𝐽
𝑖
(𝑘) = 𝛼(𝑒

𝑖𝑟
−𝐸
𝑖
(𝑘))

+𝛽(𝑙
𝑖𝑟
− 𝜏
𝑖
(𝑘)). 𝐽

𝑖𝑟
represents the desired performance criteria

and follows the equation 𝐽
𝑖𝑟
= 𝛼𝑒
𝑖𝑟
+ 𝛽𝑙
𝑖𝑟
. The differential

of performance criteria follows the formula 𝐽𝐶
𝑖𝑒
(𝑘) = 𝐽

𝑖𝑒
(𝑘)

−𝐽
𝑖𝑒
(𝑘 − 1), which echoes the direction of change for perfor-

mance criteria.
Similarly, the overall feedback performance criteria func-

tion of all control loops are defined as follows: 𝐽(𝑘) = 𝛼𝐸(𝑘)+

𝛽𝜏(𝑘), 𝐸(𝑘) = (𝑋(𝑘) − 𝑋
𝑆
(𝑘))/𝑋(𝑘). 𝑋(𝑘) represents all

packets of the whole control loops, while 𝑋
𝑆
(𝑘) represents

the packets that have been transmitted successfully of the
whole control loops. In 𝜏(𝑘) = (∑

𝑛

𝑖=1
𝐻
𝑖
(𝑘))/(∑

𝑛

𝑖=1
𝐻
𝑖max),

∑
𝑛

𝑖=1
𝐻
𝑖
(𝑘) refers to the total response time of all control

loops and ∑𝑛
𝑖=1
𝐻
𝑖max the total maximum response time of

all control loops. Deviation of overall performance indicator
is described as 𝐽

𝑒
(𝑘) = 𝐽

𝑟
− 𝐽(𝑘) = 𝛼(𝑒

𝑟
− 𝐸(𝑘)) + 𝛽(𝑙

𝑟
−

𝜏(𝑘)). Differential of overall performance criteria follows the
equation 𝐽𝐶

𝑒
(𝑘) = 𝐽

𝑒
(𝑘) − 𝐽

𝑒
(𝑘 − 1).

In this paper, the fuzzy feedback scheduling framework
adjusts the task priority and period according to the feedback
performance. The greater the priority is, the sooner the task
should be handled.The worse the performance of the control
loops is, the more resources they receive. When the total
resource utilization 𝑈 is great, it implies network congestion
and the period should be shortened, and vice versa.

3.2. Fuzzy Feedback Control. The deviation of performance
indicators 𝐽

𝑖𝑒
(𝑘), 𝐽
𝑒
(𝑘) and the differential of performance

criteria 𝐽𝐶
𝑖𝑒
(𝑘), 𝐽𝐶

𝑒
(𝑘) are the inputs into the fuzzy feedback

controller. Total resource utilization 𝑈 and the 𝑖th resource
utilization 𝑈

𝑖
are accessible through fuzzy feedback control.

The relations between inputs and outputs are illustrated in
the following equations: 𝑈 = 𝑓(𝐽

𝑒
(𝑘), 𝐽𝐶

𝑒
(𝑘)), 𝑈

𝑖
= 𝑓(𝐽

𝑖𝑒
(𝑘),

𝐽𝐶
𝑖𝑒
(𝑘)).
There are four steps in fuzzy feedback control: (1) fuzzifi-

cation; (2) establishing fuzzy control rules; (3) fuzzy compo-
sition; and (4) fuzzy judgment.The 𝑖th resource utilization𝑈

𝑖

is taken as an example to illustrate these processes.
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Table 1: Subordinate degree value for 𝐽
𝑖𝑒
(𝑘).

Variable 𝐽
𝑖𝑒
(𝑘)

−0.6 −0.4 −0.2 0 0.2 0.4 0.6
NB 1.0 0.5 0 0 0 0 0
NM 0.5 1 0.5 0 0 0 0
NS 0 0.5 1 0.5 0 0 0
Z 0 0 0.5 1 0.5 0 0
PS 0 0 0 0.5 1 0.5 0
PM 0 0 0 0 0.5 1 0.5
PB 0 0 0 0 0 0.5 1

Table 2: Subordinate degree value for 𝐽𝐶
𝑖𝑒
(𝑘).

Variable 𝐽𝐶
𝑖𝑒
(𝑘)

−0.3 −0.2 −0.1 0 0.1 0.2 0.3
NB 1.0 0.5 0 0 0 0 0
NM 0.5 1 0.5 0 0 0 0
NS 0 0.5 1 0.5 0 0 0
Z 0 0 0.5 1 0.5 0 0
PS 0 0 0 0.5 1 0.5 0
PM 0 0 0 0 0.5 1 0.5
PB 0 0 0 0 0 0.5 1

Table 3: Subordinate degree value for 𝑈
𝑖
.

Variable 𝑈
𝑖

0.6 0.4 0.2
PB 1.0 0.5 0
PM 0.5 1 0.5
PS 0 0.5 1

3.2.1. Fuzzification. The fuzzy sets of 𝐽
𝑖𝑒
(𝑘) and 𝐽𝐶

𝑖𝑒
(𝑘) are

expressed as {NB,NM,NS,Z,PS,PM,PB} which, respective-
ly, denote negative big, negativemedium, negative small, zero
and positive small, positive medium, positive big. The fuzzy
sets of 𝐽

𝑖𝑒
(𝑘) and 𝐽𝐶

𝑖𝑒
(𝑘) are quantified as {−0.6, −0.4, −0.2,

0, 0.2, 0.4, 0.6} and {−0.3, −0.2, −0.1, 0, 0.1, 0.2, 0.3}, respec-
tively, whose subordinate degree values are correspondingly
presented in Tables 1 and 2. The fuzzy set of the output
variable 𝑈

𝑖
is expressed as {PS,PM,PB}, which, respectively,

denotes small, medium, and big values. The fuzzy set is
quantified as {0.2, 0.4, 0.6}, whose subordinate degree values
are shown in Table 3.

3.2.2. Establishing Fuzzy Control Rules. The basic idea of
fuzzy control rules is shown in Table 4. When the perfor-
mance criteria and its differential value both are positives or
negatives and their absolute values are relatively big, the sys-
tem’s performance is diverging from the calibrated value with
a tendency of continuous deviation. Under such circum-
stance, the system performs poorly. So a bigger value should
be assigned to the requirement of resource utilization 𝑈

𝑖
.

When the performance criteria and its differential values are

Table 4: Fuzzy control rules.

𝑈
𝑖

𝐽𝐶
𝑖𝑒
(𝑘)

NB NM NS Z PS PM PB
𝐽
𝑖𝑒
(𝑘)

NB PS PS PS PS PS PM PM
NM PS PS PS PS PM PM PM
NS PS PS PS PM PM PM PB
Z PS PS PM PM PM PB PB
PS PS PM PM PM PB PB PB
PM PM PM PM PB PB PB PB
PB PM PM PB PB PB PB PB

smaller, the system’s performance is close to the calibrated
value, which means the system performs well. In this case,
a smaller value should be assigned to 𝑈

𝑖
. When the perfor-

mance criteria and its differential are valued one positive and
another negative, the system’s performance is approaching to
the calibrated value with a tendency of improvement. Amed-
ium value should be assigned to 𝑈

𝑖
. Fuzzy control rules can

be expressed in fuzzy conditional statements, for example,

if 𝐽
𝑖𝑒 (𝑘) = NB or NM or NS,

𝐽𝐶
𝑖𝑒 (𝑘) = NB or NM or NS

then 𝑈
𝑖
= PS.

(1)

3.2.3. Fuzzy Composition. Compositional rule of fuzzy infer-
ence expresses a fuzzy relation by means of the Cartesian
product. For instance, “if 𝐴 and 𝐵 then 𝐶” is expressed as
𝑅 = (𝐴 ∩ 𝐵) → 𝐶. According to the rule of Mamdani infer-
ence, the following expressions are concluded, where 𝐴𝐿
refers to the transpose of 𝐴 [25]:

𝑅 = (𝐴 ∩ 𝐵) × 𝐶 = [𝐴
𝐿
∘ 𝐵]
𝐿

∘ 𝐶. (2)

There are 49 fuzzy control rules in Table 4, so the fuzzy
relation is expressed as (3) shows [26]:

𝑅 = 𝑅
1
∪ 𝑅
2
∪ ⋅ ⋅ ⋅ 𝑅

49
. (3)

𝑅
1
, 𝑅
2
, . . . , 𝑅

49
can be calculated from the following for-

mula:

𝑅
1
= 𝐷
𝐿

1
× (PB)𝑈𝑖 ,

𝐷
1
= (PB)𝐽𝑖𝑒(𝑘) × (PB)𝐽𝐶𝑖𝑒(𝑘) ,

.

.

.

𝑅
49
= 𝐷
𝐿

49
× (NB)𝑈𝑖 ,

𝐷
49
= (NB)𝐽𝑖𝑒(𝑘) × (NB)𝐽𝐶𝑖𝑒(𝑘) .

(4)
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𝐷
1
can be calculated from the following equation:

𝐷
1
= (PB)𝐽𝑖𝑒(𝑘) × (PB)𝐽𝐶𝑖𝑒(𝑘) = (PB)

𝐿

𝐽𝑖𝑒(𝑘)
∘ (PB)𝐽𝐶𝑖𝑒(𝑘)

=

[
[
[
[
[
[
[
[
[
[
[
[
[
[

[

0

0

0

0

0

0.5

1

]
]
]
]
]
]
]
]
]
]
]
]
]
]

]

∘ [0 0 0 0 0 0.5 1]

=

[
[
[
[
[
[
[
[
[
[
[
[
[
[

[

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0.5 0.5

0 0 0 0 0 0.5 1

]
]
]
]
]
]
]
]
]
]
]
]
]
]

]

.

(5)

𝑅
1
can be figured out from (6) by putting (5) into (4):

𝑅
1
= 𝐷
𝐿

1
× (PB)𝑈𝑖 = [(PB)

𝐿

𝐽𝑖𝑒(𝑘)
∘ (PB)𝐽𝐶𝑖𝑒(𝑘)]

𝐿

∘ (PB)𝑈𝑖

=

[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[

[

40 × 1 0

0.5

0.5

0

0

0

0

0

0.5

1

]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]

]

∘ [1 0.5 0] =

[
[
[
[
[
[
[
[
[
[
[

[

40 × 3 0

0.5 0.5 0

0.5 0.5 0

5 × 3 0

0.5 0.5 0

1 0.5 0

]
]
]
]
]
]
]
]
]
]
]

]

.

(6)

It is found from (6) that 𝑅
1
is a 49 × 3 matrix. 𝑅 can be

calculated out of (7) on the base of (3) and (4):

𝑅 = 𝑅
1
∪ 𝑅
2
∪ ⋅ ⋅ ⋅ 𝑅

49
=

[
[
[
[
[
[
[
[
[

[

0 0.5 1

0 0.5 1

.

.

.

1 0.5 0

1 0.5 0

]
]
]
]
]
]
]
]
]

]

. (7)

Then the requirement of resource utilization 𝑈
𝑖
can be

computed through fuzzy synthetic operation:

𝑈
𝑖
= (𝐽
𝑖𝑒 (𝑘) × 𝐽𝐶𝑖𝑒 (𝑘)) ∘ 𝑅. (8)

For example, if,

𝐽
𝑖𝑒 (𝑘) = (NB)𝐽𝑖𝑒(𝑘) = [1.0 0.5 0 0 0 0 1] ,

𝐽𝐶
𝑖𝑒 (𝑘) = (NB)𝐽𝐶𝑖𝑒(𝑘) = [1.0 0.5 0 0 0 0 1] ,

(9)

then

𝑈
𝑖
= (𝐽
𝑖𝑒 (𝑘) × 𝐽𝐶𝑖𝑒 (𝑘)) ∘ 𝑅

= [1.0 0.5 0 0 0 0 0 0.5 0.5 0 0 0 0 0
.
.
. 35 × 0]

∘

[
[
[
[
[
[
[
[
[

[

0 0.5 1

0 0.5 1

.

.

.

1 0.5 0

1 0.5 0

]
]
]
]
]
]
]
]
]

]

= [0 0.5 1] .

(10)

3.2.4. Fuzzy Judgment. There aremainly two judgmentmeth-
ods: weighted average method and max membership func-
tion. The weighted average method is expressed as follows:

𝑢 =
∑
𝑛

𝑖=1
𝑢
𝑖
𝜇 (𝑢
𝑖
)

∑
𝑛

𝑖=1
𝜇 (𝑢
𝑖
)
. (11)

In this paper, weighted average method is adopted to
determine the requirements of resource utilization 𝑈

𝑖
, while

the max membership function is used to study the total
resource utilization 𝑈. For example, if 𝑈

𝑖
= [0 0.5 1], then

𝑈
𝑖
is calculated by the weighted average method as follows:

𝑈
𝑖
=
∑
3

𝑖=1
𝑢
𝑖
𝜇 (𝑢
𝑖
)

∑
3

𝑖=1
𝜇 (𝑢
𝑖
)

=
0 × 0.6 + 0.5 × 0.4 + 1 × 0.2

0 + 0.5 + 1

≈ 0.267.

(12)

If 𝑈 = [0 0.5 1], then 𝑈 is figured out by the max mem-
bership function as follows:

𝑈 =
0

0.6
+
0.5

0.4
+
1

0.2
. (13)

Since 𝜇(0.2) = 1 is the largest of all subordinates, 𝑈 = 0.2
is selected.

3.3. Priority Assignment Algorithm. Once the requests are
received, the global scheduling server will schedule the tasks.
Priority is given to each task according to the following sched-
uling algorithm: the task message (including the priority
attributes such as the task’s arrival time and deadline) is
arranged to the ready task queue according to the priority
and then it is distributed to trigger execution of each task
in server node. The priority attributes of each task and its
subtasks should be consistent within task cycle ℎ

𝑖
.

The traditional EDF algorithm cannot promptly adjust
the task priority in an uncertain operation environment.
In the meanwhile, the feedback scheduling fails to dispatch
in time as a result of an introduced feedback mechanism
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Figure 3: Task scheduling process.

(scheduling period should not be too short so as to avoid fre-
quent switching task priority). “The fuzzy feedback improved
EDF scheduling policy” proposed in this work is aimed
at assigning the priority of each task and sorting the task
messages in the ready task queue in progressive priority order.
The basic idea is described as follows (Figure 3):

(1) When a task message arrives, its schedulability is
analyzed at first to judge whether it applies to the
deadline or not.

(2) When the scheduling sampling period comes, the
fuzzy scheduling method as Section 3.2 shows is
adopted to calculate the requirement of resource
utilization 𝑈

𝑖
according to the feedback information

(𝐽
𝑖𝑒
(𝑘), 𝐽𝐶

𝑖𝑒
(𝑘)). Then 𝑈

𝑖
is used to compute the

priority as the next step proposes.
(3) Task 𝑇

𝑖
, typically, has a residual deadline de

𝑖
, resource

utilization 𝑈
𝑖
, and the importance of the task im

𝑖
. Its

particular priority 𝑃(𝑇
𝑖
, de
𝑖
, 𝑈
𝑖
, im
𝑖
) (𝑖 = 1, . . . , 𝑛) is

represented as 𝑃
𝑖
.

Resource utilization𝑈
𝑖
is introduced as one of themetrics

to determine the priority of task 𝑇
𝑖
together with the task’s

importance im
𝑖
and residual deadline de

𝑖
. The task priority is

expressed in the following equation:

𝑃
𝑖
= 𝜁𝑈
𝑖
×
im
𝑖

de
𝑖

. (14)

Now adjusting the list!!
Size = 6
1: service ID = 16202 deadline = 129964974490228663
2: service ID = 30186 deadline = 129964974493067141
3: service ID = 7363 deadline = 129964974488790034
4: service ID = 8679 deadline = 129964974491642807
5: service ID = 12856 deadline = 129964974491628663
6: service ID = 9832 deadline = 129964974494505122
Scheduling ! ! ! ! ! ! ! ! !
Service 7363 : priority = 0.018733
Service 16202 : priority = 0.017710
 
Service 8679 : priority = 0.017632 
Service 30186 : priority = 0.016609
Service 9832 : priority = 0.015589
Size = 6
1: service ID = 7363 deadline = 129964974491628663
2: service ID = 16202 deadline = 129964974493067141
3: service ID = 12856 deadline = 129964974488790034
4: service ID = 8679 deadline = 129964974494505122
5: service ID = 30186 deadline = 129964974490228663
6: service ID = 9832 deadline = 129964974491642807

Service 12856 : priority = 0.016687

Figure 4: A scheduling example.

If there comes a periodic task, the initial value of the
resource utilization 𝑈

𝑖
is set at 0.3. As for an aperiodic task,

𝑈
𝑖
is set at 0.6. The adjustment coefficient 𝜁 needs to be

determined by an experimental method. It is possible that
multiple tasks share the same priority. In this case, the tasks
can be sorted according to the feedback performance or
deadline. All in all, the shorter the deadline lasts, the greater
resource utilization and task importance it embodies, and
therefore the greater the priority is, and vice versa. This
method excels itself in the full consideration of multifaceted
attributes of the task and the presence of multiple parameters
in the priorities. This method bridges the gap of traditional
EDF algorithm which only takes deadline into account.

3.4. Period Adjustment Strategy. Too frequent periodic
adjustment makes the system complicated and unstable.
Therefore, three kinds of period (𝑃 = 4, 8, 16) are developed.
To judge the total resource utilization 𝑈, the max member-
ship function is employed to produce the fuzzy feedback
controller outputs of 𝑈 = 0.2, 0.4, 0.6. The period manager
module computes the period P according to the mapping
relations between resource utilization and task period which
is presented in Table 5 and then writes the period to the
task messages and transfers the message to related services.
Finally, the services adjust the period according to the
received message.

4. Algorithm Simulation

4.1. Priority Assignment Examples. A scheduling example is
shown in Figure 5; the arrangement of tasks on ready task
queue before scheduling stands at the upper part of Figure 4.
To be specific the tasks ID are 16202, 30186, 7363, 8679, 12856,
and 9832.

The lower part of this figure is the arrangement of tasks
after scheduling. It shows that task 1 and task 3 embrace
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Figure 5: Simulation model for the scheduling system.
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Figure 6: Simulation results without using fuzzy feedback schedul-
ing.

Table 5: Mapping relations between resource utilization and tasks
period.

𝑈 Task period
0.2 4
0.4 8
0.6 16

greater importance. In this regard, the task with ID “16202”
and that with ID “7363” stand at the first place, even though
they have longer deadline. But the deadline of the taskwith ID
“12856” is right behind the aforementioned two, thus making
this task prior to that with ID “8679.”The task with ID “8679”
performs worst. So it is prior to the tasks with ID “16202” and
“7363.” With the smallest deadline, the task with ID “16202”
is prior to that with ID “7363.”

4.2. Period Adjustment Examples. A robot control system
simulation platform based on CPS architecture is developed
by means of toolbox of Matlab/TrueTime, which is shown in
Figure 5. The module consists of three major parts: global
scheduling server, server nodes. and network. The toolbox
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Figure 7: Simulation results using fuzzy feedback scheduling.

of TrueTime Kernel contributes to this integrated model.
The global scheduling server separately controls the three
actuators; each close-loop control system represents a task
as 𝑇
𝑖
. Sensors send the outputs of actuators to the global

scheduling server which then computes the priority and
adjusts the period according to the feedback information.

A comparison study of using and not using fuzzy feed-
back scheduling is conducted. Suppose the interpolation
period of three control loops is 4ms. The three tasks cannot
be scheduled without using fuzzy feedback scheduling. The
task execution is shown in Figure 6(a) and the output curve
of three actuators and controller in Figure 6(b). By using fuzzy
feedback scheduling, the interpolation period of three control
loops is adjusted to 8ms. The three tasks can be scheduled.
The task execution is presented in Figure 7(a) and the output
curve of three actuators and controller in Figure 7(b). Obvi-
ously, the fuzzy feedback scheduling method improves task
schedulability and reduces the error of robot control system.

5. Experimental Results

There is one global scheduling server and two server nodes.
They control two 6-DOF mechanical arms under such oper-
ating environment: YANXIANGEC3-1711CLDNA IPC;CPU:
Genuine Intel(R) processor 600Mhz; Memory: 599Mhz,
480MB; Hard Disk: 60G; Operating System: Windows XP,
Ardence RTX 8.1. The experimental operation object (Fig-
ure 8) is six-degree-of-freedom robot arm of Googol Tech
(GRB3016).

5.1. Real-Time Test and Analysis. After testing a dozen sets
of data, the response time of the control tasks is recorded
in Figure 9. As Figure 9 shows, the average response time of
control task is 8.323ms with the presence of fuzzy feedback
scheduling method and 10.2387ms with the absence of the
scheduling method. The average response time is much
shorter when the scheduler is in place. It implies that
the scheduling module can, to some extent, mitigate delay
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Figure 8: 6-DOF mechanical arm.
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Figure 9: The response time of the control task.
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Figure 10: Packet loss rate test without using the schedulingmodule.

between tasks caused by transmission congestion and ensures
the real-time performance of the system.

5.2. Packet Loss Ratio Test. The deadline of the tasks is set
at 20ms and a test program for interference is available. Fig-
ure 10 shows a total packet loss ratio of 3.69% without using
the schedulingmethod and 0.76%with the use of the schedul-
ing method. The latter is significantly lower than the former.
The experiment proves that the scheduling method not only
ensures lower packet loss ratio but also effectively improves
the utilization.

5.3. Comparison of Operating Error. Three teaching points
are selected: (200.482, 282.073), (299.878, 141.112), and (200,
0). There are 39 interpolation points. The experimental
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Figure 11: Experimental trajectory of circular interpolation.

trajectory of circular interpolation is described in Figure 11.
Figure 11(a) depicits the experimental results without using
fuzzy feedback scheduling method and Figure 11(b) with the
use of of schedulingmethod.Thedashed line refers to the the-
oretical value while the full line represents the actual operat-
ing point.

From the error graph (Figure 12), it is learned that the
maximum error is 1.86mmwith the use of the fuzzy feedback
scheduler. The manipulator can accord to the predetermined
path in a smaller error range. On the contrary, not using the
fuzzy feedback scheduler results in the maximum error of
5.879mm. Evidently, the fuzzy feedback scheduling method
can reduce the error of robot control system and improve the
system’s performance.
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6. Conclusion

The fuzzy feedback scheduling method in this paper can
be applied to the cyber-physical systems for robot control.
The proposed two-level scheduling framework dynamically
adjusts the priority and period. Priority is adjusted according
to the task’s deadline, its importance, and performance
feedback, while the period is adjusted according to the total
resource utilization. The method controls the traffic of the
tasks to ensure schedulability, reduce packet loss and delay,
and realize sounder performance compared with the system
with a fixed period.The experimental results indicate that the
method can effectively handle slow response and high packet
loss caused by the introduction of bus into the network.
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The estimation of the individual cylinder air-fuel ratio (AFR) with a single universal exhaust gas oxygen (UEGO) sensor installed
in the exhaust pipe is an important issue for the cylinder-to-cylinder AFR balancing control, which can provide high-quality torque
generation and reduce emissions in multicylinder engine. In this paper, the system dynamic for the gas in exhaust pipe including
the gasmixing, gas transport, and sensor dynamics is described as an output delay system, and a newmethod using the output delay
system observer is developed to estimate the individual cylinder AFR. With the AFR at confluence point augmented as a system
state, an observer for the augmented discrete system with output delay is designed to estimate the AFR at confluence point. Using
the gas mixingmodel, a method with the designed observer to estimate the individual cylinder AFR is presented.The validity of the
proposedmethod is verified by the simulation results from a spark ignition gasoline engine from engine software enDYNAby Tesis.

1. Introduction

Cylinder-to-cylinder air-fuel ratio (AFR) balancing control in
internal combustion engines with multiple cylinders is one
of the technology trends to satisfy the increasingly stringent
emission regulations, which can also improve the engine
performance, such as thermal efficiency and fuel economy.
The AFR of each cylinder is decided by the aspirated air
mass, the injected fuel mass, and the residual gas from
the prior cycle, in which the combustion stroke of each
cylinder sequentially occurs along the rotational angle of the
crankshaft. Due to the air breathing variability and injector
variability, there exists AFR imbalance between cylinders,
leading to adverse impacts on emission performance using
the conventional controllers [1, 2].

In order to improve the AFR control accuracy, there
has been a great deal of research that focuses on the AFR
control of individual cylinders [3–10]. In fact, the estimation
of the individual cylinder AFRwith a single universal exhaust
gas oxygen (UEGO) sensor installed in the exhaust pipe
is one of the key technology trends for the individual
cylinder AFR control. The digital filtering techniques are
employed to extract the AFR imbalance signals from oxygen
sensor voltage signals in [11], in which the oxygen sensor

voltage signal is processed to determine imbalanced cylinder
identification and AFR cylinder imbalance levels. In [12], a
modeling method to estimate the individual fuel-gas ratio is
proposed to estimate AFR, which is used for an adaptive gen-
eralized predictive control approach to balance the individual
cylinder characteristics in the static engine operation mode.
A static steady state observer based on the individual cylinder
AFR model along the air mass flow, gas mixing, and sensor
dynamics in an exhaust manifold can be found in [13]. In the
diesel engines, a nonlinear observer is proposed to estimate
the individual cylinder AFR [14]. In [15], a PI compensator is
designed to compensate the cylinder-by-cylinder variations,
in which an input observer is proposed to estimate individual
cylinder AFR.

However, the transport delay and sensor delay from the
exhaust confluence point to UEGO sensor output are ignored
in the proposed observers from the above papers, which
may reduce the accuracy of the AFR estimation of each
cylinder. In order to improve the individual cylinder AFR
estimation accuracy, the system dynamics in the exhaust pipe
including gas transport and sensor dynamics is described
as an augmented discrete system with output delay in this
paper, in which the AFR at confluence point is augmented as
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Figure 1: Schematic of the 4-cylinder SI gasoline engine.

a system state. Then, an observer for the augmented discrete
system with output delay is designed. With the combination
of the designed observer and the gas mixing model at
confluence point, the method to estimate the individual
cylinder AFR is presented. The performance of the proposed
method is validated against the simulation result from engine
software enDYNA provided by Tesis, and a comparison with
existingmethod is given during an urban driving cycle, which
demonstrates that the proposed method can improve the
accuracy of the individual cylinder AFR estimation.

This paper is organized as follows. In Section 2, the system
dynamics in the exhaust pipe including gas transport and
UEGO sensor dynamics is described as an augmented system
with output delay. In Section 3, an observer for the output
delay system is designed, and the method to estimate the
individual cylinder AFR is presented. Simulation results from
enDYNA are presented in Section 4, and the conclusions are
summarized in Section 5.

2. Problem Formulation

A schematic diagram of a 4-cylinder spark-ignited (SI)
gasoline engine is shown in Figure 1, where the fuel injectors
equipped at the inlet port near to the intake valve are con-
trolled individually. The fuel mass burnt in each cylinder is
injected by the corresponding injector, and the fuel injection
command is delivered to the injector of each cylinder serially
along the crank angle. The AFR of each cylinder is 𝜆

𝑖
=

𝑚cyli/𝑚air, 𝑖 = 1, 2, 3, 4, where 𝑚cyli is the fuel mass into the
cylinder and𝑚air is the air mass into the cylinder.

After combustion, the combusted gas of each cylinder is
exhausted into the corresponding runner during the exhaust
stroke of each cylinder and passes through their runners and
confluence in the public exhaust manifold. Then, the AFR
of the mixed gas is measured by a UEGO sensor, and the
mixed gas runs to the outside passing through the catalyst.
The system dynamics in the exhaust pipe includes the gas
mixing, gas transport, and sensor dynamics, in which the
transfer function from the confluence point to sensor output
can be given by [13]

𝐺exh (𝑠) =
𝜆sen (𝑠)

𝜆
𝑐 (𝑠)

=
𝑒
−𝛿𝑠

(1 + 𝜏mix𝑠) (1 + 𝜏sen𝑠)
, (1)

where 𝜆
𝑐
is the AFR at the exhaust confluence point, 𝜆sen is

the measured AFR of the UEGO sensor, 𝛿 = 𝛿mix + 𝛿sen is
the time delay including the transport delay 𝛿mix and sensor
delay 𝛿sen, 𝜏mix is the time constant of themixing process, and
𝜏sen is the sensor time constant.

For an engine with 4 cylinders, the combined UEGO
sensor signal is sampled at the exhaust top dead center of each
cylinder, and the sampling period 𝑇

𝑠
is related to the engine

cycle period as 𝑇
𝑠
= 𝑇
𝑐
/4, in which the engine cycle period is

𝑇
𝑐
= 120/𝑛

𝑒
, where 𝑛

𝑒
is the engine speed in rpm. Consisting

of the zero-order holder and themixing and sensor dynamics,
the discrete formofmodel (1) with the sampling period𝑇

𝑠
can

be given by [13]

𝑄exh (𝑧) = 𝑧
−𝑚
(1 + 𝑎

𝑧 − 1

𝑧 − 𝛼mix
+ 𝑏

𝑧 − 1

𝑧 − 𝛼sen
) , (2)

where

𝛼mix = 𝑒
−𝑇
𝑠
/𝜏mix ,

𝛼sen = 𝑒
−𝑇
𝑠
/𝜏sen ,

𝑚 =
𝛿

𝑇
𝑠

,

𝑎 =
−𝜏mix
𝜏mix − 𝜏sen

,

𝑏 =
𝜏sen

𝜏mix − 𝜏sen
,

𝑧 = 𝑒
𝑇
𝑠
𝑠
.

(3)

Furthermore, (2) can be written as a state-space form with
input delay [15]:

𝑥
𝑞 (𝑙 + 1) = 𝐴𝑞𝑥𝑞 (𝑙) + 𝐵𝑞𝜆𝑐 (𝑙 − 𝑚) ,

𝜆sen (𝑙) = 𝐶𝑞𝑥𝑞 (𝑙) ,
(4)
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where

𝐴
𝑞
= (
𝛼mix 0

0 𝛼sen
) ,

𝐵
𝑞
= (
1

1
) ,

𝐶
𝑞
= (𝑎 (𝛼mix − 1) 𝑏 (𝛼sen − 1)) ,

𝑥
𝑞 (𝑙) = (

𝑥
𝑞1 (𝑙)

𝑥
𝑞2 (𝑙)
) ,

𝑥
𝑞1 (𝑙) =

𝜆sen (𝑙) − 𝑏 (𝛼sen − 1) 𝑥𝑞2 (𝑙)

𝑎 (𝛼mix − 1)
,

𝑥
𝑞2 (𝑙) =

1

(𝛼sen − 𝛼mix) 𝑏 (𝛼sen − 1)
(𝛼sen𝜆sen (𝑙)

− 𝛼mix𝛼sen𝜆sen (𝑙 − 1)

+ (1 − 2𝑎𝛼sen − 2𝑏𝛼mix − 𝛼mix − 𝛼sen + 𝑎 + 𝑏)

⋅ 𝜆
𝑐 (𝑙 − 𝑚) + (𝑎𝛼sen + 𝑏𝛼mix + 𝛼mix𝛼sen)

⋅ 𝜆
𝑐 (𝑙 − 𝑚 − 1)) .

(5)

Define the new system state as 𝑥
𝑞
(𝑙) = 𝑥

𝑞
(𝑙 + 𝑚), and (4)

with input delay can also be rewritten as the following discrete
system with output delay:

𝑥
𝑞 (𝑙 + 1) = 𝐴𝑞𝑥𝑞 (𝑙) + 𝐵𝑞𝜆𝑐 (𝑙) ,

𝜆sen (𝑙) = 𝐶𝑞𝑥𝑞 (𝑙 − 𝑚) .
(6)

𝜆
𝑐
(𝑙) in (6) is unknown, which can be considered as a

system state due to the small rate of change of 𝜆
𝑐
(𝑙). Then,

an augmented discrete system with output delay from (6) can
be obtained:

𝑥 (𝑙 + 1) = 𝐴𝑥 (𝑙) ,

𝑦 (𝑙) = 𝐶𝑥 (𝑙 − 𝑚) ,

(7)

where

𝑥 (𝑙) = (
𝑥
𝑞 (𝑙)

𝜆
𝑐 (𝑙)
) ,

𝐴 = (

𝛼mix 0 1

0 𝛼sen 1

0 0 1

) ,

𝑦 (𝑙) = 𝜆sen (𝑙) ,

𝐶 = (𝑎 (𝛼mix − 1) 𝑏 (𝛼sen − 1) 0) .

(8)

Equation (7) indicates that the estimation of the AFR 𝜆
𝑐

at the exhaust confluence point becomes the state estimation
of the discrete system with output delay (7).

3. Observer Design for Discrete System with
Output Delay

The observer for the output delay system (7) is given:

�̂� (𝑙 + 1) = 𝐴�̂� (𝑙) + 𝐿 (𝑦 (𝑙) − 𝐶�̂� (𝑙 − 𝑚)) ,

�̂� (𝑙) = 𝐶�̂� (𝑙 − 𝑚) ,

(9)

where �̂� ∈ R is the state estimate and 𝐿 ∈ R3×1 is
the feedback gain matrix. The asymptotical stability of the
proposed observer (9) is analyzed in the following theorem.

Theorem 1. There exist matrices 𝐿, 𝑃 = 𝑃𝑇 > 0, 𝑄 = 𝑄𝑇 ≥ 0,
and 𝑍 = 𝑍𝑇 ≥ 0, such that the following linear matrix
inequality (LMI) is feasible:

Ξ =
(
(
(

(

−𝑃 + 𝑄 +𝑀
𝑇
+𝑀 −𝑀

𝑇
+ 𝑁 𝐴

𝑇
𝑃 𝑀

𝑇
(𝐴
𝑇
− 𝐼)𝑍

−𝑀 +𝑁
𝑇

−𝑄 − 𝑁
𝑇
− 𝑁 −𝐶

𝑇
𝐿
𝑇
𝑃 𝑁

𝑇
−𝐶
𝑇
𝐿
𝑇
𝑍

𝑃𝐴 −𝑃𝐿𝐶 −𝑃 0 0

𝑀 𝑁 0 −𝑚
−1
𝑍 0

𝑍 (𝐴 − 𝐼) −𝑍𝐿𝐶 0 0 𝑚
−1
(𝑍 − 2𝑃)

)
)
)

)

< 0; (10)

then observer (9) is asymptotically stable.

Proof. Set the estimation error 𝑒(𝑙) = �̂�(𝑙)−𝑥(𝑙), and the error
dynamic system between (7) and (9) is obtained:

𝑒 (𝑙 + 1) = 𝐴𝑒 (𝑙) − 𝐿𝐶𝑒 (𝑙 − 𝑚) . (11)

Denote 𝜂(𝑙) = 𝑒(𝑙 + 1) − 𝑒(𝑙); then we have

𝑒 (𝑙 − 𝑚) = 𝑒 (𝑙) −

𝑙−1

∑

𝑛=𝑙−𝑚

𝜂 (𝑛) ,

𝜂 (𝑙) = (𝐴 − 𝐼) 𝑒 (𝑙) − 𝐿𝐶𝑒 (𝑙 − 𝑚) .

(12)
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Choose a Lyapunov functional candidate as

𝑉 (𝑙) = 𝑒
𝑇
(𝑙) 𝑃𝑒 (𝑙) +

𝑙−1

∑

𝑖=𝑙−𝑚

𝑒
𝑇
(𝑖) 𝑄𝑒 (𝑖)

+

0

∑

𝑗=−𝑚+1

𝑙−1

∑

𝑖=𝑙−1+𝑗

𝜂
𝑇
(𝑖) 𝑍𝜂 (𝑖) .

(13)

Define Δ𝑉 = 𝑉(𝑙 + 1) − 𝑉(𝑙); then along the solution of (11)
and (12) we have

Δ𝑉 (𝑙) = (
𝑒 (𝑙)

𝑒 (𝑙 − 𝑚)
)

𝑇

⋅ (
−𝑃 + 𝑄 + 𝐴

𝑇
𝑃𝐴 −𝐴

𝑇
𝑃𝐿𝐶

−𝐶
𝑇
𝐿
𝑇
𝑃𝐴 −𝑄 + 𝐶

𝑇
𝐿
𝑇
𝑃𝐿𝐶

)(
𝑒 (𝑙)

𝑒 (𝑙 − 𝑚)
)

+ 𝑚𝜂
𝑇
(𝑙) 𝑍𝜂 (𝑙) −

𝑙−1

∑

𝑛=𝑙−𝑚

𝜂
𝑇
(𝑛) 𝑍𝜂 (𝑛) .

(14)

According to Lemma 1 in [16], for any constantmatrix𝑍 > 0,
𝑀, and𝑁, the following inequality holds:

−

𝑙−1

∑

𝑛=𝑙−𝑚

𝜂
𝑇
(𝑛) 𝑍𝜂 (𝑛) ≤ (

𝑒 (𝑙)

𝑒 (𝑙 − 𝑚)
)

𝑇

⋅ (
𝑀
𝑇
+𝑀 −𝑀

𝑇
+ 𝑁

−𝑀 +𝑁
𝑇
−𝑁
𝑇
− 𝑁
)(

𝑒 (𝑙)

𝑒 (𝑙 − 𝑚)
)

+ 𝑚(
𝑒 (𝑙)

𝑒 (𝑙 − 𝑚)
)

𝑇

⋅ (
𝑀
𝑇

𝑁
𝑇
)𝑍
−1
(𝑀 𝑁)(

𝑒 (𝑙)

𝑒 (𝑙 − 𝑚)
) .

(15)

With the combination of (14) and (15), we have

Δ𝑉 (𝑙) ≤ (
𝑒 (𝑙)

𝑒 (𝑙 − 𝑚)
)

𝑇

Ω(
𝑒 (𝑙)

𝑒 (𝑙 − 𝑚)
) , (16)

where

Ω

= (
−𝑃 + 𝑄 +𝑀

𝑇
+𝑀 + 𝐴

𝑇
𝑃𝐴 + 𝑚 (𝐴 − 𝐼)

𝑇
𝑍 (𝐴 − 𝐼) + 𝑚𝑀

𝑇
𝑍
−1
𝑀 −𝑀

𝑇
+ 𝑁 − 𝐴

𝑇
𝑃𝐿𝐶 − 𝑚 (𝐴 − 𝐼)

𝑇
𝑍𝐿𝐶 + 𝑚𝑀

𝑇
𝑍
−1
𝑁

∗ −𝑄 − 𝑁
𝑇
− 𝑁 + 𝐶

𝑇
𝐿
𝑇
𝑃𝐿𝐶 − 𝑚𝐶

𝑇
𝐿
𝑇
𝑍𝐿𝐶 + 𝑚𝑁

𝑇
𝑍
−1
𝑁

) .

(17)

By Schur complement [17], the following LMI (18)
guarantees Ω < 0, which can guarantee Δ𝑉(𝑙) < 0 and the
asymptotical stability of observer (9):

Π =
(
(
(

(

−𝑃 + 𝑄 +𝑀
𝑇
+𝑀 −𝑀

𝑇
+ 𝑁 𝐴

𝑇
𝑃 𝑀

𝑇
(𝐴
𝑇
− 𝐼)𝑍

−𝑀 +𝑁
𝑇

−𝑄 − 𝑁
𝑇
− 𝑁 −𝐶

𝑇
𝐿
𝑇
𝑃 𝑁

𝑇
−𝐶
𝑇
𝐿
𝑇
𝑍

𝑃𝐴 −𝑃𝐿𝐶 −𝑃 0 0

𝑀 𝑁 0 −𝑚
−1
𝑍 0

𝑍 (𝐴 − 𝐼) −𝑍𝐿𝐶 0 0 −𝑚
−1
𝑍

)
)
)

)

< 0. (18)

Now, condition (10) guaranteeing (18) must be proved.
Define𝑊 = diag(𝐼, 𝐼, 𝐼, 𝐼, 𝑃𝑍−1), and we have

𝑊
𝑇
Π𝑊 =

(
(

(

−𝑃 + 𝑄 +𝑀
𝑇
+𝑀 −𝑀

𝑇
+ 𝑁 𝐴

𝑇
𝑃 𝑀

𝑇
(𝐴
𝑇
− 𝐼) 𝑃

−𝑀 +𝑁
𝑇

−𝑄 − 𝑁
𝑇
− 𝑁 −𝐶

𝑇
𝐿
𝑇
𝑃 𝑁

𝑇
−𝐶
𝑇
𝐿
𝑇
𝑃

𝑃𝐴 −𝑃𝐿𝐶 −𝑃 0 0

𝑀 𝑁 0 −𝑚
−1
𝑍 0

𝑃 (𝐴 − 𝐼) −𝑃𝐿𝐶 0 0 −𝑚
−1
𝑃𝑍
−1
𝑃

)
)

)

. (19)
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Figure 2: Schematic diagram for the estimation of the individual cylinder AFR.

Because of the fact that (𝑃 − 𝑍)𝑍−1(𝑃 − 𝑍) ≥ 0, we have
−𝑃𝑍
−1
𝑃 ≤ 𝑍 − 2𝑃. Therefore, condition (10) can guarantee

𝑊
Τ
Π𝑊 < 0; then (18) holds.
The estimation of the AFR 𝜆

𝑐
at the exhaust confluence

point can be obtained according to observer (9). In order to
obtain the AFR of each cylinder, the relationship between the
AFR of each cylinder and the AFR at the exhaust confluence
point is analyzed in the following.

The combusted gas of each cylinder is discharged into
the corresponding exhaust port and flows to the exhaust
confluence point in the exhaust manifold, in which we
assume that exhaust gas mixing in the individual exhaust
runner can be neglected. Hence, the AFR in the exhaust
runner is constant during one engine cycle, and the AFR 𝜆

𝑐

at the exhaust confluence point in the 𝑘th engine cycle can be
given by [15]

𝜆
𝑐
(𝑘𝑇
𝑐
+ (𝑖 − 1) 𝑇𝑠)

=
∑
𝑖

𝑗=1
�̇�
𝑐𝑗
(𝑘𝑇
𝑐
+ (𝑖 − 1) 𝑇𝑠) 𝜆𝑗 (𝑘)

∑
4

𝑙=1
�̇�
𝑐𝑙
(𝑘𝑇
𝑐
+ (𝑖 − 1) 𝑇𝑠)

+
∑
4

𝑗=1
�̇�
𝑐𝑗
(𝑘𝑇
𝑐
+ (𝑖 − 1) 𝑇𝑠) 𝜆𝑗 (𝑘 − 1)

∑
4

𝑙=1
�̇�
𝑐𝑙
(𝑘𝑇
𝑐
+ (𝑖 − 1) 𝑇𝑠)

,

(20)

where �̇�
𝑐𝑖
is the exhaust air mass flow in the 𝑖th exhaust

manifold passing through the confluence point and 𝜆
𝑖
is the

AFR in the 𝑖th cylinder. Furthermore, under the assumption
that airmass aspirated into cylinders in each cycle is constant,
exhaust air flowhas the same shape between successive cycles;
then a periodic function can be obtained:

𝛾
𝑖𝑗 (𝑘) =

�̇�
𝑐𝑗
(𝑘𝑇
𝑐
+ (𝑖 − 1) 𝑇𝑠)

∑
4

𝑙=1
�̇�
𝑐𝑙
(𝑘𝑇
𝑐
+ (𝑖 − 1) 𝑇𝑠)

=
�̇�
𝑐𝑗
((𝑖 − 1) 𝑇𝑠)

∑
4

𝑙=1
�̇�
𝑐𝑙
((𝑖 − 1) 𝑇𝑠)

.

(21)

Therefore, the gas mixing behavior (20) can be rewritten
in the 𝑇

𝑠
domain as

𝜆
𝑐 (𝑙) =

3

∑

𝑖=0

𝛾
[𝑙][𝑙−𝑖]

𝜆
[𝑙−𝑖] (𝑙 − 𝑖) , (22)

where [𝑙] = (𝑖 mod 4) + 1. The relationship between the AFR
of each cylinder and the AFR at the exhaust confluence point
can be obtained by (22).

The algorithm to estimate the individual cylinder AFR is
as follows: First, the AFR 𝜆

𝑐
at the exhaust confluence point

is obtained according to observer (9). Then, the individual
cylinder AFR can be calculated through (22). With the
combination of (9) and (22), the method for the estimation
of each cylinder AFR can be given as follows:

�̂� (𝑙 + 1) = 𝐴�̂� (𝑙) + 𝐿 (𝑦 (𝑙) − 𝐶�̂� (𝑙 − 𝑚)) ,

�̂�
𝑐 (𝑙) = (0 0 1) ⋅ �̂� (𝑙) ,

�̂�
[𝑙] (𝑙) =

1

𝛾
[𝑙][𝑙]

(−

3

∑

𝑖=1

(𝛾
[𝑙][𝑙−𝑖]

⋅ �̂�
[𝑙−𝑖] (𝑙 − 𝑖)) + �̂�𝑐 (𝑙)) .

(23)

4. Simulation Studies

In this section, the simulation study of the estimation of the
individual cylinder AFR is presented in the environment of
a 2.0 L 4-cylinder SI gasoline engine from enDYNA [18, 19].
The enDYNA is a professional software tool for the real-time
simulation of internal combustion engines, providing ready-
to-usemodels for all common engine types comprising crank
angle synchronous combustion, gas path, fuel system, cooling
system, drivetrain, driver, and soft-ECU.The R4-cylinder SI-
engine is an example in enDYNA to simulate a 4-cylinder SI
gasoline engine, whose specifications are given in Table 1.The
observer architecture is illustrated in Figure 2.
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Figure 3: Individual cylinder AFR estimation results.

Table 1: Engine specifications.

Fuel system Direct injection
Displacement (m3) 0.002
Intake manifold volume (m3) 0.004
Exhaust manifold volume (m3) 0.0015
Max engine speed (rad/s) 785

The parameters of the system dynamics in the exhaust
pipe (2) and the gas mixing (22) are presented as follows [15]:

𝜏mix = 0.01 s,

𝜏sen = 0.12 s,
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Figure 4: Evolution of the estimation error.

𝑚 = 1,

𝑇
𝑐
= 0.08 s,

𝑇
𝑠
= 0.02 s,

Γ = (

0.55 0.05 0.15 0.25

0.25 0.6 0.05 0.1

0.15 0.25 0.5 0.1

0.05 0.1 0.15 0.7

) .

(24)

Then, the system matrix can be obtained:

𝐴 = (

0.1353 0 1

0 0.8465 1

0 0 1

) ,

𝐶 = (−0.0786 0.1675 0) .

(25)

According to the inequality (10), the gain matrix can be
given by 𝐿 = (0.97 3.79 0.73)𝑇.

Here, the input of the throttle angle in enDYNA is
designed as a step signal presented in Figure 3. Accordingly,
the estimation results of the individual cylinder AFR by the
proposed method are shown in Figure 3, and the estimation
errors are plotted in Figure 4. When the throttle changes
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Figure 5: Evolution of throttle angle 𝑢th, engine speed 𝑛
𝑒
, intake

manifold pressure 𝑝im, and vehicle velocity under ECE cycle.

suddenly, the estimation errors of the individual cylinder
AFR are about 0.06%, and then the steady state errors tend
to decay within 0.01%.

In order to verify the effectiveness of the proposed
method under driving cycle condition, one segment of the
urban driving cycle ECE (EconomicCommission for Europe)
is used [19], under which the throttle angle 𝑢th, engine
speed 𝑛

𝑒
, intake manifold pressure 𝑝im, and vehicle velocity

are plotted in Figure 5. Accordingly, the comparison of the
individual cylinder AFR estimation between the proposed
method and the input observer in [15] are presented in
Figure 6, and the estimation errors are plotted in Figure 7.
Clearly, the error of the proposed method is smaller than
the input observer when the AFR changes slowly, in which
the steady state error of the input observer is 0.03%. When
the AFR changes severely, there exist fluctuations of the AFR
estimation error from both the proposed method and input
observer in [15]. However, the estimation error from the
proposed method is smaller. It is demonstrating that the
proposed method considering time delay can improve the
accuracy of the individual cylinder AFR estimation.
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Figure 6: Individual cylinder AFR estimation results of the pro-
posed method and unknown input observer under ECE cycle.

5. Conclusion

An efficient method for the estimation of the individual
cylinder AFR with a single UEGO sensor was developed to
improve the estimation accuracy. The system dynamics in
the exhaust pipe was described as an augmented discrete
system with output delay, in which the AFR at confluence
point was augmented as a system state and beneficial to be
estimated comparing the system with input delay. Then, an
observer for the augmented system with output delay was
designed to estimate the AFR at confluence point, which
can avoid accurately inverting the engine model including
delays. Using the gas mixing model, a method to estimate
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Figure 7: Evolution of the estimation error of the proposed method
and unknown input observer.

the individual cylinder AFR based on the proposed observer
was presented. The performance of the proposed method
was validated by the simulation data from engine software
enDYNA provided by Tesis, and a comparison with existing
method was obtained during ECE cycle, demonstrating that
the proposed method considering time delay from exhaust
gas transport and UEGO sensor dynamics can improve the
accuracy of the individual cylinder AFR estimation.
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In the next-generation technology, Internet of Things (IoT), billions of smart objects will communicate with one another to make
human lives more convenient. IoT is based on wireless sensor network (WSN), and Zigbee is one of the most popular WSN
protocols. A mature IoT environment involves heavy WSN data transmission causing bottleneck problems. However, Zigbee’s
AODV routing stack does not have load balance mechanism to handle bursty traffic. Therefore, we develop Multipath Load
Balancing (MLB) Routing to substitute Zigbee’s AODV routing. Our proposedMLB consists of twomain designs: LAYER DESIGN
and LOAD BALANCE. LAYER DESIGN assigns nodes into different layers based on node distance to IoT gateway. Nodes can
have multiple next-hops delivering IoT data. All neighboring layer nodes exchange flow information containing current load, used
by LOAD BALANCE to estimate future load of next-hops. With MLB, nodes can choose the neighbors with the least load as
the next-hops and thus can achieve load balance and avoid bottlenecks. Compared with Zigbee’s AODV and multipath version
AODV (AOMDV), experiment results demonstrate that MLB achieves better load balance, lower packet loss rate, and better
routing connectivity ratio in both grid and random uniform topologies. MLB provides a more convincing routing solution for
IoT applications.

1. Introduction

Recently, the demands of Internet of Things (IoT) [1] keep
growing. In the beginning, wireless sensor network (WSN)
[2] enables ubiquitous sensing technologies. As the WSN
technology evolves, the proliferation and application of these
sensing devices create the Internet of Things (IoT). IoT is
the next revolution, where the interconnection among smart
objects creates an intelligent environment. It is estimated and
expected to reach 24 billion IoT devices by 2020 [1]. As more
and more IoT devices are connected and communicated, IoT
applications generate tremendous IoT traffic. Since IoT traffic
is for the communication between objects, the transmission
reliability is critical, especially in a relatively unstable WSN,
compared with wired network. As Figure 1 shows, IoT tech-
nology is applied in many domains, including environmental
monitoring, transportation, automotive vehicles, industry
[3], medical technology [4], healthcare, smart home [5], and
smart city [6].

WSN is the most essential component of IoT, which
comprises everything of WSN plus a thick layer of software

installed across computational devices and the cloud. In other
words, IoT is developed based on WSN, in which Zigbee is
one of the most popular WSN protocols. In IoT, the low end
sensors rely on WSN where data is transmitted from sensors
(things) to the sinknode (IoT gateway) using amultihop fash-
ion. More static and mobile sinks can be deployed to collect
data from sensors. Multiple sensor networks are connected
together over the Internet. Therefore, performing data man-
agement is important. IoT research needs to find more effi-
cient and effective ways of data management, such as collect-
ing, modelling, reasoning, and distribution.We focus on data
transmission reliability between things and IoT gateways.

We focus on Zigbee instead of Wifi because Zigbee is
more health-friendly. Since IoT makes humans surrounded
by wireless-connected objects, it is important to make all
smart objects with low radio transmission power to make
the environment healthier. Zigbee is with low transmission
power, 1mW, and is an appropriate option for IoT. Zig-
bee stack [7] adopts Ad Hoc On-Demand Distance Vector
(AODV) [8] to automatically construct an ad hoc network as
routes are needed. AODV optimizes routing paths to be the
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Figure 1: IoT application domains.

shortest but does not support multipath routing. Multipath
routing is important to perform load balancing by selecting
the less busy channel as the next-hop when network is under
heavy traffic. In addition, once traffic bottleneck occurs, the
unsuccessful delivery will trigger AODV route error (RERR)
messages, which might generate more REERmessages to jam
the network. In the worst case, excessive AODV RERR mes-
sages can paralyze the network, particularly the links close to
Zigbee sink. Therefore, we intend to enhance Zigbee routing
by substituting AODV with our proposed routing protocol,
Multipath Load Balancing, MLB, Routing.

In order to provide a reliable routing service for data-
intensive IoT applications, we propose Multipath Load Bal-
ancing (MLB) Routing. Instead of cluster design, we use
distributed architecture for MLB to avoid the situation that
cluster heads become bottlenecks. MLB takes traffic load as
the cost function and adaptively updates load information
with neighbors to calculate the least busy routes. MLB offers
multiple paths for the next-hop options to enhance reliability
while evenly distributing traffic. The main compared target
of MLB is Ad Hoc On-Demand Multipath Distance Vector
(AOMDV) [9], which is a multipath version of AODV by
giving equivalent paths with the same hop counts to IoT
gateway. The shortcoming of AOMDV is that its equivalent
paths must be thoroughly disjoint and cannot share nodes
on their distinct paths. This limits the number of available
alternatives. AOMDV does not consider traffic load when
selecting the sending path because it is designed simply
for multiple paths without considering load balancing issue.
To become a better multipath solution for load balancing
than AOMDV to support data-intensive IoT services, MLB
has a reliable layered architecture and utilizes traffic load as
the cost function. Layered architecture allows the routing
computation to be done among neighbors locally and taking
traffic load as the cost solves imbalanced load more directly
than AOMDV. Thus, MLB can enhance network reliability
by providing multiple next-hops and guarantees the shortest
paths selected.

MLB consists of two main components: LAYER DESIGN
and LOAD BALANCE. In LAYER DESIGN, IoT gateway is
the top level and we define that nodes closer to IoT gateway
are in the inner layers and nodes farther from IoT gateway
are in the outer layers. Each sensor node may play both
roles of outer-layer and inner-layer nodes depending on
the relative distance to IoT gateway compared with their
neighbors. Each outer-layer node only needs to know the local
information of next-hop nodes in the immediate inner layer
to IoT gateway and the path from source to IoT gateway is
constructed hop by hop. This structured and inductive two-
layer relationship establishes the reliable routing service. Fur-
thermore, LOAD BALANCE allows each outer-layer node to
calculate which inner-layer node is with the least traffic load.
Consequently, the inner-layer node with less traffic is selected
as the next-hop to IoT gateway. Through the cooperation
of LAYER DESIGN and LOAD BALANCE, load balancing
optimization is accomplished. InMLB routing table, multiple
paths are recorded and allowmore fault-tolerance once some
next-hop fails. In case that any node fails to operate normally,
MLB allows outer-layer nodes to recalculate their best inner-
layer nodes toward IoT gateway without broadcasting route
error messages. Therefore, MLB can quickly adapt sensor
nodes to dynamic flow change and malfunctioned links.

The main contributions of MLB are multipath routing
with load balancing, robustness, and reliability. First, load
balancing is done by selecting the best inner-layer node with
the least traffic load. Second, robustness is achieved because
the synergy of LAYER DESIGN and LOAD BALANCE pro-
vides multiple inner-layer next-hops to IoT gateway for each
outer-layer nodes, and ROUTE RECOVERY can detect link
failure for quick link switch. Since MLB eliminates bottle-
necks by load balancing design and provides multipath rout-
ing, MLB provides a much more reliable routing service than
current Zigbee’s AODV related solutions.

To evaluate the performance of load balancing and
reliability, simulation results are demonstrated based on three
evaluation metrics, Load Balance Degree (LBD), packet loss
rate (PLR), and connectivity ratio (CR). LBD illustrates load
balancing performance for each layer in the routing topology
and shows MLB balances network traffic more effectively
than AODV and AOMDV, especially in the first layer. PLR
directly shows the reliability of data delivery and CR shows
the reliability of the entire routing topology. Because of the
effectiveness of load balancing, PLR in MLB is much lower
than PLR in AODV and a little lower than PLR in AOMDV.
CR shows the routing service in MLB is very stable with
perfect connectivity with larger among of data traffic. On the
other hand, CR shows the routing services in AODV and
AOMDV suffering from different degrees of disconnections
due to the unbalanced traffic loading. Therefore, simulation
results show that MLB provides better load balancing with
more reliable packet delivery comparingwith Zigbee’s AODV
and AOMDV.

The rest of this paper is organized as follows. Section 2
discusses the related works. Section 3 illustrates how Zigbee-
MLB assists IoT communication. Section 4 presents MLB.
Section 5 demonstrates simulation results. Finally, Section 6
concludes this paper.
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2. Related Works

To avoid traffic congestion occurring at some bottleneck
point,many load balancewireless routings are proposed. Pure
cluster solutions [10, 11] aim at building as uniformly small-
sized clusters as possible to achieve cluster load balancing. In
minimum radius clustering algorithm [10], each cluster head
extracts and sends local information to sink. After aggre-
gating information from all cluster heads, SINK generates a
balancing module to achieve cluster load balancing. Zhang
and Yang [11] proposed a distributed algorithm to ensure the
mean square deviation value of the number of nodes within
each cluster as small as possible.

Advanced cluster solutions [12, 13] balance energy con-
sumption on each node and indirectly achieve load bal-
ancing. Liao et al. [12] proposed a load-balanced clustering
algorithm, DSBCA, for wireless sensor networks. To build
a more balanced clustering structure and avoid forming
large clusters, DSBCA considers the connectivity density and
distance between nodes and base station. In each cluster, the
node with the highest weight is selected as the cluster head.
Weight calculations include the residual energy of node, the
initial energy node, and the times of the node being elected
as cluster head. During data transmission, each cluster head
needs to aggregate all the data from its cluster members and
send to the base station. However, data is sent to the base
station through the cluster headwhichmight become another
potential bottleneck. Wu and Liu [13] proposed a centralized
power efficient routing algorithm, EHGUC-OARP, for energy
harvesting-wireless sensor networks. The base station uses
EHGUC algorithm to form clusters of unequal sizes and
select cluster heads of all formed clusters. When EHGUC is
applied, the clusterswith smaller size are closer to the BS. Sub-
sequently, the base station usesOAPR to construct an optimal
routing among all cluster heads.

Multipath Energy Aware AODV (ME-AODV) routing
[14] utilizes network topology to divide the network into one
or more logical clusters and restricts the flooding of route
request outside the cluster. ME-AODV uses the remaining
battery power of the nodes as the cost function instead of
the hop count used in traditional AODV and adds multipath
concept. The node uses all available paths in a round robin
fashion in order to evenly distribute the energy consumption
over the entire network. ME-AODV still has the drawback
that cluster headers and cluster gateways have heavier load
and become the bottleneck candidate. Neighbor-awareAdap-
tive Load Balancing algorithm [15] uses the information of
parent and child nodes along with a probability factor to bal-
ance the traffic and prolongs network lifetime. All nodes send
traffic load information to the gateway, which subsequently
calculates and broadcasts the determined probability factor
used by the whole network.

Different from mentioned solutions above, MLB uses
traffic load as the cost function and noncluster structure can
prevent potential bottlenecks occurring at cluster heads.MLB
does not consider energy in its design because we focus on
the IoT applications where sensors contain more energy and
higher computation ability to send large amount of network
data.Therefore, reliable routing services becomemore critical
than saving energy for MLB.

3. How MLB Assists IoT Communication

As shown in Figure 2, WSN is the most essential component
of IoT. IoT comprises everything that WSN plus a thick layer
of software installed across computational devices and the
cloud. Therefore, IoT can be explained as a general purpose
WSN. In otherwords,WSN is a part of the IoTwhile IoT is not
a part of SN. With regard to IoT communication, IoT follows
the architecture of a three-layer WSN. Data is transmitted
from Phase I sensors (things) to Phase II sink node (IoT gate-
way) using a multihop fashion. More static and mobile sinks
can be deployed to collect data from sensors. WSN data is
then sent to Phase III computational devices for further data
analysis and IoT applications. Multiple sensor networks may
be connected together over PHASE-IV-Internet.

Ourwork focuses on the reliability of data transmission of
Phase I to successful data collection of PHASE II. For exam-
ple, hospital may let patients wear Electrocardiography sen-
sors to real-timemonitor patients’ heart health. Large amount
of Electrocardiography data is continuously transmitted over
WSN and cannot be lost because it involves human life. Only
successful data transmission and collection of Phases I and II
can provide computational devices complete data for correct
data analysis and application. To findmore efficient and effec-
tive ways of data transmission, we focus on data transmission
reliability between things and IoT gateways (sensors and
sinks).

MLB is proposed to cooperate with a large-scale wireless
Zigbee network. When the traffic load increases significantly
due to large number of IoT objects, routers with more neigh-
bors might experience much heavier traffic load and become
the bottlenecks, especially for the routers close to IoT gateway.
To prevent bottlenecks from happening, MLB guides Zigbee
routers to select the next-hops with the least traffic loads.
Each MLB router in a Zigbee network serves network traffic
with equal possibility to prevent itself from becoming a
potential bottleneck.

Take a closer look at MLB in Figure 3. MLB provides an
alternative routing service for Zigbee network without mod-
ifying existing Zigbee stack. Once a Zigbee router forwards
IoT data, MLB guides Zigbee network layer to choose a next-
hop with the least load toward IoT gateway. Besides, MLB
also ensures that the current router’s next-hop is closer to
IoT gateway than the router itself to prevent routing loops.
Therefore, MLB design can easily cooperate with the existing
Zigbee stack.

4. MLB: Multipath Load Balancing Routing

As IoT applications grow rapidly, IoT sensors may deliver
massive and critical data to IoT gateway so reliable IoT rout-
ing service is highly desirable. Current solutions, such as Zig-
bee and relative works in Section 1, cannot avoid bottlenecks,
which may paralyze the entire network if the network traffic
grows and congestion occurs nearby IoT gateway. To solve
this problem, we propose Multipath Load Balancing (MLB)
Routing to provide a reliable routing service for IoT appli-
cations, particularly data-intensive applications. Compared
with AODV’s improved multipath version, AOMDV, MLB
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Figure 3: MLB routing in Zigbee stack.

has the same advantage of multipath but has better traffic
load distribution and network reliability, MLB consists of
two main designs: LAYER DESIGN and LOAD BALANCE.
MLB is introduced from these three aspects in the following.

4.1. LAYER DESIGN. When a node forwards a data packet
to the gateway, it requires a routing service to generate the
best next-hop choice for data forwarding. If the chosen next-
hop fails to operate, a traditional single-hop routing service
requires long response time to compute a new next-hop.Mul-
tipath routing services provide several next-hop choices so
these services can quickly provide a new next-hop in case of
the failure of current next-hop. As a result, multipath routing
services provide a more flexible and reliable data forwarding
services than traditional single-hop routing services.

For IoT applications, sensors require a reliable routing
service to forward sensor data to the IoT gateway. In
MLB, LAYER DESIGN provides a reliable multipath data
forwarding service with simple layered routing design. In
LAYER DESIGN, layer value presents the number of hops to
the IoT gateway for each node. Layer 1 nodes, which are 1 hop
away from the IoT gateway, have direct wired connections to
the IoT gateway to avoid the gateway becoming a bottleneck.
If all layer 1 nodes send packets via Zigbeewireless links to the
gateway for a period of time, the gatewaywill encounter traffic
jams because of shared media among wireless links. Besides,
data traffic usually accumulates at layer 1 nodes so wired links

are required. Then layer 1 nodes can collect data from other
nodes through Zigbee wireless links. The IoT gateway can
have several layer 1 nodes collecting data from Zigbee links
simultaneously without becoming a bottleneck itself.

To allow other sensor nodes to join LAYER service, layer 1
nodes broadcast their beaconmessages to present layer 1 rout-
ing service. Other nodes hearing these beaconmessages from
layer 1 nodes can claim their layer number as 2 and announce
their layer number through their beacon messages to present
layer 2 routing service. Then layer 3 routing service can be
presented in the same way and so on. A beacon message
consists of its address, layer value, and network loading. The
usage of network loading is defined in LOAD BALANCE.
While receiving beacons from neighbors, each node updates
its neighbor table, which records neighbors’ information
including address, layer value, and network loading.Through
beacon messages and neighbor tables, nodes can quickly
establish their LAYER services toward the IoT gateway.

Figure 4 shows an example topology for presenting
LAYER service. For layer 2 nodes, since layer 1 nodes are
closer to the gateway, layer 1 becomes inner layer for layer 2
and layer 2 becomes outer layer for layer 1. Again, layer 2 can
be the inner layer for layer 3 so a node may play both roles of
outer-layer and inner-layer nodes in different relationships.
Nodes can forward their packets to their neighboring inner-
layer nodes as their next-hops until the packets reach the
gateway.
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Figure 4: Multipath layer routing (LAYER DESIGN) in MLB.

Since each node may have several neighboring inner-
layer nodes, it can have multiple next-hops to forward pack-
ets. Again, these next-hops may have multiple forwarding
choices from their inner-layer nodes so multipath routing
establishes. For example, layer 3 nodemay have 3 neighboring
layer 2 nodes, and each of these layer 2 nodes may have 3
neighboring layer 1 nodes, and thus 9 possible paths exist for
this layer 3 node. If one of these paths becomes unavailable,
the rest of 8 paths can be used. For traditional single path
routing protocols, such as AODV, the node can have 1 path
at a time, and it must generate another path in case this path
becomes unavailable. Therefore, LAYER DESIGN can pro-
vide a lot more paths than AODV and provide more reliable
routing service. In addition, AOMDV requires that its multi-
paths must be disjoint paths. In other words, these paths can-
not share the same nodes so AOMDVmay have less available
paths than LAYER DESIGN according to network topolo-
gies.

In LAYER DESIGN, given a node 𝑋, if one of the inner
nodes becomes unavailable, node 𝑋 can still use other inner
nodes as its next-hop so LAYER DESIGN can quickly adjust
its path locally. If all inner nodes become unavailable, node𝑋
searches for layer values of other nodes in its neighbor table.
At this time, the nodes with the highest layer value are usually
peer of nodes for node 𝑋, and node 𝑋 uses them as its new
inner layer.Then node𝑋 updates its layer value, which is usu-
ally larger than its old value by 1 and announces it in its new
beacon message immediately.

4.2. LOAD BALANCE. To accomplish load balancing, each
node chooses the next-hopnode in the inner layerwith lowest
network loading while forwarding data packets. Each node
announces its network loading in its beaconmessage to allow
its outer-layer nodes to retrieve its network loading value. As
a node forwards a data packet, the node chooses the next-hop
with the lowest network loading among neighboring nodes

in the inner layer. Since each data packet is forwarded to the
node with the lowest network loading, LOAD BALANCE is
done based on LAYER DESIGN service.

If the network loading is determined based on current
network loading of a node during a short period of time,
nodes change their next-hops too often. This can trigger net-
work loading dramatically and cause potential bottlenecks.
So LOAD BALANCE determines the network loading by the
Estimated Network Loading based on exponential weighted
moving average formula [16], inwhich newer data has heavier
weighting and higher influence on next estimation value
and the influence of data decreases exponentially with time.
Therefore, the estimated loading can reflect a long term
network loading so nodes switch next-hops smoothly.

Given a time slot𝑥, its EstimatedNetwork Loading (ENL)
is denoted as ENL

𝑥
, and current Sample Network Loading

(SNL) is denoted as SNL
𝑥
. If SNL

𝑥
is not 0, ENL

𝑥
becomes

(1 − 𝑤) ∗ ENL
𝑥−1
+ 𝑤 ∗ SNL

𝑥
, where 𝑤 is the weight of

SNL to determine the influence of current traffic load for
long term traffic estimation. If SNL

𝑥
is 0, ENL

𝑥
is set to 1/2

ENL
𝑥−1

to prevent ENL
𝑥
frombecoming 0 in case𝑤 is 1. ENL

0

is initially set to SNL
0
. If 𝑤 is large, SNL has high impact

of ENL so ENL changes fast, and ENL changes slow if 𝑤 is
small. Experiment results in Section 5.1 can show the impact
of𝑤 to determine the best practice for LOAD BALANCE. By
using LOAD BALANCE upon LAYER DESIGN, traffic goes
through nodes with lowest long term traffic loading dynam-
ically. Therefore, MLB accomplishes loading balancing with
reliable multipath layered routing.

5. Experiment Results for Evaluating MLB

Section 5 presents experiment results evaluating MLB com-
pared with AOMDV and AODV based on the three eval-
uation metrics, LBD, PLR, and CR, which are presented
in the following subsections. The experiment platform is
ns2 with the following parameters: simulation time is 300
seconds, MAC layer is 802.15.4, field size is 250 meters ×
250 meters, and transmission range is 50 meters. Data traffic
type is constant bit rate, data packet size is 100 bytes, and
data sending interval is 1 second. In order to show data
traffic patterns in different types of network topologies, the
experiment is conducted in a grid topology with 85 nodes
and a topology with 100 nodes deployed by random uniform
distribution. Layer 1 nodes have direct wired link with the
IoT gateway. In order to demonstrate extreme situations as
stress tests, this experiment launches data traffic from half
of the nodes in the two topologies. The layer number of the
data sending nodes is larger than the layer number of the
other nodes, which only forward data traffic. Each topology
uses MLB, AOMDV, and AODV separately to evaluate their
performance in terms of LBD, PLR, and CR.

5.1. Load Balance Degree. In the experiment, nodes in layer 1
have direct access to the IoT gateway, and nodes from other
layers transmit data via Zigbee connections to the nodes in
layer 1. So the data traffic accumulated at layer 1 ismuch larger
than other layers, and thus load balance in layer 1 is critical.



6 Journal of Sensors

−100

−80

−60

−40

−20

0
20
40
60
80

100
LB

D
 (%

)

2 3 4 5 61
Layer

AOMDV
AODV

MLB (w = 0.125)
MLB (w = 0.5)

MLB (w = 1)

MLB (w = 0.875)

(a) Grid topology

−100

−80

−60

−40

−20

0
20
40
60
80

100

LB
D

 (%
)

2 3 41
Layer

AOMDV
AODV

MLB (w = 0.125)
MLB (w = 0.5)

MLB (w = 1)

MLB (w = 0.875)

(b) Random topology

Figure 5: Load Balance Degree in two topologies.

To evaluate the performance of load balance, we present
LBD, which is calculated by standard deviation (SD) of traffic
load and Load Average (LA) among all nodes in a layer:

LBD
𝑌
= [1 − (

SD
𝑌

LA
𝑌

)] × 100%, (1)

where and LBD
𝑌
, SD
𝑌
, LA
𝑌
denote LBD, SD, and LA in the

layer 𝑌.
If SD
𝑌
is 0, it shows all nodes in layer 𝑌 have the same

traffic load. In this case the load balance performance is the
best and LBD

𝑌
is 100%. If LBD

𝑌
is 0%, it shows SD

𝑌
equals

LD
𝑌
. In other words, the deviation of traffic load in layer 𝑌

equals the average load so the load balancing in this layer is
poor. If LBD

𝑌
is negative, the load balancing in this layer is

even worse because it indicates traffic load of some nodes is
even larger than average plus standard deviation.

Figure 5 shows LBD in two types of topologies using
AODV, AOMDV, and MLB with four different 𝑤 (𝑤 = 0.125,
𝑤 = 0.5, 𝑤 = 0.875, and 𝑤 = 1). Since load balance in layer
1 is critical, LBD

1
is the key observation point. In both grid

and random topologies, MLB with 𝑤 = 0.125 provides the
best LBD, particularly the inner layers, layers 1, 2, and 3.

In the grid topology, LBD
1
in MLB cases is 100% so MLB

can provide the best load balance performance in the most
critical layer, layer 1, which usually accumulates all data traf-
fic. In addition, MLB with 𝑤 = 0.125 can keep such an opti-
mal load balancing performance through layers 1 to 3. On the
other hand, LBD in AOMDV case is about 40% and is much
worse than MLB. LBD in AODV case even quickly drops to
negative value.

In the random topology, the node distribution is not
uniformly deployed compared with the grid topology so the
load balance task becomes much more than challenging. The
number of connections of grid topology is fixed and the traffic
is easier to be predicted andoptimized. In general, LBDvalues
in the random topology become worse than those in the grid
topology. LBD in MLB with 𝑤 = 0.125 case is still the best

and its LBD
1
is about 75%, which is much better than the

case of AOMDV and AODV. Therefore, MLB shows much
better load balancing performance than both AOMDV and
AODV do. AOMDV provides multiple paths for data traffic
so its LBD is much better than AODV, which is used in
Zigbee stack. MLB can even provide better load balancing
performance than AOMDV. In the grid topology, MLB can
even provide the optimal load balancing performance in
the inner layers. In the most outer layer, LBD values of all
MLB cases are 100 % for both topologies. It shows MLB can
perform optimal load balancing performance as data traffic
initiates. When data traffic aggregates and arrives at layer 1,
MLB can still perform great load balancing performance.

5.2. Packet Loss Rate. PLR directly reflects network perfor-
mance of IoT applications. As data traffic sources increase, the
network loading of the entire network increases. Since data
traffic is usually accumulated at layer 1, the network loading
of layer 1 can increase significantly in case of poor load bal-
ancing performance. So PLR can directly reveal the impact of
load balancing performance for IoT applications.

Figure 6 shows PLR ofMLB, AOMDV, and AODV versus
different number of data traffic sources. Since load balancing
performance of AODV is poor, PDR increases significantly as
the data traffic sources increase. Because data delivery in the
random topology is more challenging than the grid topology
due to the node deployment policy, PLR increasesmuchmore
in the random topology, which is actually a more realistic
topology than the grid one. From Figure 6, AODV’s PLR
increases dramatically so AODV is not a scalable choice for
IoT applications. In the grid topology, both AOMDV and
MLB have low PLR, but only MLB can still keep low PLR in
the random topology. AOMDV’s PLR in the random topol-
ogy can become up to 60% compared with 40% inMLB case.
It shows MLB is a scalable solution compared with AOMDV
in the challenging random topology. Therefore, according to
the results in Figure 6, MLB is a more reliable and scalable
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Figure 6: Packet loss rate.
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Figure 7: Connectivity ratio.

routing solution than AOMDV and AODV for IoT applica-
tions.

5.3. Connectivity Ratio. CR is the ratio of nodes having routes
toward the IoT gateway over all sensor nodes. CR illustrates
the routing connectivity between nodes and the gateway in
real time and thus shows the routing reliability of routing pro-
tocols for IoT applications. As the network traffic increases,
the traffic jams may trigger routing errors. If the routing pro-
tocol cannot repair the errors instantly, these routing errors
can propagate and trigger more routing error messages,
which cause more nodes that are unable to connect the gate-
way. CR traces the ratio of these nodes that cannot connect to
the gateway and monitors the impact of routing errors in real
time.

Figure 7 shows CR of MLB, AOMDV, and AODV in 300
seconds. In the beginning, MLB takes shorter time to estab-
lish the routes from nodes to the gateway than AOMDV and

AODV. Unlike AODV and AOMDV, nodes in MLB just need
to connect the upper layer nodes without building a path to
the gateway by flooding routing messages, and thus the rout-
ing establishing time is shorter in MLB than in AOMDV and
AODV. After the routing topology has been stabilized, as half
of the nodes send data traffic and the number of nodes is up to
100, CR in MLB is 100% in both topologies. This shows MLB
has great routing reliability under the high traffic condition.

On the other hand, CR in AOMDV is about 80%, and this
may result from the regulation ofAOMDVmultipath routing:
the routes in AOMDV must have disjoint nodes. This rule
may limit the route recovery capability in AOMDV and result
in the routing vulnerability. CR in AODV is even worse due
to the routing errors caused by the high traffic volume. Since
AODVonly supports one next-hop for each route, the routing
recovery capability is the worst so the routing reliability is the
worst.Therefore, the results of CR show thatMLB is the most
reliable routing protocol among the three routing protocols.
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6. Conclusion

As IoT applications grow rapidly, reliable routing is highly
desirable to allow IoT sensors delivery data packets to
IoT gateway through multihop transmissions accurately.
For preventing bottleneck issues in Zigbee’s AODV routing
services, MLB is proposed to provide a load balancing,
robust and reliable routing service for IoT applications. To
achieve these goals, MLB consists of LAYER DESIGN and
LOAD BALANCE. LAYER DESIGN provides a multipath
layer routing service toward IoT gateway for IoT appli-
cations, and LOAD BALANCE estimates load information
for data sender choosing the inner-layer next-hop with
the least network loading. The synergy of LAYER DESIGN
and LOAD BALANCE eliminates the bottlenecks and thus
provides a load balancing and reliable routing service. The
experiment results demonstrate that MLB achieves much
better load balancing than AODV and AOMDV according to
LBD values. Based on PLR and CR, MLB provides more reli-
able routing than AODV and AOMDV. In conclusion, based
on the load balancing design, MLB provides the most reliable
routing service for IoT applications compared with the cur-
rent famous in-use routing solutions, Zigbee’ AODV and its
improved multipath version, AOMDV.

Competing Interests

The author declares no competing interests.

References

[1] M. A. Feki, F. Kawsar, M. Boussard, and L. Trappeniers, “The
internet of things: the next technological revolution,”Computer,
vol. 46, no. 2, pp. 24–25, 2013.

[2] J. Yick, B. Mukherjee, and D. Ghosal, “Wireless sensor network
survey,”ComputerNetworks, vol. 52, no. 12, pp. 2292–2330, 2008.

[3] L. D. Xu, W. He, and S. Li, “Internet of things in industries: a
survey,” IEEE Transactions on Industrial Informatics, vol. 10, no.
4, pp. 2233–2243, 2014.

[4] Y.-W. Wang, H.-L. Yu, and Y. Li, “Internet of things technology
applied in medical information,” in Proceedings of the IEEE
International Conference on Consumer Electronics, Communica-
tions and Networks (CECNet ’11), pp. 430–433, April 2011.

[5] G. Chong, L. Zhihao, and Y. Yifeng, “The research and imple-
ment of smart home system based on internet of things,” in
Proceedings of the International Conference on Electronics, Com-
munications and Control (ICECC ’11), pp. 2944–2947, IEEE,
Zhejiang, China, September 2011.

[6] P. Vlacheas, R. Giaffreda, V. Stavroulaki et al., “Enabling smart
cities through a cognitive management framework for the
internet of things,” IEEE Communications Magazine, vol. 51, no.
6, pp. 102–111, 2013.

[7] Zigbee Alliance, ZigBee Specification Version 1.0, 2004, http://
www.zigbee.org.

[8] C. Perkins, E. Belding-Royer, and S. R. Das, “Ad hoc on-demand
distance vector (AODV) routing,” IEEE RFC 3561, 2003.

[9] M. K. Marina and S. R. Das, “Ad hoc on-demand multipath
distance vector routing,” Wireless Communications and Mobile
Computing, vol. 6, no. 7, pp. 969–988, 2006.

[10] M. Hammoudeh, O. Aldabbas, S. Mount, S. Abuzor, M.
Alfawair, and S. Alratrout, “Algorithmic construction of optimal
and load balanced clusters in wireless sensor networks,” in
Proceedings of the 7th InternationalMulti-Conference on Systems
Signals and Devices (SSD ’10), pp. 1–5, IEEE, Amman, Jordan,
2003.

[11] J. Zhang and T. Yang, “Clustering model based on node local
density load balancing of wireless sensor network,” in Proceed-
ings of the 4th International Conference on Emerging Intelligent
Data and Web Technologies (EIDWT ’13), pp. 273–276, Xi’an,
China, September 2013.

[12] Y. Liao, H. Qi, and W. Li, “Load-balanced clustering algorithm
with distributed self-organization for wireless sensor networks,”
IEEE Sensors Journal, vol. 13, no. 5, pp. 1498–1506, 2013.

[13] Y.Wu andW. Liu, “Routing protocol based on genetic algorithm
for energy harvesting-wireless sensor networks,” IET Wireless
Sensor Systems, vol. 3, no. 2, pp. 112–118, 2013.

[14] A. Bhatia and P. Kaushik, “A cluster based minimum battery
cost AODV routing using multipath route for ZigBee,” in Pro-
ceedings of the IEEE 16th International Conference on Networks
(ICON ’08), pp. 1–7, New Delhi, India, December 2008.

[15] K. Kim, K. Cho, and S. Bahk, “Neighbor-aware adaptive load
balancing algorithm for densewireless sensor networks,” inPro-
ceedings of the IEEE VTS Asia Pacific Wireless Communications
Symposium (APWCS ’09), 2009.

[16] J.M. Lucas andM. S. Saccucci, “Exponentially weightedmoving
average control schemes: properties and enhancements,” Tech-
nometrics, vol. 32, no. 1, pp. 1–12, 1990.



Research Article
Design and Simulation Analysis for
Integrated Vehicle Chassis-Network Control System
Based on CAN Network

Wei Yu and Ning Sun

College of Automobile and Transport Engineering, Nanjing Forestry University, Nanjing 210037, China

Correspondence should be addressed to Wei Yu; yuwei505@163.com

Received 30 March 2016; Revised 18 May 2016; Accepted 26 June 2016

Academic Editor: Antonio Fernández-Caballero

Copyright © 2016 W. Yu and N. Sun. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Due to the different functions of the system used in the vehicle chassis control, the hierarchical control strategy also leads to many
kinds of the network topology structure. According to the hierarchical control principle, this research puts forward the integrated
control strategy of the chassis based on supervision mechanism.The purpose is to consider how the integrated control architecture
affects the control performance of the system after the intervention of CAN network. Based on the principle of hierarchical control
and fuzzy control, a fuzzy controller is designed, which is used to monitor and coordinate the ESP, AFS, and ARS. And the IVC
system is constructed with the upper supervisory controller and three subcontrol systems on the Simulink platform. The network
topology structure of IVC is proposed, and the IVC communication matrix based on CAN network communication is designed.
With the common sensors and the subcontrollers as the CAN network independent nodes, the network induced delay and packet
loss rate on the system control performance are studied by simulation. The results show that the simulation method can be used
for designing the communication network of the vehicle.

1. Introduction

From the current development of the control system of vehi-
cle chassis, integration and networking trend is very obvi-
ous [1]. The architecture of system control and network
has different degrees of influence on the stability of chassis
control. Due to the different functions of the system used in
the vehicle chassis control, the hierarchical control strategy
also leads to many kinds of the network topology structure
and the distribution of the system computing tasks. In the
80s of last century, the researchers began to decompose the
complex chassis control problem into a number of subcontrol
systems and then use amechanism to coordinate the dynamic
relationship between the subsystems to meet the control
requirements. Therefore, the research and discussion of the
integrated control architecture of the chassis form [2–9]
began to become the focus.

As far as the integrated control strategy of vehicle chassis
is concerned, numerous studies have shown that the hierar-
chical control can effectively reduce the operation conflict

between different functional subsystems,and quickly and
effectively make the vehicle get the best performance. A
large number of literatures [2–4] divide chassis control into
different subcontrol systems according to the vertical, lateral,
and normal control systems, and the integrated optimization
control of the chassis is realized through the hierarchical
control strategy. Li et al. put forward the integrated control
structure of chassis based on the combination of the main
loop and servo loop and discussed the problems of different
directional force and force distribution of the chassis [6].

Chang and Gordon divided the chassis control system
into three layers to achieve the active collision avoidance
control [8]. Using the system architecture for the independent
control units of the chassis of integrated control with upper
coordinated control [10] can effectively adjust the collabora-
tive work of control units, avoid the conflict of the controllers,
and make the vehicle obtain the best running state. Through
the analysis of the complex working conditions, the super-
vision mechanism is used to coordinate the multiple control
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systems of the vehicle chassis, which can achieve a very good
control effect of the system integration [11].

For these reasons, this paper firstly according to the hier-
archical control principle, puts forward integrated control
strategy of the chassis based on supervision mechanism.
Based on the verification of the validity of this control
strategy, the purpose of the study is to consider how the inte-
grated control architecture affects the control performance
of the system after the intervention of CAN network. Some
exploratory simulation research is carried out. In order to
facilitate the discussion, the integrated control system of
network of the vehicle chassis based on network communi-
cation is abbreviated as IVC-NCS, namely, Integrated Vehicle
Chassis-Network Control System.

2. Dynamic Model of the Vehicle

At present, international vehicle coordinate system mainly
has two kinds [12]: one is SAE vehicle coordinate system
issued by American Society of Automotive Engineers and
another one is ISO vehicle coordinate system issued by Inter-
national Standardization Organization. In this paper, SAE
vehicle coordinate system is used for modeling, calculation,
and analysis of vehicle dynamics. Based on the above assump-
tions, the nonlinear vehicle dynamicsmodel has eight degrees
of freedom.

There are a lot of tire models to calculate the complex
nonlinear force between the road surface and the wheel. The
most commonly used in the project is magic formula raised
by Pacejka ofHolland [13, 14] and unified tiremodel of overall
conditions raised by Guo Konhui of China [15]. This paper
uses Dugoff tire model [16], which is often used in computer
simulation. It belongs to analyticalmodel, and the parameters
are small and easy to obtain.

3. Architecture of IVC-NCS Based on
Supervision Mechanism

Figure 1 shows the architecture of IVC-NCS based on super-
vision mechanism. Three subcontrol systems are ESP, AFS,
and ARS. Each subsystem can be controlled according to the
calculation of local state variables. Based on the global state
of the vehicle, the upper supervision controller judges the
function weight by the vehicle stability for each subcontrol
systems. The implementation of the execution mechanism is
determined by the calculation results of each subcontroller
and control weight.

3.1. ESP Subcontrol System. ESP takes the handling stability
as the control target on the critical conditions of the whole
vehicle. By controlling the braking intensity of four wheels,
the electronic control of vehicle active safety is finished. The
yaw rate tracking is the control target by applying a braking
force at the right wheel to correct the unstable state of the
vehicle.The system adopts sliding mode control strategy, and
the tracking error of yaw rate is defined as sliding mode
variable:

𝑠𝑏 = 𝑟 − 𝑟idl, (1)

where 𝑟 is the actual yaw rate and 𝑟idl is the ideal yaw rate.

Supervisory
controller

AFS
subcontroller

ESP
subcontroller

ARS sub-
controller

Control
weight

Local variable Global state variable

Control
quantity

Control
quantity

Control
quantity

Local variable
Local variable

Figure 1: Architecture of IVC-NCS based on supervision mecha-
nism.

The condition for reaching the sliding surface is defined
as

̇𝑠𝑏 = −𝜆𝑏𝑠𝑏 − 𝜅𝑏 sat(
𝑠𝑏

𝜀𝑏

) , (2)

where 𝜆𝑏 and 𝜅𝑏 are all positive constants, 𝜆𝑏 reflects the
response speed of yaw tracking controller, 𝜅𝑏 shows the con-
vergence rate of sliding mode surface of the system, 𝑆𝑏 is the
tracking error of yaw rate, and 𝜀𝑏 is the thickness of boundary
layer.

The sliding mode controller satisfies the stability condi-
tion of Lyapunov sense.

Ignoring the inclination of vehicle and considering for-
mula (2), when ESP control system acts on braking of single
vehicle, the calculation formula of additional yaw rate torque
is gotten:

𝑀𝑧𝑐

𝐼𝑧𝑧

= −

𝐿𝑓 (𝐹𝑦fl + 𝐹𝑦fr) − 𝐿𝑟 (𝐹𝑦rl + 𝐹𝑦rr)

𝐼𝑧𝑧

+ ̇𝑟idl

− 𝜆𝑏𝑠𝑏 − 𝜅𝑏 sat(
𝑠𝑏

𝜀𝑏

) ,

(3)

where 𝑀𝑧𝑐 is the additional yaw torque generated by longi-
tudinal driving force or braking force, 𝐼𝑧𝑧 is the moment of
inertia of the vehicle body around 𝑧-axis, 𝐿𝑓 is the vertical
distance from the centroid to the front axle, 𝐿𝑟 is the
vertical distance from the centroid to the rear axle, 𝐹𝑦fl is the
longitudinal force of the ground on the left front tire, 𝐹𝑦fr is
the longitudinal force of the ground on the right front tire,𝐹𝑦rl
is the longitudinal force of the ground on the left rear tire,𝐹𝑦rr
is the longitudinal force of the ground on the right rear tire,
𝑟idl is the ideal yaw rate, 𝜆𝑏 reflects the response speed of yaw
tracking controller, 𝜅𝑏 shows the convergence rate of sliding
mode surface of the system, 𝑆𝑏 is the tracking error of yaw
rate, and 𝜀𝑏 is the thickness of boundary layer.

In order to improve the unstable state in extreme con-
ditions, braking force is applied to inward rear wheel when
the vehicle has the understeer, or braking force is applied to
outward front wheel when the vehicle has the oversteer. It
can quickly and effectively improve vehicle stability. There-
fore, the additional yaw torque calculated by formula (3) is
converted to the equivalent braking force that can be applied
to wheel with the most effective braking force.
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3.2. AFS Subcontrol System. In steering system of the vehicle
chassis, a relatively independent subcontrol system such as
AFS is increased to adjust the front wheel angle for obtaining
the optimum performance of IVC-NCS.

The system adopts sliding mode control strategy, and the
tracking error of yaw rate is defined as sliding mode variable:

𝑠𝑠𝑓 = 𝑟 − 𝑟idl, (4)

where 𝑟 is the actual yaw rate and 𝑟idl is the ideal yaw rate.
The condition for reaching the sliding surface is defined

as

̇𝑠𝑠𝑓 = −𝜆𝑠𝑓𝑠𝑠𝑓 − 𝜅𝑠𝑓 sat(
𝑠𝑠𝑓

𝜀𝑠𝑓

) , (5)

where

sat(
𝑠𝑠𝑓

𝜀𝑠𝑓

) =

{
{
{
{
{

{
{
{
{
{

{

𝑠𝑠𝑓

𝜀𝑠𝑓

,






𝑠𝑠𝑓






< 𝜀𝑠𝑓

sign(

𝑠𝑠𝑓

𝜀𝑠𝑓

) ,






𝑠𝑠𝑓






≥ 𝜀𝑠𝑓,

(6)

where 𝜆𝑠𝑓 and 𝜅𝑠𝑓 are all positive constants, 𝜆𝑠𝑓 reflects the
response speed of yaw tracking controller, 𝜅𝑠𝑓 shows the
convergence rate of sliding mode surface of the system, 𝑠𝑠𝑓
is the tracking error of yaw rate, and 𝜀𝑠𝑓 is the thickness of
boundary layer.

The control law of steering angle about front wheel is

𝛿𝑓 =

1

𝑏21

[−𝑎21𝑉𝑦 − 𝑎22𝑟 + ̇𝑟idl − 𝜆𝑓 (𝑟 − 𝑟idl)]

− 𝜅𝑓 sat(
𝑠𝑠𝑓

𝜀𝑠𝑓

) ,

(7)

where 𝑉𝑦 is the lateral vehicle speed, 𝑟 is the actual yaw rate,
𝑟idl is the ideal yaw rate, 𝜆𝑓 reflects the response speed of yaw
tracking controller, 𝜅𝑓 shows the convergence rate of sliding
mode surface of the system, 𝑠𝑠𝑓 is the tracking error of yaw
rate, and 𝜀𝑠𝑓 is the thickness of boundary layer.

According to the vehicle model of two degree of freedom,
𝑏21 = 2𝐿𝑓𝐶𝑓/𝐼𝑧𝑧, where 𝐿𝑓 is the vertical distance from the
centroid to the front axle, 𝐶𝑓 is the pitch damping, 𝐼𝑧𝑧 is the
moment of inertia of the vehicle body around 𝑍 axis.

And𝑎21 = (2𝐿𝑟𝐶𝑟−2𝐿𝑓𝐶𝑓)/𝐼𝑧𝑧𝑉𝑥, where𝐿𝑟 is the vertical
distance from the centroid to the rear axle, 𝐶𝑟 is the caster
damping, 𝐿𝑓 is the vertical distance from the centroid to the
front axle, 𝐼𝑧𝑧 is the moment of inertia of the vehicle body
around 𝑧-axis, 𝑉𝑥 is the longitudinal speed.

And 𝑎22 = −(2𝐿
2

𝑓
𝐶𝑓 + 2𝐿

2

𝑟
𝐶𝑟)/𝐼𝑧𝑧𝑉𝑥, where 𝐿𝑓 is the

vertical distance from the centroid to the front axle, 𝐶𝑓 is the
pitch damping, 𝐿𝑟 is the vertical distance from the centroid
to the rear axle, 𝐶𝑟 is the caster damping, 𝐼𝑧𝑧 is the moment
of inertia of the vehicle body around 𝑧-axis, and 𝑉𝑥 is the
longitudinal speed.

3.3. ARS Subcontrol System. Active four-wheel steering tech-
nology can improve the handling stability of the vehicle at

high speed and the controlling flexibility at low speed. The
ideal yaw rate calculated by vehicle model of two degrees of
freedom is the tracked target. So ARS takes round steering
angle as the controlled variable.

The system adopts sliding mode control strategy, and the
tracking error of yaw rate is defined as sliding mode variable:

𝑠𝑠𝑟 = 𝑟 − 𝑟idl, (8)

where 𝑟 is the actual yaw rate and 𝑟idl is the ideal yaw rate.
The condition for reaching the sliding surface is defined

as

̇𝑠𝑠𝑟 = −𝜆𝑠𝑟𝑠𝑠𝑟 − 𝜅𝑠𝑟 sat(
𝑠𝑠𝑟

𝜀𝑠𝑟

) , (9)

where

sat(
𝑠𝑠𝑟

𝜀𝑠𝑟

) =
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sign(
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) ,




𝑠𝑠𝑟





≥ 𝜀𝑠𝑟,

(10)

where 𝜆𝑠𝑟 and 𝜅𝑠𝑟 are all positive constants, 𝜆𝑠𝑟 reflects the
response speed of yaw tracking controller, 𝜅𝑠𝑟 shows the
convergence rate of sliding mode surface of the system, 𝑠𝑠𝑟
is the tracking error of yaw rate, and 𝜀𝑠𝑟 is the thickness of
boundary layer.

In order to restrain the shake of high frequency caused
by frequent switching on the sliding surface, 𝜀𝑠𝑟 is taken as
the thickness of the boundary layer. 𝜆𝑠𝑟 reflects the response
speed of yaw tracking controller, and 𝜅𝑠𝑟 reflects the rate how
the system reaches the sliding surface.

3.4. Upper Supervisory Controller Design. The control idea of
the supervisory controller is as follows: judging the steady
state of the vehicle according to the stability factor, distribut-
ing the weight of the control function of three subcontrollers,
and coordinating the output of each subcontroller.

Firstly, the stability factor of front and rear wheels is
defined as [17]

SF𝑓 =






𝑐1𝛼𝑓 + 𝑐2�̇�𝑓






, (11)

where SF𝑓 is the possibility that the front wheels come into
the slipping state and 𝛼𝑓 is the corresponding sideslip angle
of the middle of the left and right wheels on the front axle:

SF𝑟 =




𝑐1𝛼𝑟 + 𝑐2�̇�𝑟





, (12)

where SF𝑟 is the possibility that the rear wheels come into the
slipping state and 𝛼𝑟 is the corresponding sideslip angle of the
middle of the left and right wheels on the rear axle.

𝑐1 and 𝑐2 can be obtained by analyzing the relationship
between the phase plane and the steering stability of the tire
[18].

SF𝑓 and SF𝑟 show the possibility of the corresponding
wheel beginning to side. The larger the value, the bigger the
side slipping possibility of corresponding wheel, namely, the
smaller the control margin provided by the wheel. Con-
versely, the smaller the value, the greater the effective strength
of corresponding wheel.
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Table 1: Rules of fuzzy controller of IVC.

SF
𝑓

SF
𝑟

𝑊AFS 𝑊ARS 𝑊ESP

S S B B S
S MS B M S
S MB B S S
S B B S MS
MS S M B S
MS MS M M MS
MS MB M S MS
MS B M S MB
MB S M B S
MB MS M M S
MB MB M M MS
MB B S S MB
B S S B MS
B MS S M MS
B MB S S MB
B B S S B

Through repeated simulation tests, when SF𝑓 and SF𝑟 are
less than 0.7, the active steering control of the front and rear
wheels can meet the requirements of vehicle stability. When
SF𝑓 or SF𝑟 is bigger than 1.3, the use of ESP can be more
effective to correct the excessive or lack steering state, which
can keep the vehicle stable fast. When SF𝑓 and SF𝑟 are in the
range from 0.7 to 1.3, the wheels with smaller stability factor
provide a greater role in vehicle stability control. Based on
this, the design of fuzzy logic controller is designed as follows.

The controller takes the stability factors of the front
and rare wheels, such as SF𝑓 and SF𝑟, as the input. The
membership functions are in the same range [0, 2], and the
fuzzy subset is {S,MS,MB,B} as shown in Figure 2(a). The
outputs of the controller are the control weights of three
subcontrollers whose range is [0, 1].

The membership functions of AFS and ARS are the
same, and fuzzy subset is {D,M,E} as shown in Figure 2(b).
The membership function of ESP subcontroller is shown in
Figure 2(c), and fuzzy subset is {S,MS,MB,B}.The collection
of letters is as follows: S is small, M is medium, and B is big.

Considering the actual application of the computation
and real-time, all variables of the membership functions are
easy to be calculated by the procedure, such as trigonometric
function or trapezoidal function. Table 1 shows the inference
rules of fuzzy controller of IVC.

4. Network Topology Design of IVC-NCS

According to system control strategy of IVC, combined with
the control requirements of vehicle stability, the following
several points are considered as the basis for the design.
Actual limitations of vehicle space layout are as follows:
because CAN network agreement and the corresponding
international standards limit the length of the branches
connecting the nodes and communication trunks, so network
nodes in the actual space layout is one of the major consid-
erations of network topology structure. Such as ARSC and

AFSC, they are divided into two control units to control the
system separately, which is helpful to connect the sensors and
the executing agency.

Load capacity constraint of network communication is as
follows: for IVC-NCS, if all sensors, controllers, and actuators
exist as independent network nodes and the network works
in 250Kbps rate of regulated by vehicle high speed network
of SAE, only from the theoretical calculation of CAN com-
munication capability, its load capacity is difficult to meet
the control requirements. While the communication speed
is increased to 500Kbps, the anti-interference ability of the
node will be poor, so it is difficult to realize the high speed
communication in the bad electromagnetic environment.

Real-time requirements of subsystems are as follows:
three subsystems of IVC-NCS are the relatively indepen-
dent closed-loop control system. ESP subsystem has higher
request on real-time of wheel speed signals, which requires
the executing agencies to react quickly according to control
orders.

The sensors necessary for many systems are designed as
independent network nodes. The subcontrol systems adopt
traditional point-to-point connection in the controllers, sen-
sors, and executing agencies. Its object is to obtain satisfactory
real-time performance and reliability.

Based on above analysis, the network in Figure 3 is
designed as IVC-NCS structure. CAN network is taken as
the communicationmedium of the controller node, and each
subsystem is connected with the traditional method of point
to point. Considering that ESP system has obvious effect for
vehicle stability in extreme conditions, the supervision and
control tasks of the system and the control calculation of ESP
are assigned to one node.

The sensor signals are the basis of the controller to
judge the state of the vehicle and control instructions. When
the network communication load suddenly increases, the
probability of signal loss of low level sensors will be sig-
nificantly increased. Therefore, in order to ensure the real-
time performance of the sensor signal transmission, the
message priority of the sensor nodes is set higher to avoid
the message loss in the control cycle, which leads to control
instability. Table 2 shows the communication matrix table of
IVC-NCS. Messages Msg7 and Msg9, as the state messages
of executing agencies, can help the controller nodes to
understand the operation status of the system. Because they
do not participate in the control calculation, so the priority is
low, and the transmission cycle is relatively large.

5. Simulation and Result Analysis

According to nonlinear vehicle model with eight degrees
of freedom to calculate the state of the vehicle, Simulink
platform is used for simulation. Before the performance of
IVC-NCS, the IVC system is simulated and tested to verify
the effectiveness of the controller.

5.1. Effectiveness Verification of IVC System Control. In order
to verify the effectiveness of IVC system, the sine curve and
the step curve with the maximum value 5 degrees (about
0.087 rad) of the vehicle steering wheel are input to simulate
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Table 2: Communication matrix table of IVC-NCS.

Message name Message content
(signal) Transmission node Message property Signal description

Priority Cycle Data domain
Msg1 Interf Node 1 1 Pending 8 bytes Meaningless message
Msg2 S Yaw Acc Node 2 2 𝑃 = 5ms 6 bytes Yaw rate and lateral acceleration
Msg3 S StrWhAgl Node 3 3 𝑃 = 5ms 4 bytes Steering wheel angle
Msg4 S Vx Node 4 4 𝑃 = 5ms 4 bytes Longitudinal speed
Msg5 Weight Node 4 7 AP 4 bytes Control weight of AFS and ARS
Msg6 S ARS Node 5 5 𝑃 = 5ms 8 bytes Speed and rotation angle of rear wheel
Msg7 D ARS M Node 5 8 𝑃 = 20ms 4 bytes Rear wheel motor status
Msg8 S AFS Node 6 6 𝑃 = 5ms 8 bytes Speed and rotation angle of front wheel
Msg9 D AFS M Node 6 9 𝑃 = 20ms 4 bytes Front wheel motor status
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Figure 4: (a) Input curve of front wheel angle. (b)The response curve of yaw rate of the steering wheel with sine angle input. (c)The response
curve of yaw rate of the steering wheel with step angle input.

the tracking response of the vehicle under different input
yaw rates. According to the transmission ratio of the steering
system, the corresponding input curve of front wheel steering
angle is shown in Figure 4(a). The vehicle travels at a good
road with a adhesion coefficient of 0.85, and the initial speed
is 25m/s.

Figures 4(b) and 4(c) are the response curves of vehicle
yaw rate at different angle inputs. It can be seen that the yaw
rate of the controlled vehicle can quickly and effectively track
the ideal value when compared with the system without the
control. For the sine input, the execution of the vehicle is a
nonstandard single lane change test. At this time due to the
correction function of angle changes of the front wheel, so
after the apparent slip, the yaw rate is settled in zero value, as
shown in Figure 4(b).

Under the step input of steering wheel angle in Fig-
ure 4(c), the yaw rate of the vehicle without control cannot
track the ideal value, which appears as the trend of diver-
gence. So the vehicle cannot achieve stable circular motion
and rollover because of instability.The yaw rate of the vehicle
with controllers is good at tracking the ideal value. Simulation
results show that the IVC system can effectively improve
the stability vehicle in critical conditions, which verifies the
effectiveness of the designed control system.

5.2. Simulation Analysis of IVC-NCS Based on CAN. In order
to investigate the performance change of the designed IVC
system after the CAN network is involved in the control,

the stability of the vehicle was investigated using the same
step input of the steering wheel. The initial speed is 25m/s,
and the road adhesion coefficient is 0.85. Considering the
practical application of CAN network with high speed, the
communication rate is set to 250Kbps. Node sends only data
frames. If the interfering nodes do not send any message,
the network load is about 84% when the maximum is filled.
When the interference nodes send the interference message
of high priority with 4ms cycle, it can ensure that the network
load is close to 1 but less than the network bandwidth, which
ensures the system communication not to lose the frames.

According to the assumptions and simulation conditions,
Figure 5 shows the comparison curve of yaw rate tracking
aboutCANnetwork communication and point-to-point con-
nection. Compared with point-to-point connection mode,
the IVC system with CAN network connection can quickly
and effectively track the ideal value under the condition
of good network environment without changing the steady
state of the control system. It can be clearly seen that, in
the part of the amplified image, the network involves in
the control system, which makes the yaw rate fluctuate with
microamplitude. The overshoot of control increases from
3.1% of the point-to-point connection to 6% of the CAN
network connection.

In order to investigate the influence of different network
state on the control performance of the system, the tracking
simulation test of vehicle yaw rate is carried out for different
network load and packet loss rate.
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Figure 6 shows the response curve of different packet loss
rates of IVC-NCS yaw rate. In the simulation process, the
interference nodes do not send the messages. It can be seen
that when the packet loss rate is lower than 20%, the dynamic
characteristic of the system becomes bad. In the packet loss
rate of 5% and 20%, the corresponding overshoots of the
system are about 9% and 12.5%. In 0.3 s after the step input of
frontwheel ends, the vehicle yaw rate can be stable to track the
ideal value.When the packet loss rate is less than 40%, the yaw
rate of the vehicle can be finally stabilized at an ideal value.
When the packet loss rate is more than 40%, the yaw rate is
obviously fluctuated in the ideal yaw rate tracking process. At
50%, the overshoot of yaw rate increases rapidly to about 42%,
the vehicle begins to sideslip.

When the packet loss rate is up to 60%, the vehicle
yaw rate tracking is seriously lagging behind, which cannot
achieve stable circular motion. The analysis shows that when
the packet loss rate is low, themessage transmission keep high
success rate. The information of the sensors can be obtained
by control nodes in time, so the controller works fast with
little effect on the performance of system control. With the
increase of packet loss rate, the control instructions cannot
be timely generated and executed, which makes the control
cycle become longer. The status of executing agency cannot
be corrected in time. The input of executing agency will be
too large or too small, which causes the control to fail.

Figure 7 shows that the interference nodes send the
messages of highest priority in 4ms cycle, and the network
load is close to 1. The long dashes are the response curve of
yaw rate of CAN network without the interference, when the
network load is about 84%. The short dashed lines, dashed-
dotted lines, and bold dashed lines are separately response
curves of yaw rate at 𝑡 different packet loss rates when the
load is full.

Under the condition tomeet the communication require-
ments of the control system, when the network load is
close to 1, the induced delay of the system is largest. It can
be calculated, when the network load increases from 84%
to nearly 100% and the overshoot increases from 6% to 7%.
When the network load is 1 and packet loss rate is 30%,
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Figure 6: The response curve of different packet loss rates.
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Figure 7: The response curve of yaw rate with full load of network
communication.

the overshoot of yaw rate is 15.7%. Therefore, although the
network load increases, as long as network load can meet
the communication requirements of the control system, the
network intervention only has little effect on the quality
of dynamic control, which does not change the steady
characteristics of the system. The vehicle can achieve the
stable circular motion within 0.3 s of the yaw rare input of
the front wheel.

When the communication network is fully loaded and
the packet loss rate is 50%, the vehicle cannot complete
the scheduled circular motion. The yaw rate of the vehicle
diverges to make the vehicle out of control. The simulation
results show that when the network bandwidth meets the
needs of control system, the effect of the network induced
delay of control system is very small and negligible. And the
network packet loss will affect the performance of control
system seriously. When the packet loss rate is up to 50%, the
system control performance will deteriorate significantly.
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5.3. Stability and Coordination Analysis. From the devel-
opment of the vehicle chassis control system, the trend of
integration and network is very obvious. The system control
architecture and the network architecture form have different
effects on the stability control of the chassis. In this paper,
the design of the control system fully takes into account the
stability of the chassis control performance.

Because ABS is the basis for the realization of ESP,
and the latter needs to achieve the independent control of
braking intensity about the four wheels, so ABS is designed
as an independent four-channel mode. As one kind of the
controller associated with safety and real-time, the execution
and controller of ABS usually adopt directly connected
manner, in order to reduce the information switching delay
and ensure the safety and stability of the vehicle.

The control target of ESP system is to control the stability
of the vehicle in the extreme conditions, through the control
of braking strength of four wheels to achieve the active
safety. In order to improve the unstable state of the vehicle
in extreme conditions, applying the braking force on inward
rear wheel with the understeer or on the outward front wheel
with the oversteer can quickly and effectively improve the
stability. Taking into account that ESP system has the obvious
effect on the vehicle stability in extreme conditions, the
study will assign the supervision and control tasks and the
calculation of ESP control to one node.

For the performance of network control system, commu-
nication real-time performance is the most important factor
affecting the control performance, which can be expressed
and measured by network delay. The existence of network
delay reduces the control performance of the system, which
will lead to the loss of stability of the stable control system.

Especially, in extreme conditions, the change of the
vehicle state is larger.When a large number of control instruc-
tions are lost, the adjustment of the new and old control
instructions is bound to increase because of the large number
of cycles, which will increase the action range of the actuator.
Therefore, toomuch data packet loss is extremely unfavorable
for the stability control. When the packet loss rate is less
than a certain value, only the system dynamic characteristic
becomesworse, and the system stability is not changed.When
the packet loss rate reaches the critical value, the system
control stability is close to the critical state.

In addition, through the simulation experiment, we can
know that CAN network intervention did not significantly
affect the stability of vehicle braking. Therefore, when CAN
network communication environment is good, the network
induced delay of CAN network has a little influence on the
performance of the controller, which indicates that the ABS
controller built in this research has strong robustness on a
single road.

In the 80s of last century, the researchers began to try
to decompose the complex chassis control problem into a
number of subcontrol systems and then use a mechanism to
coordinate the dynamic relationship between the subsys-
tems to meet the control requirements. Using the upper
coordinated control for the integrated control architecture
of multiple independent control units of the vehicle chassis
can effectively adjust the collaborative work of the control

units, avoid the conflict between the controllers, and make
the vehicle obtain optimal running state.

The supervision mechanism is based on a hierarchical
control principle, combinedwith fuzzy control logic to design
a controller to supervise and coordinate ESP, AFS, and ARS.
The target of the upper supervisory controller, according to
the stability factor to judge vehicle steady state, is to redistrib-
ute the control weights of three subsystems and coordinate
the output of each subcontroller.

The sensors necessary for many systems are designed as
independent network nodes. The subcontrol systems adopt
traditional point-to-point connection in the controllers, sen-
sors, and executing agencies. Its object is to obtain satisfactory
real-time performance and coordination.

6. Conclusions

In this paper, the vehicle chassis control system is taken as the
application of CAN network. The target focuses on how the
network affects the control system. The ABS, ASC, and IVC
are simulated. The main research contents and conclusions
are as follows.

According to the control theory of sliding mode, ESP and
AFS subcontrollers are designed to track the ideal yaw rate.
Based on the principle of hierarchical control and fuzzy con-
trol, a fuzzy controller is designed, which is used to monitor
and coordinate the ESP, AFS, andARS. And the IVC system is
constructed with the upper supervisory controller and three
subcontrol systems on the Simulink platform. Compared
with the point-to-point connection, the system simulation
of IVC-NCS shows that the control of the integrated control
system has good performance.

According to the IVC based on the supervision mech-
anism, combined with the function of each subsystem, the
network topology structure of IVC is proposed, and the
IVC communication matrix based on CAN network com-
munication is designed. With the common sensors and
the subcontrollers as the CAN network independent nodes,
the network induced delay and packet loss rate on the
system control performance are studied by simulation. The
simulation results show that the network does not lose frame,
and even if the network traffic load is close to 1, the network
intervention of IVC can only show the very small change of
the dynamic quality of the system. The network packet loss
has a significant impact on the performance of the system
control. When the packet loss rate is less than 30%, only the
system dynamic performance becomes worse, and the system
stability does not change. When the packet loss rate is up to
50%, the system control stability is close to the critical state,
and the vehicle is unstable.
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The online detection of wheelset size has important implications for ensuring the safety of railway operation and decreasing the
maintenance costs. Based on laser displacement sensors (LDS), a novel online detection system of the wheel size is proposed using
only six two-dimensional LDS and two one-dimensional LDS. The calculation principles of tread profile and wheel diameter are
given, as well as the calibration method. Errors induced by wheel-rail vibration, misalignment, sensor noise, S-shape running, and
wheelset differential are also analyzed. After system implementation, field experiments were performed using both standard wheel
and several real trains. It turns out that the detection uncertainty of flange width and height is 0.1mm and wheel diameter 0.3mm,
which can meet the requirements of maintenance.

1. Introduction

Wheel and rail interact with each other by designed pro-
files and geometric parameters. The wear of the profile
significantly influences the dynamic performance of railway
vehicles and even leads to derailment in a massive stage [1].
Therefore, at the very beginning of railway transportation,
measuring and ensuring of wheel-rail interactions are a
fundamental issue [2].With the continuous increasing of axle
load, train speed, andhigher reliability requirement, this issue
attracts more attention than ever.

According to the charge-coupled device (UIC) 510-2
code, the geometric parameters of wheelset that need to be
measured consist of diameter and tread profile managed by
flange width and flange height [3]. Varieties of measuring
techniques have appeared, such as specially designed calipers,
hand-on automatic scanner, and online detection system [4].

At the earlier stage, the caliper is an effective tool for
measuring wheelset size because of the advantage of the
simple operation. However, it has shortages of high labor

intensity and fluctuated accuracy depends on the skillfulness
of workers. Meanwhile, calipers, a contact measuring tool,
will inevitably undermine the measuring wheel, causing
certain damage.

After that, advanced artificial caliper has emerged with
applying noncontact technology. One recognized tool is
MiniProf Wheel System developed by Greenwood Engineer-
ing [5]. The MiniProf Wheel System is magnetically attached
to the wheel. It provides the calculation of wear parameters
and is also capable of measuring the flange and taper line
diameter on wheels. Due to the benefits of utilizing computer
analysis, overall efficiency is increased but this system still
takes more than five minutes to measure a single car, not to
mention the whole train. Medianu et al. [6] also developed a
hand-on scanning system for tread profile. This system uses
one-dimensional LDS (1D-LDS) driven by worn gear to scan
tread profile. On the whole, those hand-on systems require
the train to remain static or even dismantled, facing a great
challenge of detection efficiency.
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A widely distinguished technology is online detection
system which has the advantages of noncontact, high effi-
ciency, and high accuracy. The high efficiency is realized by
dynamic measurement; namely, a train passes the measure-
ment system at a certain speed. There are some commercial
companies, such as MERMEC Group [7], IEM, Inc. [8], and
KLD Labs, Inc. [9], selling wheelset detection systems on
the market. These systems mainly utilize structured laser
light and charge-coupled device (CCD) image processing
technology. Chen et al. [10] and Gong et al. [11] proposed
a structured laser light and CCD based online detection
system for tread profile and diameter, respectively. In their
research, two pairs of structured laser light and CCD are
adopted to recover the inner and outer profiles of each wheel
and register them by the iterative closest point algorithm.
In diameter detection, the cycloid constraint is utilized to
obtain a wide distribution of the contact points. Even though
many possible factors that cause the error are considered, the
system still lacks real data validation and statistical detection
uncertainty analysis. Mian et al. [12] provided an optical
evaluation method for railway wheelset with installing image
cameras along at least one circumference of the wheel. Such a
system can be of high price with somany optical sensors. Gao
et al. [13] utilized a pair of line structured laser light and CCD
to obtain multiple contact points via repeated shooting. This
method needed to measure the speed of the train precisely,
and the space interval of the points was decided by the
speed and the time interval of shooting. Zhang et al. [14]
used only one CCD camera to capture the image of the
light profile of the wheelset, and, in the meantime, the tread
profile is illuminated by a linear laser. Overall, the structure of
structured laser light and CCD based system seems to be too
complex. Such a structure also brings about difficulty in the
calibration of those systems.The combination of structures of
structured laser light and CCD is also sensitive to the harsh
environment with vibration and light.

Apart from the structured laser light and CCD sensors,
LDS can provide more satisfactory results. The LDS is a
special kind of structured light-vision measurement sensor
where the photoelectrical detector and laser light source
are assembled, providing benefits like easy installation and
no need to calibrate intrinsic parameters online. Russian
scientists [15] reported their innovative laser sensor, claiming
that 1D-LDS can be enough for measuring tread profile.
Then, they [16] further derived a mathematical calculation
regarding wheel diameter detection. However, the method
needs a high precise train speed and time interval of shooting.
Gao et al. [17] utilized one 1D-LDS and two eddy current
sensors to detect the wheel diameter. Wu and Chen [18] used
high-speed CCD and 1D-LDS to measure the diameter and
the accuracy was within 1.2mm. Zhang et al. [19] used two
1D-LDS and a position sensor to detect the wheel diameter
and, meanwhile, wavelet analysis is used to eliminate the
signal noise. Triangle geometry was the main computational
algorithm in the LDS method. These systems do not need a
precise train speed and time interval of shooting anymore.
However, the 1D-LDS methods mentioned above needed the
dot laser to be strictly projected at the contact point on the
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Figure 1: Schematic of measuring target.

wheel tread.That is difficult to achieve because of the S-shape
motion of the wheelset.

Aiming at LDS based detection system, the authors
previously proposed an online detection system using eight
2D-LDS to detect the wheel diameter and tread profile
[20]. The system utilized a digital I/O card to generate
digital synchronous signals which guarantee simultaneous
working of all sensors. The 2D-LDS sensors are relatively
of a high price and in the previous system some of the
2D-LDS are actually not frequently used. In this paper,
the authors replaced several 2D-LDS sensors with 1D-LDS.
Six 2D-LDS and two 1D-LDS are implemented in this new
system. Working simultaneously, the data collected from all
the sensors are processed, and then wheel diameter and
tread profile are calculated. Errors induced by wheel-rail
vibration, sensor noise, misalignment, S-shape running, and
wheelset diameter differential are also analyzed. At last, after
the system is implemented, the field test is carried out by
standard wheelset test and real train test.

2. System Principle

2.1. Measuring Target. Figure 1 shows a typical wear tread
profile [21]. We define the coordinate 𝑢𝑜V as the tread profile
panel across the wheel center. The inner side of the wheel,
as shown in black line 𝑙 in Figure 1, has no wear-out and
deformation when there is wheel-rail contact. 𝐿 is the wheel
hub thickness, namely, the distance from the inner side to the
outer side of the wheel. The base point a, which is the center
of the vertical wheel load and is considered to be the diameter
point of the wheel, is −70mm away from the line 𝑙 along 𝑢-
axis.The base pointm, which is the center of the lateral wheel
load, is −10mm away from base point a along V-axis.The base
point n is the vertex point of the wheel rim. The tread profile
is somehow complex so that the condition of tread profile is
usually evaluated by flangewidth andheight.Theflangewidth
is defined by the width between base line 𝑙 and base pointm
along 𝑢-axis and the flange height is defined by the distance
between base point a and vertex point n along V-axis.

2.2. System Layout. Thepresented wheelset size online detec-
tion system depends on LDS sensors. Figure 2 shows the
system layout.The system consists of six 2D-LDS and two 1D-
LDS, each of which is installed below the track to measure
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both sides of the tread profile and diameter. They can be
divided into two groups because the left side and right side
are mirrored. Taking the left side LDS as an example, the 2D-
LDS L1 and L3, together with 1D-LDS L2, measure the wheel
diameter by three points’ principle. The 2D-LDS L3 and L4
measure the tread profile.

Both the 2D and 1D laser sensors are based on laser
triangulationmeasurement principle and aremade up of laser
diode and a CCD linear sensor element. The emitted laser
forms a laser belt on the wheel tread and then the laser is
reflected to the CCD linear inductive components. Inside the
sensor, there is an integrated circuit unit to process the optical
displacement data and to obtain the tread and flange profile
coordinates. Based on the principle that the output points
of the LDS are originated from the laser emitting source, in
application, the laser emitting source should be regarded as
the origin of the scanning coordinate. The signal from all
the sensors is transmitted to IPC through data acquisition
port. A digital I/O card is utilized to produce precisely a
1 kHz square signal in order to ensure all sensors to complete
the task of acquiring the tread profile synchronously. The
sensors begin to collect the data on the decline of the square
wave signal and then transmit the data to the IPC through
data acquisition port for the subsequent process.The sampled
signal is analyzed in data processing software, and, finally, the

condition of each wheel is decided. There is also an optical
fiber in the IPC so that the condition of each wheel can be
transmitted to distant depot office. All the sensors are fixed by
special designedmechanical sensor fixture so that the sensors
can be installed in certain space position. The fixtures are
supported by the well manufactured mechanical structure.
The whole system is finally connected with the ground by the
pedestal.

In addition, the system also consists of several accessorial
types of equipment that have not been shown in system
layout figure, which are wheel position sensor and automatic
train identification antenna.Three wheel position sensors are
installed beside the outside of the rail. Along the rail, the first
one is used to detect the arriving moment of the first wheel
axis of a train and, hence, to trigger subsequent hardware
facilities; the second one is used to trigger the scanning of
all laser sensors; the last one is used to detect the leaving
moment of the last wheel axis of a train and, hence, to close
the subsequent hardware facilities.

2.3. Static Tread Profile Calculation Principle. Taking the left
side LDS as an example, we define world coordinate frame
(WCF) 𝑜-𝑥𝑦𝑧 and LDS scanning coordinates 𝑜(1)-𝑥(1)𝑦(1)𝑧(1),
𝑜
(2)-𝑥(2)𝑦(2)𝑧(2), 𝑜(3)-𝑥(3)𝑦(3)𝑧(3), and 𝑜(4)-𝑥(4)𝑦(4)𝑧(4) for L1,
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L2, L3, and L4, respectively. As shown in Figure 3, the
scanning coordinates take the origin of laser light as the
coordinate origin, the equal angle bisector of the triangle
laser panel as 𝑦-axis, and the direction in triangle laser panel
orthogonal with 𝑦-axis as 𝑥-axis and finally use right-hand
rule to determine 𝑧-axis.The coordinates of the output points
are in the scanning coordinate system of the sensor.

The wheelset is assumed to be in the right position and to
remain static.The scanning coordinate of L3 and L4 is rotated
by two angles from the WCF, namely, angles 𝛼 and 𝛽 with
respect to 𝑥-axis and 𝑦-axis. The tread profile is measured
by L3 and L4 and the scanning panels of L3 and L4 are
the same. The tread profile can be measured in tread profile
panel constituted by L3 and L4. So, as shown in Figure 4(a),
only angle 𝛽 is considered when measuring tread profile.
Because of angle 𝛽, the output line is distorted and needs
to be transformed into physical profile. According to the
installation angles, 𝛽3 and 𝛽4, the output data is transformed
by

𝑢
(3)

𝑛 =
√
𝑥
(3)2

𝑛 + 𝑦
(3)2

𝑛 sin (𝜃 + 𝛽3)

= 𝑥
(3)

𝑛 cos𝛽3 + 𝑦
(3)

𝑛 sin𝛽3,

V(3)𝑛 = √𝑥
(3)2

𝑛 + 𝑦
(3)2

𝑛 cos (𝜃 + 𝛽3)

= 𝑦
(3)

𝑛 cos𝛽3 − 𝑥
(3)

𝑛 sin𝛽3,

(1)

𝑢
(4)

𝑛 =
√
𝑥
(4)2

𝑛 + 𝑦
(4)2

𝑛 sin (𝜃 − 𝛽4)

= 𝑥
(4)

𝑛 cos𝛽2 − 𝑦
(4)

𝑛 sin𝛽2,

V(4)𝑛 = √𝑥
(4)2

𝑛 + 𝑦
(4)2

𝑛 cos (𝜃 − 𝛽4)

= 𝑦
(4)

𝑛 cos𝛽2 + 𝑥
(4)

𝑛 sin𝛽2,

(2)

where (𝑥(3)𝑛 , 𝑦
(3)
𝑛 ) and (𝑥

(4)
𝑛 , 𝑦
(4)
𝑛 ) are detected dot in LDS

scanning coordinates 𝑜(3)-𝑥(3)𝑦(3)𝑧(3) and 𝑜(4)-𝑥(4)𝑦(4)𝑧(4); 𝜃 is
the angle between 𝑦(3)-axis and the line that connects origin
𝑜
(3) and detected dot; 𝜃 is the angle between 𝑦(4)-axis and
the line that connects origin 𝑜(4) and detected dot; (𝑢(3)𝑛 , V

(3)
𝑛 )

is the coordinate value of detected dot in the new coordinate
𝑢
(3)
𝑜
(3)V(3) and (𝑢(4)𝑛 , V

(4)
𝑛 ) is the coordinate value of detected

dot in the new coordinate 𝑢(4)𝑜(4)V(4) as well.
After transformation, the scanned lines in two different

coordinates, 𝑢(3)𝑜(3)V(3) and 𝑢(4)𝑜(4)V(4), need to be merged
into one coordinate. We define the coordinate 𝑢(3)𝑜(3)V(3) as
tread profile base coordinate 𝑢𝑜V and move all the data from
𝑢
(4)
𝑜
(4)V(4) into 𝑢𝑜V by (3), as shown in Figure 4(b). Hence,

𝑢𝑛 = 𝑢
(4)

𝑛 + Δ𝑢,

V𝑛 = V(4)𝑛 + ΔV,
(3)
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where (𝑢𝑛, V𝑛) is the dot in tread profile base coordinate 𝑢𝑜V;
Δ𝑢 and ΔV are the offset from 𝑢

(4)
𝑜
(4)V(4) to 𝑢𝑜V.

As we know, flange width, flange height, and wheel
diameter are determined by several base points and base line.
The output points from sensors are discrete, so base points a,
m, and n are more likely not in one of the scanned points.
The output points are also polluted with sensor noise, which
induced more detection uncertainty when we directly regard
it as the base points. Over here, curve fitting is used for
extracting the base point, as well as the base line.Through this
method, the coordinate value of base points can be precisely
extracted and the sensor noise can also be eliminated to some
extent. It is difficult to use a single curve to fit all the tread
due to the complexity of tread contour. Therefore, fitting
discrete points of each base point within a certain range is
applied to improve the accuracy of the extracted base point
coordinate value. The common method of curve fitting is
the least square method [22]. The least square method uses
a given set of measured data to get the functional relation
𝑓(𝑥, 𝑎0, 𝑎1, . . . , 𝑎𝑛) between the variable 𝑥 and the variable 𝑦
based on the principle of least squares. Then, the weighted
sum of squares’ value of the residual 𝑒𝑘 between the fitting
function and the actual measured value at each point can be
minimal, which means 𝐹 in (4) is minimal:

𝐹 =

𝐼

∑

𝑖=0

𝜔 (𝑥𝑖) (𝑓𝑖 − 𝑦𝑖)
2
, (4)

where 𝜔(𝑥𝑖) ≥ 0 is the weight which reflects the notion
that the data (𝑥𝑖, 𝑦𝑖) accounts for the proportion in the
experiment; 𝐼 denotes the number of data points. According
to the tread profile features and experimental research,
fourth-order polynomial 𝑦 = ∑4𝑖=0 𝑎𝑖𝑥

4−𝑖 is selected to fit each
subsection curve based on the least square method.

With curve fitting technique, four lines in total are fitted
in order to extract the coordinate value of base points a, m,
andn. As shown in Figure 5, at first, the inner side of thewheel
has no wear-out and deformation when there is wheel-rail
contact, so base line 𝑙 is fitted by selecting all the data points
in the inner side of the wheel.The base point a is 70mm away
from the base line 𝑙 along 𝑢-axis. Then, the green line is fitted
in order to extract base point a by selecting data points within
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Figure 5: Curve fitting results.

a certain range of base point a.The red line and yellow line are
also fitted by the same method in order to extract base points
m and n, respectively.

After four lines are obtained, the precise coordinate value
of all base points can be determined. To this end, the flange
height and flange width are calculated as follows:

𝐹𝑤 = 𝑢𝑙 − 𝑢𝑚,

𝐹ℎ = V𝑛 − V𝑎,
(5)

where 𝐹𝑤 is flange width; 𝐹ℎ is flange height; 𝑢𝑙 is the 𝑢-axis
coordinate value of base line 𝑙; 𝑢𝑚 is the 𝑢-axis coordinate
value of base pointm; V𝑛 is the V-axis coordinate value of base
point n; V𝑎 is the V-axis coordinate value of base point a.

2.4. Static Wheel Diameter Calculation Principle. Wheel
diameter is detected by 2D-L1, 1D-L2, and 2D-L3. Each one
of the LDS measures one point in the circular wheel so that
the wheel diameter can be determined by three points.

The wheelset is assumed to be in the right position and
to remain static. The coordinates of the output points are
in the scanning coordinate system of the sensor. Similar
to tread profile calculation, the coordinate transformation
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was conducted and the scanning coordinates 𝑢(1)𝑜(1)V(1),
𝑢
(2)
𝑜
(2)V(2), and 𝑢(3)𝑜(3)V(3) for 2D-L1, 1D-L2, and 2D-L3,

respectively, have been obtained. Figure 6 shows the scanning
coordinates of 2D-L1, 1D-L2, and 2D-L3 after coordinate
transformation. Notice that 𝑢(2)𝑜(2)V(2) is still the same as
𝑦
(2)
𝑜
(2)
𝑧
(2) because of the installation position of 1D-L2.

Figure 6 also shows the offset 𝑑off between the origin of the
coordinate 𝑢(3)𝑜(3)V(3) and laser scanning line of L2 in 𝑢(2)-
axis. Among three points, the two points detected by 2D-L1
and 2D-L3 are extracted from the 2D profiles. The offset 𝑑off
is the 𝑢(2)-axis coordinate value to extract the points in the
flange circle from two-dimensional profile. This offset 𝑑off is
determined by sensor installation.

Figure 7 shows the wheel diameter calculation princi-
ple in two dimensions where (a) shows the principle that

three points determine a diameter in 𝑦𝑜𝑧 WCF and (b)
shows extracting the point in the flange circle among two-
dimensional profile and the final wheel diameter distance
subtraction by 𝐹𝑐. From Figure 7(a), the installation of each
LDS is modeled as three parameters in 𝑦𝑜𝑧 WCF, which
are the position Pi(𝑦𝑖, 𝑧𝑖) and angle 𝛼𝑖. They determine
the position of laser origin and the direction of detection,
respectively. The angle 𝛼2 for 1D-L2 is designed as 𝜋/2. The
positions P1 and P3 are designed as symmetric with respect
to the scanning line of 1D-L2, as well as the angles 𝛼1 and
𝛼3. Even though many of the parameters are designed to
be equal, for instance, 𝑧1 = 𝑧3, the real parameters will
vary after engineering implementation due to errors such
as installation error and manufacturing error. Thus, this
nine-parameter model is proposed for diameter calculation
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because it can describe all the possible errors. The real
installation parameters are obtained through calibration, as
later described. Moreover, the distances 𝑙1, 𝑙2, and 𝑙3 are
detected from three LDS sensors. The three points c1, c2,
and c3 are in the flange of wheel detected by three sensors,
respectively. The point c(𝑦0, 𝑧0) is the origin of the detected
wheel which is calculated by three points c1, c2, and c3.

According to Figures 6 and 7(a), the first information we
can get from the LDS sensors is the laser scanned distances
𝑙1, 𝑙2, and 𝑙3. 𝑙2 is directly detected by 1D-L2. 𝑙1 and 𝑙3 are
extracted from the 2D profiles detected by 2D-L1 and 2D-
L3, respectively. To extract 𝑙1 and 𝑙3, we need to find the
correct points in the two-dimensional tread profile. As shown
in Figures 6 and 7(b), the point that determines 𝑙1 and 𝑙3
should be in the 𝑢-axis value of offset 𝑑off . Similar to detecting
tread profile, we use the same curve fitting method to obtain
a curve in the contour of the wheel in the 𝑢𝑜V coordinate that
is denoted by V = 𝑓3(𝑢). When the curve line is obtained,
𝑙3 = V3 = 𝑓3(𝑑off ), namely, the V-axis value of curve 𝑓3(𝑢)

when 𝑢 = 𝑑off . Similarly, 𝑙1 is detected by 2D-LDS L1 using
the same method as deciding 𝑙3.

Once the laser scanned distances 𝑙1, 𝑙2, and 𝑙3 are
determined, we get the three points c1, c2, and c3 in WCF
coordinate 𝑦𝑜𝑧 by

𝑦𝑐
1

= 𝑦1 + 𝑙1 sin𝛼1,

𝑧𝑐
1

= 𝑧1 + 𝑙1 cos𝛼1,

𝑦𝑐
2

= 𝑦2 + 𝑙2 sin𝛼2,

𝑧𝑐
2

= 𝑧2 + 𝑙2 cos𝛼2,

𝑦𝑐
3

= 𝑦3 + 𝑙3 sin𝛼3,

𝑧𝑐
3

= 𝑧3 + 𝑙3 cos𝛼3.

(6)

Based on three points c1, c2, and c3, the wheel center c(𝑦0, 𝑧0)
is determined by

𝑦0 =

(𝑧𝑐
1

− 𝑧𝑐
3

) (𝑦
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(7)

and the wheel diameter𝐷𝑟 is determined by

𝐷𝑟 = 2 ⋅
√(𝑦0)

2
+ (𝑧0 − 𝑧𝑐

2

)

2
. (8)

From Figure 7(b), 𝐹𝑐 is the distance between points c3 and
a along V-axis. The wheel diameter detected by the previous
three points is somewhere in the contour circle governed by
the 1D-L2 only. The point a is considered to be the diameter
point of the wheel which is −70mm away from the inner
side of the wheel. In order to obtain the final wheel diameter,
we need to further subtract the distance 𝐹𝑐 from the wheel
diameter:

𝐷 = 𝐷𝑟 − 2𝐹𝑐, (9)

where𝐹𝑐 is the distance between point c3 and point a in V-axis
(as shown in Figure 7(b)); namely, 𝐹𝑐 = V𝑎 − V𝑐

3

.

2.5. Dynamics Detection. The calculation principles shown
above are in static case. When the train passes dynam-
ically, multiscans can be obtained and the misalignment
phenomenon caused from wheel passing will occur.

For tread profile detection, ideally, the laser light panel of
L3 and L4 is assumed to include the center of the measured
wheel. In dynamics detection, it is impossible to meet that
assumption for all measured wheels due to the moving of
wheel and the discrete sampling of LDS signal. Basically,
if the laser light panel does not include the center of the
measured wheel, the detected profile is horizontally stretched

along V-axis. That will lead to the increase of detected flange
height and flange width. This phenomenon is called the
misalignment between the laser panel and the detection
target [9].

Figure 8 shows the dynamics positions of thewheel center
and laser panel constituted by L3 and L4 in two-dimensional
WCF. The wheel moves forward with a constant speed of V.
𝑂1, 𝑂2, and 𝑂𝑖 are the center of wheel diameter circle under
different positions. The laser panel has an installation angle
𝛼3 with respect to 𝑦-axis, which can be determined as 𝑧 =
tan𝛼3 ⋅ 𝑦 in WCF. The center points of wheel diameter circle
are calculated by (7). 𝑑𝑖 denote the distance between 𝑖th wheel
center point and the laser panel.

Theoretically, for every 𝑖th position of the wheel, the
distance 𝑑𝑖 from the wheel center c(𝑦0

𝑖

, 𝑧0
𝑖

) to the laser panel
can be determined by point to the distance formula as follows:

𝑑𝑖 =















tan (𝛼3) 𝑦0
𝑖

− 𝑧0
𝑖

√tan2 (𝛼3) + 1















. (10)

When the distance 𝑑𝑖 equals zero, the wheel center c(𝑦0
𝑖

, 𝑧0
𝑖

)

is in the laser panel where the flange height and flange width
have no stretching. On the other hand, the bigger the distance
𝑑𝑖 is, the farther away the wheel center c(𝑦0

𝑖

, 𝑧0
𝑖

) is from the
laser panel.

It is worthmentioning that the LDSworks when the angle
between laser light and detected surface is within a certain
range and the angle is influenced by laser wavelength, surface
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Figure 8: Dynamics position of the wheel center.

smoothness, surface material, and so forth [23]. It is assumed
that the angle 𝜃 (as shown in Figure 8) is the largest angle
at which the LDS can still receive effective scan. When the
wheel is moving out of the detection range, the LDS will be
unable to scan.Thus, the scanned sectionwill be the arcwith a
central angle of 2𝜃, and all the tread profiles and diameters are
scanned from this section. For most LDS sensors, the angle 𝜃
can reach up to 45∘, so the system can measure 90∘ arc of the
wheel. Correspondingly, the maximum value of the distance
𝑑𝑖 is 𝑅 sin 𝜃, where 𝑅 is the wheel radius.

The misalignment phenomenon will bring about certain
error to the profile detection. Among all the effective scans,
we must select those scans where the induced error is
acceptable. In this paper, the error induced in the tread profile
detection is analyzed in Section 3. As a result, the error is
directly proportional to the distance 𝑑𝑖. So, we set up a certain
threshold 𝐾𝑝. When the distance 𝑑𝑖 < 𝐾𝑝, the detected
tread profile can be regarded as useful profiles where the error
induced by the misalignment phenomenon is negligible. The
threshold 𝐾𝑝 is firstly obtained through error analysis and
also is adjustable according to the field experiment. Due to
the benefits from the high sampling frequency of the LDS
sensors, 𝑀 times of scans can be obtained for a wheelset.
Then, we can remove the bulky error first and perform
average operation to get the final wheel flange and wheel
width as follows:

𝐹𝑤
𝑓

=

1

𝑀

𝑀

∑

𝑖=1

𝐹𝑤
𝑖

,

𝐹ℎ
𝑓

=

1

𝑀

𝑀

∑

𝑖=1

𝐹ℎ
𝑖

,

(11)

where 𝐹𝑤
𝑖

and 𝐹ℎ
𝑖

are the flange width and flange height in
𝑖th scan, respectively; 𝐹𝑤

𝑓

and 𝐹ℎ
𝑓

are the final flange width
and flange height, respectively. The average operation here
can reduce the final error caused by Gaussian sensor noise.

For wheel diameter detection, the three points that
determine the wheel diameter are always in the contour
circle. Thus, the calculation results will not be influenced by

different wheel positions. However, 𝐹𝑐
𝑖

in every 𝑖th scan will
still be stretched and bring about some error. Similarly, we
select a set of scans by comparing whether the distance 𝑑𝑖
is smaller than a certain threshold 𝐾𝑑 or not. When 𝑑𝑖 <
𝐾𝑑, the error induced in the detected 𝐹𝑐 is negligible. The
two thresholds, 𝐾𝑑 and 𝐾𝑝, might be different because of
the different detection error requirements for tread profile
and wheel diameter. In this way, 𝑁 times of scans can be
obtained. Then, we can remove the bulky error first and
perform average algorithm to get the final wheel diameter as
follows:

𝐷𝑓 =
1

𝑁

𝑁

∑

𝑖=1

𝐷𝑖, (12)

where 𝐷𝑖 is the wheel diameter in 𝑖th scan; 𝐷𝑓 is the final
wheel diameter.

2.6. Calibration. The measuring and calculating of tread
profile and wheel diameter depend on many installation
parameters. Regarding tread profile calculation, they are the
angle 𝛽3 in (1), angle 𝛽4 in (2), and the offset Δ𝑢 and offset
ΔV in (3). For wheel diameter, they are the offset 𝑑off between
the origin of the coordinate 𝑢𝑜V and laser scanning line of L2
in 𝑢(2)-axis, the angles 𝛼1, 𝛼2, and 𝛼3, and the positions P1,
P2, and P3 in (6). When the LDS are installed and fixed, it is
impossible for those parameters to be the same with designed
values because of the manufacture error of mechanical parts
and installation accuracy. So, calibration is certainly needed.

During the calibration process for tread profile detection,
a standard wheel is placed on the rail over the detection sys-
tem, and then the offset and rotation angle of the coordinate
transformation matrix can be determined. In terms of the
angles 𝛽3 and 𝛽4, the calibrated accurate value is to make
sure the inner and outer panels of the wheel are vertical. For
the offset Δ𝑢, the calibrated accurate value is to make sure
the detected wheel hub thickness equals the standard wheel
hub thickness and the offset ΔV is to make sure the scanned
profiles from two LDS coincide with each other.

As for the calibration process for wheel diameter, a set
of new ground wheelsets is used. The ground wheelset is
with different diameters that are 770mm, 790mm, 810mm,
and 840mm. We set the minimization function 𝑓(𝑥) as the
squared summation of detected diameters subtracted by real
diameter. That is,

min 𝑓 (𝑥) =

𝐽

∑

𝑖=1





𝐷𝑖 − 𝐷𝑟






2
, (13)

where 𝐷 is the detected diameter according to wheel diam-
eter calibration principle; 𝐷𝑟 is the real diameters; 𝑥 =

[𝑑off , 𝛼1, 𝛼1, 𝛼3, 𝑦1, 𝑧1, 𝑦2, 𝑧2, 𝑦3, 𝑧3] is the variables to be cali-
brated; 𝐽 denotes the number of ground wheelsets. MATLAB
has provided such tools to solve those optimization problems.
Over here, we use fmincon function to minimize the function
and the constraints in terms of the variables are also given
according to real physical ranges. Finally, the optimal values
of the parameters can be obtained. These values are assumed
to be the real values that the implemented system has and
have been further put into use in system service.
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3. Detection Error Analysis

In this section, we consider four factors which are rail
vibration, sensor noise, misalignment, and wheel inclination
caused by wheel S-shape running and the differential of
diameters.

3.1. Wheel-Rail Vibration. Wheel-rail vibration is the first
factor that we considered. In our system, all the sensors
are well fixed by the mechanical support and mechanical
pedestal that has no direct contact with rail. So, the wheel-rail
vibrationwill not directly transmit to the sensors and, instead,
the wheel-rail vibration has to transmit to the ground of the
depot and then transmit to the sensors through mechanical
support andmechanical pedestal.The vibration of the ground
is on a lower level, the maximum of acceleration is only
0.4m2/s [24] in Guangzhou metro depot, and it is also
attenuated by the mechanical pedestal. We also measured
the maximum of acceleration of mechanical support during
train passing, which is only 0.2m2/s. So, the change of the
position of the sensors due to the wheel-rail vibration in our
systemcanbeneglected. Furthermore, all the laser sensors are
capturing data simultaneously and the exposure time of the
LDS is within 50 microseconds. The vibration of the wheel
will not cause considerable movement within such a short
time. Overall, the system is assumed to be reliable against
wheel-rail vibration.

3.2. Misalignment. As previously mentioned in Section 2,
Dynamics Detection, if the laser light panel does not include
the center of the measured wheel, the detected profile is hor-
izontally stretched along V-axis. This phenomenon is called
the misalignment between the laser panel and the detection
target, which will lead to the increase of the detected flange
height and flange width. Chen et al. [10] derived a geometric
model regarding howmany errors will be generated for flange
height when wheel position varies. The error 𝑒 of the flange
height is

𝑒 = √𝑅
2
𝐶
− 𝑑
2
− √𝑅
2
− 𝑑
2
− 𝑅𝐶 + 𝑅,

(14)

where 𝑅 is the wheel radius; 𝑅𝐶 is the radius in the wheel rim;
𝑑 is the distance from the wheel center to the laser panel, as
described in Section 2.

On the basis of this geometric model, when we know how
much the error of the flange height is, the errors of the flange
width can be derived accordingly. For different wear wheels,
the profiles, aswell as the fitted line for lateral contact pointm,
are certainly different. To illustrate the massiveness of errors,
here we chose the same wheel where the fitted line for lateral
contact point m is V = 𝑓(𝑢). We obtain the inverse function
𝑢 = 𝑔(V) and stretch it horizontally by a factor of (𝐹ℎ + 𝑒)/𝐹ℎ.
So, the stretched curve line is

𝑢 = 𝑔2 (V) = 𝑔(
V𝐹ℎ

(𝐹ℎ + 𝑒)
) . (15)

Eventually, the error of flange width is 𝜂 = 𝑔2(10)−𝐹𝑤, where
𝐹𝑤 is the original flange width.
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Figure 9: The error of flange width and flange height with respect
to various wheel positions.

Theoretically, from (14) and (15), we know that the smaller
the value of 𝑅 is, the larger the error 𝑒 is. So, we chose
the largest standard wheelset with 𝑅 = 385mm and 𝑅𝐶 =
399mm. Figure 9 shows the error of flange height and flange
width induced from misalignment in this case. The distance
𝑑 varies from 0mm to 50mmwith an interval of 1mm. From
Figure 9, the error of flange height is lower than the error of
flange width. So, we focus on the error of flange width here.

In our system, the sampling frequency of all LDS is 1 kHz
and the maximum speed of the train in the depot is 36 km/h.
Themaximum of sampling step size along the railΔ𝑠 = 1ms ×
10m/s = 10mm.When we set the threshold𝐾𝑝 (as described
in Section 2.5) as 20mm, the total measuring distance along
the rail can be 58mm so that at least 𝑀 = 5 times of
efficient scans can be detected. The corresponding errors are
less than 0.1mm for flange width after taking the average of
these 5 efficient scans.Thus, the system can performdetection
normally against themisalignment error benefitting from the
high sampling frequency.

3.3. Sensor Noise. The LDS cannot be ideally accurate. The
measuring accuracy is influenced by temperature, the rough-
ness of the measured surface, and so forth.

In order to obtain the quantitative influence for profile
detection, we built a 3D model in SolidWorks tools and
extracted ideal sensor output points of standard inner and
outer tread profiles. In this model, the standard wheel is
located in the position where the center of the wheel is in
the laser panel. So, the misalignment phenomenon will not
affect tread profile detection. The wheel is in static position
so the simulated sensor output points are all from one scan.
Moreover, the parameters that need to be calibrated are
ideally accurate. To imitate the real situation, Gaussian noise
is added to these coordinate values.Themean of noise is zero,
and the standard deviation is varied from 0 to 1mm with an
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Figure 10: The RMS error of flange height and flange width caused
by different sensor noise level.

interval of 0.1mm. For each noise level, 500 experiments are
carried out and the RMS error is calculated. The RMS error
of flange height and flange width results caused by different
noise level is shown in Figure 10. The caused error to flange
height and flange width is approximately half of the sensor
noise level. This can be explained by the curve line fitting
method that has taken more laser points into account and
thus has reduced the random noise. Because the flange height
is determined by two points, the curve line fittingmethod has
at least reduced the randomerror into a quarter of the original
sensor noise.

The 2D-LDS we chose is LJ-V7300 from @KEYENCE
which has a full-scale resolution of 0.1%/F.S and a temper-
ature drift of 0.01% F.S/∘C. The detection range in 𝑦-axis is
300 ± 145mm and in 𝑥-axis is 110mm to 240mm, which
formed as a trapezoid. The point in 𝑥-axis is fixed; thus, only
sensor noise in 𝑦-axis needs to be considered with full scale
of 290mm. So, accordingly, the RMS error caused to the
profile coordinate noise in 𝑦-axis, which is denoted by 𝛿, is
less than 0.32mm, which only leads to an error of 0.13mm
both to flange height and to flange width. Taking dynamics
detection effect into account, the final error is reduced by
𝛿𝑓 = 𝛿/

√5 = 0.058mm with at least𝑁 = 5 times of efficient
scans. The error caused by sensor noise can be acceptable.

Regarding the error of wheel diameter, it can be theoreti-
cally derived by the theorem of error propagation [25]. The
resolution of each sensor is denoted by 𝛿1, 𝛿2, and 𝛿3. We
obtain 𝛿𝐷 by taking differential of (6)–(9) as follows:

𝛿𝐷 = ±
√(𝛿1

𝜕𝐷

𝜕𝑙1

)

2

+ (𝛿2

𝜕𝐷

𝜕𝑙2

)

2

+ (𝛿3

𝜕𝐷

𝜕𝑙3

)

2

. (16)

We have chosen two 2D-LDS and one 1D-LDS to detect the
wheel diameter and the two 2D-LDS are installed symmet-
rically. For systematic installation, we have 𝛿1(𝜕𝐷/𝜕𝑙1) =

𝛿3(𝜕𝐷/𝜕𝑙3). Moreover, the analytical function of particle

derivative will be too complex to derive. So, we consider a
special case where

[𝑑off , 𝛼1, 𝛼1, 𝛼3, 𝑦1, 𝑧1, 𝑦2, 𝑧2, 𝑦3, 𝑧3]

= [10mm, 45∘, 90∘, 135∘, −495mm,

− 495mm, 0mm, 600mm, 495mm, −495mm] ,

(17)

where the target wheel diameter is 𝐷 = 840mm and the
origin of the wheel is located in the origin of 𝑦𝑜𝑧WCF. More
calculation details can be found in the Appendix. Finally, we
have

𝜕𝐷

𝜕𝑙1

= −3.4142,

𝜕𝐷

𝜕𝑙2

= 4.8284.

(18)

The 1D-LDS we chose is LK-G8085 from @KEYENCE which
has linearity of 0.05%/F.S and a temperature drift of 0.01%
F.S/∘C. So, according to the full scale of 30mm, the reso-
lution of 1D-LDS 𝛿2 = 0.018mm. Based upon the finding
that the curve line fitting method has at least reduced the
random error into a quarter of the original sensor noise,
𝛿1 = 0.075mm. Finally, 𝛿𝐷 is less than 0.372mm. Taking
dynamics detection effect into account, the final error 𝛿𝐷

𝑓

=

𝛿𝐷/
√5 = 0.17mm. The error caused by sensor noise can be

acceptable.

3.4. Wheel Inclination Caused by Wheelset S-Shape Running
andDifferential ofWheel Diameter. In engineering, thewheel
will be inclined because of wheelset S-shape running and the
differential of wheel diameter. The wheelset S-shape running
is one kind of self-induced vibration due to the slope in the
wheel trade. When it is S-shape running, the wheel panel
will have a certain angle with respect to 𝑦𝑜𝑧 panel in WCF,
denoted by 𝜃𝑠 as shown in Figure 11(a). The differential
of wheel diameter in a wheelset is at different wear level
in the left and right wheel, mainly induced from different
massiveness of wear in the circuit of wheelset turning and
unbalanced loading. Similarly, it will bring a certain angle
about the wheel panel with respect to the 𝑦𝑜𝑧 panel in WCF.
The angle is denoted by 𝜃𝑑 as shown in Figure 11(b).

For wheel diameter detection, because we only consider
the calculation in two dimensions, an error will be generated
when we still regard the detected three points in a circle to
actually be in an ellipse. Considering the existence of angles
𝜃𝑠 and 𝜃𝑑, we have the equation of ellipse as follows:

𝑦
2

(𝑅 ⋅ cos 𝜃𝑠)
2
+

𝑧
2

𝑅
2
= 1,

𝑦
2

𝑅
2
+

𝑧
2

(𝑅 ⋅ cos 𝜃𝑑)
2
= 1.

(19)
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Figure 11: Mathematical illustration. (a) Wheel S-shape running and (b) differential of wheel diameter.

Similar towhenwe analyze sensor noise, we consider a special
case as (17); the origin of the target wheel is located in the
origin of 𝑦𝑜𝑧WCF.The real three points are

𝑐1:(
𝑅 ⋅ cos 𝜃𝑠

√(cos 𝜃𝑠)
2
+ 1

, −

𝑅 ⋅ cos 𝜃𝑠
√(cos 𝜃𝑠)

2
+ 1

) ,

𝑐2: (0, −𝑅) ,

𝑐3:(−
𝑅 ⋅ cos 𝜃𝑠

√(cos 𝜃𝑠)
2
+ 1

, −

𝑅 ⋅ cos 𝜃𝑠
√(cos 𝜃𝑠)

2
+ 1

) ,

𝑐1:(
𝑅 ⋅ cos 𝜃𝑑

√(cos 𝜃𝑑)
2
+ 1

, −

𝑅 ⋅ cos 𝜃𝑑
√(cos 𝜃𝑑)

2
+ 1

) ,

𝑐2: (0, −𝑅 ⋅ cos 𝜃𝑑) ,

𝑐3:(−
𝑅 ⋅ cos 𝜃𝑑

√(cos 𝜃𝑑)
2
+ 1

, −

𝑅 ⋅ cos 𝜃𝑑
√(cos 𝜃𝑑)

2
+ 1

) .

(20)

Theoretically, the larger the radius of the wheel is, the bigger
the error is. So, we chose 𝑅 = 420mm and generated three
points; then, using (7), we calculated the wheel diameter with
error. Subtracting the real diameter, we have the error with
respect to angle as shown in Figure 12. The effect of S-shape
running caused angle has a relatively higher influence on the
wheel diameter calculation.

Based on the experience from Guangzhou Metro Cor-
poration, the differential of diameter in a wheelset should
be controlled under 2mm. Considering the track gauge of
1350mm, the angle induced from the differential of diameter
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Figure 12: Wheel diameter errors.

in a wheelset is less than 0.001∘; thus, the error can be ignored.
As for wheel S-shape running, themaximum angle is 0.1∘ [26]
when the speed of the train is under 36 km/hwhich will cause
an error not larger than 0.005mm.

4. Experimental Validation

4.1. System Implementation. Theauthors previously proposed
an online detection system using eight 2D-LDS [19]. The
new online detection system is installed in the same storage
line of Guangzhou metro vehicle depot as the old system
so that comparison can be conducted. In order to save
fund, only the left side, namely, half of the system, has been
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(a) (b)

Figure 13: Field test. (a) Standard wheel test and (b) real train test.

Table 1: Standard wheelset detection, the results of repeated
measurements/mm.

Measurement
times

Flange height Flange width Wheel diameter
Old New Old New Old New

1 28.04 28.16 31.98 32.08 839.76 839.79
2 28.11 28.21 32.06 32.01 839.96 840.15
3 27.99 28.15 32.01 32.04 840.08 839.86
4 28.05 28.18 31.85 32.10 839.88 840.43
5 28.08 28.16 31.93 32.02 840.01 840.04
6 28.11 28.10 32.06 32.14 839.98 840.46
Mean 28.06 28.16 31.98 32.06 839.95 840.12
SD 0.046 0.036 0.078 0.052 0.111 0.281

implemented. During the system implementation, three-
dimensional inclinometer and special rail gauge are used to
control the position of the mechanical support. After the
system is installed, the calibration described in Section 2
has been conducted to obtain the geometric parameters for
tread profile calibration and diameter calculation. As shown
in Figure 13, the field test is carried out by a standard wheelset
and real train.

4.2. Standard Wheelset. The standard wheelset is a new pro-
duced wheelset without any wear and diameter differential.
The manufacturing geometric size is as follows: wheel diam-
eter = 840mm, flange height = 28mm, and flange width =
32mm. One can also assume to have lower possibility of S-
shape running because of zero external load. The standard
wheelset has been placed on the rail and passed through the
detection system. This test has been carried out 6 times to
verify both the detection and the repeatability of the system.
Comparing with the old system, the results of this system are
shown in Table 1.

From Table 1, the mean values of the flange height and
flange width detected by the old and the new system are very

close to each other, which means the system error can be
ignored. The standard deviation, which also can be denoted
as detection uncertainty, of the new system measurement is
slightly smaller than of the old system. That may result from
the lower effect frommisalignment, as described in Section 3,
due to the higher sampling frequency that we used in the new
system. Detection uncertainty of not greater than 0.05mm in
tread profile measurement is acceptable for the engineering
requirements. As for wheel diameter detection, the mean
values are also close to each other. The standard deviation of
the new systemmeasurement is slightly higher than of the old
system.This may result from the replacement of 1D-LDS that
has brought about higher sensor noise to the middle point
among three pointswithout curve fitting technique.However,
detection uncertainty of less than 0.3mm is also acceptable in
engineering.

4.3. Real Train Detection Test. Real train test also performs
6 times of repeated detection to statistically evaluate the
performance of the system. The train speed is controlled
under 36 km/h. In the train we chose, there are 4 new ground
wheelsets in a car of the train. Under the consideration that
the ground new wheel is not out of roundness which has
an effect on the analysis results, we selected the ground new
wheel as our target wheel.

Table 2 shows the mean and standard deviation value of
measurement. The biggest differential value of mean flange
height appears in #1 wheel and for mean flange width appears
in #3 wheel. The difference does not exceed 0.15mm. As for
wheel diameter, the biggest differential value 0.16mmappears
in #3 wheel.Themean value of six times of repeated detection
is consistent with the standard wheelset test. In terms of
standard deviation, the value is less than 0.1mm for flange
width and flange height and 0.3mm for wheel diameter.
The standard deviation of wheel diameter is relatively higher
than in standard wheelset test. On the contrary, the standard
deviation of flange width and flange height is relatively lower
than in the old system. That is also consistent with standard
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Table 2: Real train test, the mean and standard deviation value of detected measurement/mm.

Wheel
number

Mean flange height SD flange height Mean flange width SD flange width Mean wheel
diameter SD wheel diameter

Old New Old New Old New Old New Old New Old New
1 28.18 28.03 0.046 0.060 29.54 29.43 0.091 0.062 800.52 801.50 0.201 0.301
2 28.09 28.11 0.078 0.040 29.40 29.29 0.056 0.028 801.12 800.96 0.128 0.286
3 27.97 27.91 0.076 0.033 29.92 30.06 0.075 0.056 801.87 801.66 0.090 0.179
4 28.07 28.05 0.063 0.053 29.83 29.88 0.076 0.088 801.78 802.01 0.192 0.282

Table 3: Real train test, wheel #2, the result of repeated measure-
ment/mm.

Measurement
times

Flange height Flange width Wheel diameter
Old New Old New Old New

1 27.98 28.15 29.42 29.31 801.07 801.40
2 28.14 28.11 29.36 29.31 801.06 800.97
3 28.12 28.13 29.47 29.24 801.27 800.53
4 28.10 28.12 29.31 29.29 801.06 800.87
5 28.00 28.03 29.39 29.28 800.96 800.96
6 28.18 28.11 29.39 29.32 801.28 801.10
Mean 28.09 28.11 29.40 29.29 801.12 800.96
SD 0.078 0.040 0.056 0.028 0.128 0.286

Table 4: Real train test, wheel #3, the result of repeated measure-
ment/mm.

Measurement
times

Flange height Flange width Wheel diameter
Old New Old New Old New

1 27.90 27.90 29.78 29.99 801.95 801.59
2 28.06 27.97 29.97 30.02 801.81 801.74
3 28.02 27.90 29.91 30.05 801.96 801.48
4 27.99 27.90 29.98 30.09 801.78 801.48
5 28.00 27.87 29.94 30.15 801.95 801.94
6 27.86 27.90 29.96 30.06 801.78 801.74
Mean 27.97 27.91 29.92 30.06 801.87 801.66
SD 0.076 0.033 0.075 0.056 0.090 0.179

wheelset test. The standard deviation of wheel diameter in
real train test is supposed to be higher than in the standard
wheelset test because of several assumptions. One factor is
the higher possibility of S-shape running because of heavy
axial load. On the other hand, the wheelset that is in service is
also more polluted with rust than standard wheelset, causing
more detection uncertainty. However, the standard deviation
from real train test also does not exceed 0.3mm, which is
consistent with standard wheelset test. This may result from
the lower train speed during the test which leads to lower
possibility of S-shape running. Meanwhile, the rusty wheel
contour is also not in a massive stage. Tables 3 and 4 show the
result of repeated measurement for wheels numbers 2 and 3,
respectively. In each detection, the results remain the same
and no gross error appears.

Overall, detection uncertainties for tread profile and
wheel diameter are less than 0.1mmand 0.3mm, respectively.
The results show that the detection system has a high
accuracy, which can meet the requirements of maintenance
operation.

5. Conclusion

This paper, based on LDS, proposed a novel on-track detec-
tion system of the wheel size using only six 2D-LDS and two
1D-LDS. Errors induced bywheel-rail vibration, sensor noise,
misalignment, S-shape running, and wheelset differential are
also analyzed. After the system is implemented, real data
experiments including standard wheel test and real train
detection test were performed. It turns out that the detection
uncertainty of flange width and height is 0.1mm and wheel
diameter 0.3mm, which can meet the requirements of main-
tenance.This system can be further used for different types of
railway transportation, which provides a new solution for the
wheel size detection technology.

Appendix

We consider a special case where

[𝑑off , 𝛼1, 𝛼1, 𝛼3, 𝑦1, 𝑧1, 𝑦2, 𝑧2, 𝑦3, 𝑧3]

= [10mm, 45∘, 90∘, 135∘, −495mm,

− 495mm, 0mm, 600mm, 495mm, −495mm] .

(A.1)

To provide more benefits, the target wheel diameter is 𝐷 =

840mm and the origin of the wheel is located in the origin
of 𝑦𝑜𝑧WCF, as shown in Figure 14. In this special case, the
relevant geometric values are 𝑐1(−198.02mm, −198.02mm),
𝑐2(0mm, 420mm), 𝑐3(198.02mm, −198.02mm), 𝑙1 = 280mm,
𝑙2 = 180mm, and 𝑙3 = 280mm.

According to (8) and (9), we get the particle derivative as
follows:

𝜕𝐷
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=
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𝜕𝑙2

=

𝜕𝐷
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𝜕𝑦0
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+

𝜕𝐷

𝜕𝑧0
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+

𝜕𝐷

𝜕𝑧𝑐
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𝜕𝑧𝑐
2
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.

(A.2)
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Figure 14: A special case.

Taking the derivative of diameter 𝐷 with respect to 𝑦0, 𝑧0,
and 𝑧𝑐

2

according to (8) and substituting (𝑦0, 𝑧0) = (0, 0) and
𝑧𝑐
2

= 180mm, we have
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(A.3)

Furthermore, based upon (7), we get
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𝜕𝑧𝑐
1

𝜕𝑙1

,

𝜕𝑧0

𝜕𝑙1

=

𝜕𝑧0

𝜕𝑦𝑐
1

𝜕𝑦𝑐
1

𝜕𝑙1

+

𝜕𝑧0

𝜕𝑧𝑐
1

𝜕𝑧𝑐
1

𝜕𝑙1

,

𝜕𝑦0

𝜕𝑙2

=

𝜕𝑦0

𝜕𝑧𝑐
2

𝜕𝑧𝑐
2

𝜕𝑙2

,

𝜕𝑧0

𝜕𝑙2

=

𝜕𝑧0

𝜕𝑧𝑐
2

𝜕𝑧𝑐
2

𝜕𝑙2

,

𝜕𝑦0

𝜕𝑙3

=

𝜕𝑦0

𝜕𝑦𝑐
3

𝜕𝑦𝑐
3

𝜕𝑙3

+

𝜕𝑦0

𝜕𝑧𝑐
3

𝜕𝑧𝑐
3

𝜕𝑙3

,

𝜕𝑧0

𝜕𝑙3

=

𝜕𝑧0

𝜕𝑦𝑐
3

𝜕𝑦𝑐
3

𝜕𝑙3

+

𝜕𝑧0

𝜕𝑧𝑐
3

𝜕𝑧𝑐
3

𝜕𝑙3

.

(A.4)

When calculating particle derivative of (𝑦0, 𝑧0) with respect
to three points 𝑐1, 𝑐2, and 𝑐3 in WCF, we assume that all
parameters are with the geometric values in this special case.

Then, we substitute the ideal geometric values of this variable,
and we obtain

𝜕𝑦0

𝜕𝑦𝑐
1

= 0.5,

𝜕𝑦0

𝜕𝑧𝑐
1

= 0.5,

𝜕𝑧0

𝜕𝑦𝑐
1

= −1.2071,

𝜕𝑧0

𝜕𝑧𝑐
1

= −1.2071,

𝜕𝑦0

𝜕𝑧𝑐
2

= 0,

𝜕𝑧0

𝜕𝑧𝑐
2

= 3.4142,

𝜕𝑦0

𝜕𝑦𝑐
3

= 0.5,

𝜕𝑦0

𝜕𝑧𝑐
3

= −0.5,

𝜕𝑧0

𝜕𝑦𝑐
3

= 1.2071,

𝜕𝑧0

𝜕𝑧𝑐
3

= −1.2071,

𝜕𝑦𝑐
1

𝜕𝑙1

=

1

√2

,

𝜕𝑧𝑐
1

𝜕𝑙1

=

1

√2

,

𝜕𝑧𝑐
2

𝜕𝑙2

= −1,

𝜕𝑦𝑐
3

𝜕𝑙3

= −

1

√2

,

𝜕𝑧𝑐
3

𝜕𝑙3

=

1

√2

.

(A.5)

Finally, substituting (A.5) into (A.4) and then substituting
(A.4) and (A.3) into (A.2), we have

𝜕𝐷

𝜕𝑙1

= −3.4142,

𝜕𝐷

𝜕𝑙2

= 4.8284.

(A.6)
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