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Mobile Robot for Power Substation
Inspection: A Survey

Shou-Yin Lu, Member, ACC, Ying Zhang, and Jian-Jun Su, Member, CSEE

Abstract—This paper presents the most important achieve-
ments in the field of electric power substation equipment’s
inspection by mobile robot. To accelerate the realization of
unattended substation, which would improve the reliability, safety
and intelligence of power substation, the field of automated power
substation equipment’s inspection has been greatly developed
over the last decade. The paper addresses the power substation
inspection robot, which is considered as one of the most active
fields of research on mobile robot, from its history to design re-
quirements, the robot system architecture analysis and modeling,
reliability technology of the robot, autonomy and universality
of substation equipment inspection. Besides, summaries and
suggestions on the development and research trend of inspection
robot, which should be addressed in the future, are given. The
present work may serve as reference for initial design of robots
for some complex and dangerous working environments. And
some unique insights for the inspection robot provided in this
paper may be of help to further research and application of
power facilities inspection.

Index Terms—Autonomic behavior, equipment
robot, navigational positioning, power substation.
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I. INTRODUCTION

LONG with the quick development of the electric power

business, there is a growing requirement of power due
to high dependency of people on electrical equipment. In
order to minimize failures of power facilities and avoid the
huge economic losses caused by power outages, transmission
line and substation equipment ought to be regularly inspected
for detecting defects as soon as possible to arrange the
maintenance plan. It is well known that, as an essential part
of modern power systems and future smart grid, the safe and
stable operation of the substation equipment plays a very
important role in the entire power system. And substation
equipment inspection is an important means for operation and
maintenance, which can ensure the secure working of the
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electric grid, improve power grid to run economically and
afford good service for user [1]—[3]. There are, roughly speak-
ing, two common methods of power equipment inspection,
which are foot patrol and inspection by mobile robot [4]—[6].
In the foot patrol inspection, usually a team of two people
traverse the substation along the scheduled route and inspect
the power equipment such as transformer, circuit breaker, load
switch, generatrix, current transformer, voltage transformer
and so on. This kind of inspection is slow, tedious, monotonous
and subjective so that even larger faults can sometimes be
neglected [7], [8]. In order to improve the reliability, safety and
intelligence of power substation and accelerate the realization
of unattended substation, the problem of automated inspection
of power substation equipment has become an important issue
of the electric power industry at home and abroad [9].

With the development of robot technology and visual in-
spection methods which are carried out with the help of
binoculars and sometimes with Infrared Ray(IR) and corona
detection cameras, an available solution is to develop au-
tonomous mobile robots, and then develop an automatic in-
spection approach that would be more accurate, less expensive
and at least as fast as foot patrol inspection [7], [10]. Besides,
another kind of power facilities inspection mobile robot is also
developed to inspect and maintain power transmission line [4],
and the technology of power substation equipment inspection
robot can also be applied to the other hazardous environment.
In comparison to the substation equipment manned patrol
inspection, inspection by mobile robots would be less objec-
tive, with better inspection accuracy, better price performance,
greater market space and development prospects. In this paper,
we only focus on discussing power substation inspection robot.

Power substation inspection robot plays an important role in
the field of electricity power facilities application special robot
research. There is considerable research on the technology of
power substation inspection robot, and there have been a large
number of literatures published. In the 1980s, the research
work on power substation inspection robot had been carried
out and achieved the valued research results by American,
Japanese and other foreign scholars. The robot BIG MOUSE
[11] designed by Japan Shikoku Electric Power Company
and Toshiba Corporation and other research institutions was a
kind of power substation inspection robot suitable for SO0KV
substation. Another power substation inspection robot, which
can be tele-operated and controlled in real-time, was also
developed by Hydro-Quebec Research InstituteCanada [12].

Since 2002, with the support of the National High-Tech
Research and Development Program (863 Program), the re-
search on power substation inspection robot (see Fig. 1) has
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been conducted by State Grid Corporation of China. And four
generations of the power substation inspection robot, which
is composed of mobile vehicle platform, testing sensors such
as IR and corona detection cameras, the control and commu-
nication unit, and so on, have been developed successfully
[2],[10], [13]. The inspection system based on the robot, the
infrared thermography and sensor of visible Charge-coupled
Device (CCD), can help people achieve the visible and infrared
detection result for high voltage substation equipment. Since
2010, with the development of society and population age-
ing phenomenon becoming more severe, and the continuous
increase in human resource cost, the demand for the power
equipment inspection robots is becoming increasingly urgent,
hence a lot of scientific research institutions have developed
various conceptual prototypes of inspection robot, respectively,
in China [14].

Fig.1. Power substation inspection robot developed by Electric

Power Robotics Laboratory.

So far, many research institutions at home and abroad have
been carrying out active research on such robots and have
made great progress, greatly promoting the development and
application of power substation inspection robots. But a review
on the key technologies of power substation equipment’s in-
spection problem has not been published yet, with an exception
of a short technical review, addressing exclusively inspection
with robot [14]. In this paper, key technologies of power
substation equipment inspection robot involving inspection
requirement analysis, multi-sensor information-fusion, naviga-
tion and intelligent control, advanced application of inspection
and its present domestic and abroad development state are
summarized. Its existent problems that still need to be solved
efficiently are analyzed, the proposed solutions are critically
assessed, and other tasks that could be performed by an
inspection robot and its application foreground are also put
forward.

II. PROBLEM DESCRIPTION

This section briefly describes the inspection tasks, which
need to be undertaken for power substation equipment, and it
involves the most common robotic inspection technology.
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A. Substation Equipment Inspection Tasks

Power substation equipment inspection is an important
technology to ensure the safe operation of power equipments.
According to the relevant provisions of the State Grid Corp
of China, the substation equipment inspection can be mainly
classified into four types, which are as follows:

1) Normal inspection (including handover inspection).

In power system, the inspecting of electrical equipments,
especially substation equipments plays a very important role in
daily substation operation. And the normal inspection must be
completed within the specified period, for example, it should
be inspected once a day for unmanned substation and at least
3 times a day for manned substation.

2) Inspection after light out at night.

Check the phenomenon of corona and discharge, and check
the temperature and overheat of the connector contacts and
joints in substation equipments such as the high-voltage
switchgear, and determine the overheat degree, when tempera-
tures exceed preset threshold, a warning instruction is received.
It should be inspected at least once a week for manned or
unmanned substation.

3) Comprehensive inspection (Standardized inspection).

Check the overall external inspection of equipments, the
weakness of the equipment, the integrity of anti-misoperation
lockout device and grounding grids, and identify the equip-
ment defect. It should be inspected twice a month for un-
manned substation.

4) Special inspection.

Special inspection depends on specific circumstances and it
should be carried out in the following circumstance: before
or after high wind, thunderstorm, equipment overhaul, during
statutory holiday or in case of equipment abnormality. It
should be inspected once a day for manned or unmanned
substation.

B. Power Substation Inspection By Mobile Robot

Technology of power substation inspection robot is one of
the frontier research topics in the field of robot research, which
is a combination of many disciplines, such as mechanics,
high voltage insulation technology, electronics, control theory,
computer science and artificial intelligence and so on. And the
robots, assisting or replacing staffs, detect thermal defects and
abnormalities and other issues of substation equipment. Then
the fault accidents and potential risk data are provided to staffs
[15]. However, on account of the complex working environ-
ment of the power substation inspection robot, there are some
key technologies that are difficult to achieve breakthroughs.
These key technologies are as follows.

1) Design Requirements of Inspection Robot: Power sub-
station inspection robots based on mobile vehicle are designed
with mechatronic features. The structure compacts, dexterity
and particularity of inspection robots have higher requirements
than the general mechanical. Hence, the design of mobile robot
body is the carrier and base of inspection robot system [16].
Then, the following several basic technical indicators need to
be met:

1) Smooth movement can be implemented in the substation,
and with climbing, downhill ability;
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2) Braking and anti-skid capability;

3) Flexible enough to walk autonomously, avoiding obsta-
cle, crossing obstacle and wading ability;

4) Fault self-diagnosis and self-protection measures;

5) With comprehensive preset Pan/Tilt/Zoom (PTZ) device,
the status, appearance anomaly, abnormal sound and infrared
thermal defects of substation equipment can be detected and
diagnosed;

6) Teleoperation and background monitoring. To meet the
above basic technical indicators of inspection robot, while
while ensuring the rational use of materials, convenient instal-
lation and high reliability issues should be also considered.

2) System Architecture of Power Substation Inspection
Robot: Each type of mobile robot system has its own ar-
chitecture characteristics respectively, so it is difficult or
impossible to use one kind of architectural pattern to meet
the requirements of all the mobile robot system. However,
many researchers have devoted themselves to the research
of the architecture of the robot system, and several typical
architectures of the mobile robot system have been formed in
recent years (e.g., [17]—[34]), which could be classified into
three types: hierarchical architecture [17]—[24], subsumption
architecture [25]—[29], hybrid architecture [30]—[38].

Saridis et al. proposed three-tier architectural model [17]
in the 1980s, and it is considered relatively representative as
hierarchical architecture. According to the level of intelligence
with the increase of control accuracy and less hierarchical
principle, the whole system is divided into three basic levels:
the organization level, the coordination level and the execution
level. In addition, each level can also contain multiple layers
of tree structure. Furthermore, the basic concepts and ideas
related to modeling and analysis of intelligent robot systems
are presented and proved in papers [18],[19], and at the same
time, the practical application of this hierarchical structure is
discussed.

Then Brooks, an American scholar, proposed system ar-
chitecture, which is called subsumption architecture [25],
based on behavior, for mobile robot control system. The
subsumption architecture, which is different from hierarchical
architecture, is a reactive architecture and a direct mapping
parallel structure based on the perception behavior. Besides,
this structure reduces the requirement of the internal model
of the system, and improves the real-time performance of
the system in the dynamic environment. And some successful
cases of the robot using the architecture are given in [27], [28].
In later studies, considering the synthesis result of the output
of the combination of multiple behaviors to produce a higher
level behavior, the Brooks subsumption architecture has been
improved appropriately [29], and the flexibility of this class
of structural systems has increased.

Furthermore, a hybrid architecture is proposed [30], which
integrates the advantages of the above two systems. The hybrid
architecture can be applied as the basic framework based on
hierarchical architecture. It has ability to enhance transverse
information transmission in each layer, which can produce
corresponding reactive control behavior, and also make up
the lack of flexibility and real time applicability existing in
hierarchical architecture.
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A hybrid three layer architecture for mobile robots, which
are a reactive feedback control layer (Controller), a reactive
planning execution layer (Sequencer) and a planning layer
(Deliberator), was described by Gat [31]. Then, a hybrid
control architecture based on subsumption architecture was
described [34]. And under that structure, the planning is
regarded as a behavior, and processed synchronistically with
the reactive behaviors. At the same time, its corresponding
new obstacle avoidance and the planning method based on
the sensors was put forward.

Drawing lessons from the existing substation inspection
robot system structure [7],[10],[16], and considering the re-
quirements of the substation environment, inspection tasks,
stability and flexibility of the robot, and so on, the hybrid
architecture should be used in substation equipment inspection
robot (see Fig.?2). This helps to improve the inspection robot
perception of the environment and the internal information.
And the architecture can be broken down into five layers: base
station task scheduling layer, communication layer, perceptual
layer, planning layer and control layer.
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Scheduling layer, at the top of the architecture, is mainly
composed of the IEC61850 service interface, human-machine
interface, task accepting, task decomposition, task planning
task scheduling and other functional modules, whose functions
are primarily implemented in the base station system. Commu-
nication layer is consisted of network switches, wireless bridge
base station, wireless bridge and bridges mobile station, which
provides transparent channel for network communication be-
tween base station system and mobile station system with Wifi
802.1In wireless network transmission protocol.

In order to improve the real-time performance and reac-
tion speed of the system, inspection robot control system
can employ the subsumption architecture. And the percep-
tual layer, planning layer and control layer are designed
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to describe the subsystems of mobile vehicle, PTZ motion,
battery charge, substation equipment inspection, etc., which
can share one real-time/historical database. Perceptual layer
is located between task scheduling layer and planning layer,
and responsible for providing sense information, which is
the basis for planning layer to realize the localization and
motion planning, and also the information source of internal
control layer. Planning layer can integrate information from
the encoder, ultrasound, collision detection and vision, and
estimate the state information and environmental information
of inspection robot. Moreover, control layer is located at the
bottom of the structure, which can drive actuator to implement
the expectant motion locus by controlling the motor, based on
the kinematics model of the inspection robot.

3) Modeling of Power Substation Inspection Robot: Power
substation inspection robot generally can move along the
road in the power substation by using two wheel differential
steering mobile platform [7], [16]. In order to accurately locate
the equipment which is to be inspected in the substation, the
linear degree and the positioning accuracy of the inspection
robot posture is required.

A two-wheel differential driving mobile robot ([35]—[37])
is considered, the following illustration, in Fig.3, shows these
two coordinate systems: the global coordinate system {X O
Y} and the local coordinate system {xj, o, y; },where x is the
driving direction, o is the robot center point, and y; is the
robot lateral direction. The global coordinate system is fixed
to the Cartesian workspace, and the local coordinate system
is attached to the mobile platform.

Y &

0 ’ X

Fig.3. Model of a nonholonomic mobile robot.

The mobile robot’s position, velocity and angular velocity
are represented by((x, y, 6), v, ®), then the equation of motion
can be obtained as follows:

X cos6 0 v
)9'1 = sig@ ! . { © } (D
P— Vol _ 5 5 | VR )
o] 7Li illw

where v represents the center of mobile robot velocity, v
represents velocity of the left driving wheel, Vgrepresents the
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velocity of the right driving wheel, L represents the width of
the left and right wheels, and @ represents the angular velocity
of the center.

When vg = v, @ =0, the mobile robot will drive in straight
line.

When vg = —v;, the mobile robot will have rotary motion
around the center of mass, and reverse driving can be realized.

When vg#vy, the robot will do a certain radius p of the
circular motion, he formula to find p is as follows:

v L(vp+ Vg
o 2(vp—Vg)
By formulas (1) and (2), and linear and circular motion
velocities formulas, the mobile robot’s kinematics equation can

be derived as follows:

X 5c0s0  5cos6 v

P=|y |=| Lsin® Lsin® [ R} )
. r —r VL
6 I T

It is generally assumed that the mobile robot can only roll in
the lateral direction without sliding, and the constraint equation
is as follows

isin@ 4+ ycos6 —d6 =0 5)

4) Servo Motion Control of Power Substation Inspection
Robot: According to the control instructions are given by
the Industrial Personal Computer (IPC), the motion control
of power substation inspection robot can be realized to ensure
robot to complete the accurate and stable inspection tasks. In
the process of inspection, the inspection robot will be affected
by friction, obstacle, skidding, wading, climbing and other
uncertain factors, which should increase the difficulty of the
robot motion controlling. So, traditional control strategy is
difficult to achieve accurate controlling requirements.

In order to solve the problem of precise servo motion control
of inspection robot in uncertain environment, many researchers
have tried to use a lot of intelligent control methods to reduce
the impact of the above uncertainty factors, such as visual
servo control [38]—[42], sliding mode control [43]—[46],
adaptive control [47]—[49], robust control [50]—[52], fuzzy
control or neural networks [53]—[57] and other intelligent
control methods [58]—[64].

III. THE KEY TECHNOLOGIES OF INSPECTION ROBOT

The substation inspection robot, which works in the envi-
ronment of the substation with strong electromagnetic inter-
ference, is different from the general industrial robot. And
it is difficult to achieve the control of autonomous movtion,
avoiding obstacle and navigation. In order to improve the
intelligent level of inspection robot, there are some technical
problems to be solved, which are as follows:

A. Autonomous Behavior Control and Navigation Technology
of Power Substation Inspection Robot

1) Kinematics and Dynamics Modeling and Analysis of
Power Substation Inspection Robot: Accurate kinematic and
dynamic model is the prerequisite to achieve the motion
control, navigation and obstacle avoidance of inspection robot.
Because of the robot working environment with strong elec-
tromagnetic interference and dynamic characteristics, and the
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inspection robot system has the characteristics of the strong
coupling and highly non-linear with nonholonomic constraints
structure [65],[66], the power substation inspection robot
becomes a very complex system. At the same time, there
is a need to consider the sliding motion between robot and
the ground. Consequently, it is difficult to establish accurate
kinematics and dynamics model of inspection robot, and only
the approximate system model can be established, as shown
in [67],[68]. So the precise control variable identified by
theoretical analysis would often not be achieved, i.e., the
generated velocity commands with respect to time are not
smooth curves, which may lead to have discontinuities in the
robot velocities ([69], [71]). When power substation inspection
robots are working in such complex substation environment,
its own structure parameters are often changed. So the noises
and errors are always existing in the detected signal. In order
to solve the above problems, it is necessary to research on
power substation inspection robot dynamics.

2) Autonomous Navigation Technology of Power Substation
Inspection Robot: Autonomous navigation is the basic condi-
tion for substation inspection robot for safe and reliable motion
in a complex environment, and for the guarantee of basic
inspection tasks, including global path planning and local ob-
stacle avoidance planning [72]—[75]. Inspection robots move
and inspect on the road of substation equipment inspection
area which is a kind of unstructured environment of strong
electromagnetic fields and equipment shades. Furthermore,
the substation environment scope is large and the ground
natural features that the computer vision can recognize are
little (see Fig.4). The information that can be perceived by
the sensor is limited, and this is a challenge for inspection
robot autonomous navigation. In addition, in order to ensure
the accuracy of the positioning of the inspecting equipment,
the robot needs to have the centimeter accuracy level for
navigating and positioning.

(a) a large range (b) less features

Fig.4. Substation environment.

Currently, there are so many methods employed in inspec-
tion robot navigation and positioning in substation, such as
magnetic track guidance and Radio Frequency Identification
Devices (RFID) positioning [2], [7],[76], [77], [81]—[83], GPS
navigation [78], [84]—[89], laser positioning navigation [90]-
[97] and visual navigation [79], [80], [98]—[104].

a) Magnetic Track Guidance and RFID Positioning:
Based on magnetic track guidance and RFID positioning,
the navigation and positioning method adapted to the strong
electromagnetic interference environment has the advantages
of high reliability, strong anti-jamming capability, etc. And
the working principle of the robot navigation and positioning
system is as follows:
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1) The inspection robot collects the magnetic track infor-
mation through the magnetic sensor, which is used as the
guidance information for the robot.

2) RFID tag information, detected by RFID reader, is
uploaded to the control system via the communication port
to achieve the positioning of the inspection robot parking or
turning movements.

Considering the substation environment adaptability and
cost, the magnetic navigation is selected in [81]. The pre-
centered sensor layout is taken to ensure prospective detec-
tion. The robots based on the magnetic guidance technology
have been successfully used in [2], [7]. Magnetic track places
running and testing equipment in the middle of the road,
and the RFID tags are required to be buried in every corner
of intersection and testing point. When substation inspection
robot reads RFID tags, it can identify walking, turning and
current location positioning. When the substation inspection
robot detects the RFID tags at a smooth parking and low-
speed turns, the distance is hence measured. Therefore, the
RFID tags should be buried early in corner of intersection
and testing point with a certain distance to test the equipment
precisely. The optimal path planning and precise positioning
can be achieved by reading the magnetic track and embedded
RFID tags [82]. However, when adjusting the inspection robot,
the robot will run unstably, swinging back and forth. In order
to get rid of this situation, two-dimensional fuzzy controller is
designed in [83] to control the wheel differential speed. The
problem of posture oscillation and wagging tail of substation
inspection robot could be overcome effectively.

b) GPS Navigation: With the development of GPS tech-
nology and application of differential GPS positioning and
Real Time Kinematics (RTK) technology [84], the real time
performance and accuracy of navigation is greatly improved.
It can achieve centimeter level dynamic positioning accu-
racy, and fully meet the navigation and positioning accuracy
requirements of the inspection robot. In differential GPS
navigation system, GPS mobile station is installed on the
robot body, and the base station is in the open position.
According to the GPS data collected by the mobile station
and the data of the differential, which is received from the
GPS base station, the mobile station can calculate the location
data of the inspection robot. The working environment of
inspection robot is a typical outdoor unstructured environment.
The absolute position coordinates of the current measuring
points can be obtained directly from the GPS receiver, and
there is no error accumulation. In theory, one can get the
coordinates of the arbitrary position in the substation. Based
on the Differential Global Positioning System (DGPS) and
RTK technology, the inspection robot navigation system was
designed and researched by Xiao P. et al. [85] and Zhang C
Y et al. [86]. Nevertheless, navigation control can be obtained
to adjust the positional deviation AS and course deviation A6,
relative to the robot current running path:

(y2=y1)-x—(xa—x1)-y+ (1 -x2—y2-x1)

V2 —y1)? = (2 —x1)2

A6 = arctan(y2 e )—6 (7
X2 — X1

AS =

(6)
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where P(x,y) denotes the current location state of the inspec-
tion robot, Py (x1, y1) and P> (x2, y») denote start and end of the
route under global coordinate system, respectively. The range
of Af is [0, 360), positive and negative AS and A@ can reflect
the inspection robot with respect to the right or left running
path. Positive and negative of AS and can reflect the deviation
from tracking trajectory.

The experimental evidence, which is obtained by using
GPS1200 as the GPS signal receiving device, suggests that
electromagnetic wave radiation produced due to the hot-line
high voltage substation equipment will interfere with the GPS
information receiving system nearby. So, the position deviation
can be controlled within 5 cm in the substation area where the
electromagnetic interference is weak, and there is considerable
variation in vl2alue of position deviation AS and course
deviation A@, when the GPS receiver is in area near the hot-
line high voltage substation equipment.

In order to avoid or weaken the impact on the GPS receiving
information error caused by the number of satellites, multi-
path effect, randomness, and the substation electric field and
strong electromagnetic interference, Dead Reckoning which
can avoid the influence of signal shielding and interruption
is used, and the GPS/DR navigation system was designed in
[87],[88]. The smoothness and constant availability of DR
signals can be used to correct the errors of GPS signals,
while the absolute position accuracy of GPS can be used to
provide feedback signals to correct DR. And, the navigation
accuracy of inspection robot can be ensured by using federated
Kalman filtering algorithm for data fusion. According to the
characteristics of GPS output, Zhang Y L [89] uses Back
Propagation (BP) neural network to estimate the output of GPS
receiver, and a new GPS/DR date fusion method, as follows,
is designed.

X RX

(k) = 7QXQ+ o or()+ 5 pvors(h @®)
_ Y Ry

y(k) = 0,+R, 7yDR(k) + 0,4k, +RnyPS(k) ©)

Where one can get the current time DR system based
coordinate xpg(k) and ypg(k) at time r = ks(k = 1,2, from the
DR system. The reliabilities of xpg(k) and ypg(k) are Q, and
0y, respectively. One can predict the current sampling time
GPS based coordinate xgps(k) and ygps(k).The reliabilities of
xgps(k) and ygps(k) are R, and Ry, respectively, and x(k) and
y(k)are fused robot’s position results.

Comparing data fusion method based on Kalman filter
with the presented method, experimental results show that
the GPS performance degrades at about t=1800s and then
recovers gradually at t=2600s. But this method has flexible
weight adjustment ability that can have comparatively better
result, so the precise and robust navigation information for the
inspection robot can be provided.

c) Laser Positioning Navigation: Compared with other
positioning and navigation methods, the laser positioning and
navigation, which are free from electromagnetic interference,
have the advantages of accurate position calculation and con-
venient path planning [90]. At present, there are at least two
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types of laser systems applied and verified in the inspection
robot system.

o Laser positioning navigation system based on artificial
landmarks

Laser positioning navigation system, which is based on arti-
ficial landmarks, is composed of laser scanner (laser, scanning
rotating device), photoelectric signal acquisition instrument,
navigation controller and artificial landmarks of known posi-
tion. Laser scanner is installed on the inspection robot. And
artificial landmarks are placed around the road of inspection
where the robot is moving. Laser beams are emitted by laser
scanner of laser navigation system. The laser beam signals,
reflected from the artificial landmarks, are collected at the
same time. And then the coordinate position of the robot is
obtained by continuous triangular geometry.

Because of the substation electromagnetic interference, nav-
igation equipment costs, and the requirements for reliability
and accuracy of navigation systems, substation environment
has less features at the same time but artificial landmarks
have obvious features that robot sensors can easily recognize.
Based on above, Xiao P [91],[92] develops the navigation
system of power substation inspection robot that uses SICK
company’s NAV200 system. In order to estimate the state of
the inspection robot, a kinematic model should be built first.
But the kinematic model of the inspection robot is nonlinear,
so the Extended Kalman Filter (EKF) is used in paper [93],
and the whole processing sequences are as follows:

Skr1.k = f (Skkes U, 0) (10)

Peyik = AePiAL +BiCikBY (11)
Kip1x = (Pesri+ Resr) ™! (12)

Skt ka1 = Sk 1k + Ky 1 (Zirt — k1) (13)
Pestjr1 = (1= Kiy1)Pey1x (14)

where s = (x,y, 0) is the state of the system, and uy = (uyk, Ugr)
is the control input vector, the u,; and ug; denote the control
input values of moving distance and yaw angle, respectively;
Zy+1 is the measurement vector, including the coordinate and
orientation provided by NAV200; P is the error covariance of
the state; Ay and By are the Jacobian matrices; Cy, is the control
error covariance matrix; Ki,| is the Kalman gain; And Ry
is the measurement error covariance matrix.

Then the test has been carried out in a 500KV substation,
which shows running status of inspection robot was steady,
and the trajectories are overlapped well. When the robot
ran straight along the route, the deviation of lateral position
and heading angle were in the range of +15mm and +1.5°,
respectively. And, navigation system can be affected by the
substation environment such as temperature and humidity and
climatic change, and the stability issues can also be emerged
when the navigation system works long hours.

o Laser navigation based on environment map.

Laser navigation system can use the laser sensor and the
odometer, which is carried by inspection robot, to build a
large scale and feature sparse substation 2D environment
map, and then the robot’s location information (position and
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heading) can be obtained by map-matching algorithm, which
uses the digital road 2D map and the distance information
measured by laser ranging sensor to correct the position error
[94], [95]. Finally, the positioning and navigation of robot
can be achieved. Without relying on artificial landmark, the
laser navigation system for power substation inspection robot
was designed by employing SICK companys LMS111 laser
sensor to scan running environment, and the electronic map
was created by effectively eliminating the cumulative errors
using can-matching algorithm [96], [97].

By matching the data obtained by the laser sensor and the
pre- created map by ICP-EKF algorithm, the robots locating
information can be obtained to achieve inspection robot nav-
igation and location in the substation environment. In order
to test the repeated positioning accuracy of laser navigation
system, an experimental investigation is conducted in 500 kV
substation, which indicates that most of position data is within
the error range of 2 c¢m, and the heading angle error does not
exceed £1.15°. And, this navigation and positioning accuracy
can meet robots requirements.

d) Visual Navigation: The vision-based navigation is an
important way of the navigation of the autonomous mobile
robot. The goal of the navigation system based on vision is
to calculate the navigation parameters by collecting the image
of the road surface and the surrounding environment, which is
acquired by the visual sensor, to control robot to walk along
with the navigation path [98]. By using image recognition
technology to process image information, the routes to be
tracked can be identified [99], [100]. And up to now, the visual
navigation can be broadly divided into three types: based on
guide line, extraction of road sidelines and segmentation of
road area.

« Navigation based on guideline.

The navigation method is to enable the inspection robot
to travel along the guideline which can be set up in ad-
vance and identified by visual identification system of the
inspection robot. The navigation method can be implemented
economically even if it is adapted to the complex road surface
environment.

Taking into account the visual navigation with a wide range
of signal detection, the integrity of the target information and
other advantages, as well as the requirements of navigation
accuracy and stability in actual situation of the substation,
a visual navigation method based on red guideline recog-
nition for unattended substation equipment inspection robot
is presented in [80]. The fusion algorithm of Red Green
Blue (RGB) and intensity and chrominance (YUV) is used
to improve the recognition rate of pixels in the varying
illumination condition. According to false detection and miss
detection caused by varying illumination and the interference
of the similar background color, the “regional equilibrium”
distinguishing algorithm and identification by “stages” algo-
rithm are proposed respectively. The “16 x 16” area is as the
distinguishing area, and one can calculate the RGB averaged
numerical in this area by the discriminant which is as follows:

16 16

Pe=Y Y Aij

i=1j=1

15)
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] o no red pixels
Aij = { 1 red pixels (16)
P> 6, =1 otherwise P,=0 17

where the judgment of A;; is based on red pixels discriminant
condition as follows:

(R—G) > Y x12/255
(R—G) > Y %10/255
R > 100

(18)

And & is discrimination threshold of “16 x 16” distinguish-
ing area, and the value of § is 180.

According to the different classification criteria used in each
segment which can be divided by the difference of luminance
data, tests were carried out. Test results show that the visual
navigation system based on the proposed “guideline” can
satisfy the demand of robot automatic inspection work under
the condition of the traveling speed in 0.4 m/s to 1 m/s range,
and minimum illumination of the environment is 0.5 lux,
and the system has the advantages of strong anti-interference
performance and high recognition accuracy.

In order to verify the real-time performance and accuracy of
vision navigation, the visual navigation problems are studied
in papers [101],[102], and the results of the study indicate
that the method by replacing monochrome CCD with Color
CCD, and using the former image processing (graying —
smoothing — segmentation — edge detection), cannot
achieve the desired results. In order to overcome the above
disadvantages, a method for extracting target color of image by
HSI model is proposed, then the mathematical morphological
processing method is used to remove the interference infor-
mation, finally the trajectory and stop marks are segmented
and extracted by calculating the 8-adjacent connected areas.
The navigation parameters are calculated by the sampling
estimation method, and the control of the robot’s motion is
realized by the fusion of the proportional coefficient and the
navigation parameters which can be used to control the two
driving wheel motors.

By using the method above, the robot navigation can be
realized, and it has good real-time performance and reliability,.
But in fact, the inspection robot will be sliding between
vehicle wheel and ground. Besides, errors are caused by
lack mechanical precision and gear backlash, even though the
encoders have a high accuracy. Then utilizing the accuracy
of camera rotation to control robot is studied in paper [80].
For example, if we hope the robot to rotate by angle 6, then
first the PTZ of camera rotates 6 to save the taking picture,
which is marked as picture “A” (see Fig.5(a)). Second, the
PTZ backs to the original position (see Fig. 5 (b)). Third, robot
rotates until camera scenes perfectly fit with the picture “A”
(see Fig.5(c)), then robot rotates 6. To control robot left
and right wheels, the vision based navigation system tracks
the gestures of the robot and at the same time hunts the
environment information to identify its location.
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(a) (b) (c)

Fig.5. Posture adjustment of inspection robot.

« Navigation based on extraction of road sidelines.

The principle of this method is as follows: extracting the
coordinate value of the roadside lines on both sides of the
road being traveled by robot visual system; then calculating
the intersection of two road sides; the angular bisector of two
road sidelines is the required route that inspection robots need
to travel. This navigation method does not need drawn marks
on the road surface. But there is no obvious influence on the
navigation when the clear line of the road cannot be well
recognized, the turning angle of the robot is too large or the
road surface is undulating greatly.

To ensure the inspection robot moving on a pre-defined path,
and avoid obstacles autonomously at the same time, paper
[103] presents a road edge and obstacle detection system based
on the stereo vision system. From the vision system structure
and the road plane in the substation, the Inverse Perspective
Mapping (IPM) structure is constructed to remove the per-
spective effect. Through the monocular image transform, the
edge of the road based on the line detection can be obtained.
In order to make the obstacle (repairing vehicle, people, etc.)
detection result more exact and less complex, the stereo IPM
method based on the transformed images is used. Then the
obstacle information is made more exact with a hypothesis
testing obstacle detection approach. The 2D map, which can
be constructed from the obstacle’s projection on the road plane
and the road edge, could provide enough information for the
robot navigation with accuracy of the centimeter level.

« Based on segmentation of road area.

Using image recognition technology and chain code track-
ing method, the images of the road area can be segmented
into two parts: road and non-road, and the inspection robot
is always in the middle of the road to move. The brightness
is generally different from the road and surrounding environ-
ment, so, the segmentation quality and navigation stability will
be affected if the brightness difference of road surface and
surrounding environment is not obvious.

In complex unstructured road environment (such as rural
roads, substation road, etc.), the road surface condition is
complicated and changeable, and the roadside line extracted
from the image is not clear. In order to solve the problem when
the extraction of road sign or road boundary is very difficult, a
novel dictionary learning and sparse representation based road
segmentation algorithm was proposed in [104].

According to the algorithm, the local image patch was used
as the processing unit. Moreover, the initial dictionary would
be got by learning based on man-selected typical road image,
and the dictionary should be updated in real time by online
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dictionary learning with a little piece of image right before
the vehicle as supervision, because it is difficult to meet the
requirements of complex scene for fixed dictionary. With this
dictionary, the on-road patches could be sparsely represented
precisely while the off-road patches could not. Then, unstruc-
tured road segmentation issue will be well solved with good
adaptability and robustness in complex environment. It can
overcome impact caused by illumination, weather and so on.
However, it is not mentioned in the literature that the road
surface area segmentation method had been applied to the
substation environment.

In order to complete the robot inspection task, the appro-
priate navigation mode should be chosen to adapt the specific
environment. For example, the methods of the magnetic track
guidance navigation and visual navigation can be difficult to
apply in the substation inspection by mobile robot, if the
pavement marks and road edges are covered by thick snowfall,
and the navigation running route cannot be identified by visual
system and collection of the magnetic track information by the
magnetic sensor is difficult. In addition, GPS navigation has
more interfering factors and high-cost. Based on such reasons,
the laser navigation method (based on the environment map)
can be used as a priority scheme for substation complex
environment.

To achieve the safe and autonomous operation of the power
substation inspection robot and ensure to complete inspection
tasks, it is necessary to consider the problems such as the
presence of large sensor noise, the lack of a single navigation
and positioning technology etc. And a variety of navigation
and positioning techniques, which can be combined with the
multi sensor fusion technology, and the intelligent behav-
ior control technology such as fuzzy logic control method
[105]—[109], neural network control method [110]—[112]
and other intelligent behavior decision methods [113]—[118],
should be adopted to ensure that the inspection robot can
successfully complete the inspection tasks.

B. Equipment Detection Technology Based on Power Substa-
tion Inspection Robot

Power substation detection system is an important part of
the inspection robot system. With the development of the
substation automation degree, substation Remote Maintenance
System (RMS) has been realized in some areas, which ad-
equately makes use of the hardware resource of network
communication to improve automation system. Even so, equip-
ment inspection is still an indispensable means of substation
operation and maintenance. And the detection system of the
inspection robot should be able to automatically inspect the
appearance image of equipment, running equipment sound,
the temperature of the equipment joint and other information
of the substation running equipment, and identify the status of
the preparation [72],[119].

So, the detection system, which can be shown in Fig.6,
should carry the corresponding sensors with the visible light,
infrared and sound and other equipment status data acquisition
and analysis functions, then, thermal defects and abnormal
appearance of substation equipment can be detected.
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Fig.6. Detection system of power substation inspection robot.

In order to achieve the above functions, the accuracy of
inspection operation and equipment identification of inspection
robot is required, and the key issues to be addressed are as
follows.

1) Design of Comprehensive Preset PTZ: A substation not
only covers large area but also has the layout of intensive
equipment, and the distance from the inspection robot to the
detection equipment is far, even up to tens of meters. To ensure
the detection effect, the PTZ needs to support multiple preset
position and high positioning accuracy, and some non-contact
remote detection device such as sound pickup device, visible
and infrared detection equipment with larger optical zoom
should be installed on the PTZ. Therefore, it is necessary
to employ the omni-directional PTZ with precision and more
preset positions [120], [121], and PTZ control system is shown
as in Fig. 7. Omni-directional preset PTZ with horizontal
rotation and vertical rotation should be employed with anti-
interference and optimization control circuit to accommodate
the strong electromagnetic environment of substation. The
PTZ control system consists of PTZ control panel, hardware
limit, DC servo motor and angle sensors, etc., which can
achieve movement in horizontal and vertical, position infor-
mation feedback, travel motion protection and other system
control functions.
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Fig.7. PTZ control system.

2) Detection of Thermal Defect in Equipment By Infrared:
To prevent the accidents of the substation, a key method to
be taken is to effectively monitor the temperature of substa-
tion equipment such as transformers, circuit breakers, mutual
inductors, cable connectors, etc., and the conventional method
to measure temperatures in substations is manual check with
hand-held infrared temperature measuring instruments node by
node. The infrared thermal imager can turn infrared radiation
of substation equipment into heat distribution image using
infrared technology, which not only can measure the temper-
ature without contact, but also can display two-dimensional
distribution and changes of equipment surface temperature
in real-time [122]—[124]. And the infrared thermometric
technology has many advantages of reliability, immunity to
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electromagnetic interference, as well as the convenience of
information collection, storage, processing and analysis.

In general, the method of infrared detection and diagnosis
can be divided into the following several methods: Surface
temperature estimation method, image feature determination
method, the same kind of comparison method, relative differ-
ence method and real time analysis method. Furthermore, the
infrared thermal imaging diagnostic can detect live-working
equipment defects online, and ensure the safe operation of
electrical equipment [125],[126]. The infrared detection and
diagnosis images of part of the equipment are shown in Fig. 8
[122],[125].
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Fig.8 Infrared detection and diagnosis images of part of the
equipment

3) Identification of Equipment Status: In addition to the
infrared temperature measurement and thermal defect detec-
tion, the equipment status recognition, such as opening or
closing state of breaker and switch, meter reading, etc., is one
of the main tasks of inspection robot system [127]—[130],
while monitoring the current operation conditions and forms
of equipment in real-time. Equipment status identification is
to automatically determine the status of the equipment based
on its images by the pattern recognition, image processing and
other corresponding algorithm. In order to ensure the accuracy
of equipment state identification, one should focus on some
key factors, including complex environment illumination, un-
even surface illumination, information acquisition noise, low
contrast between object and background, edge blurring, that
affect the accuracy of image recognition [161], [162].

a) Breaker Status Identification: The processing of
breaker state recognition steps can be as follows: Firstly,
selecting the template image of equipment, extracting Scale
Invariant Feature Transform (SIFT) features, marking equip-
ment area with artificial helping and storing into template
library; Secondly, detecting to match feature points of image
by the SIFT operator (see Fig.9); Then, the homography
matrix between the match image and the template image is
obtained by using the algorithm. And according to equipment
area marked in the template library, the corresponding area of
match image will be got [131], [132]; Finally, the method of
image processing is used to identify the status of equipment
as shown in Fig. 10 [133],[134].
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binarization (d) Refinement (e) Linear filter

Fig. 10.

Identification process of breaker.

Judgment of the breaker status:

1) If there is no line inside breaker area in the image of
equipment, then one can get that the breaker is identified as
opening status;

2) If there is a line inside breaker area in the image of
equipment, then the angle between the line and the vertical
edges of rectangular frame in match image can be detected
and calculated. And if the angle between the line and breaker
area is less than a certain threshold, then it can be considered
that the status of breaker identified is closed.

b) Switch Status Identification: Switch status recognition
is mainly divided into two steps:

1) The acquisition of the switching area in the image: using
the above method (Breaker status area matching) to match and
acquire images.

2) The “ON” and “OFF” state of switch recognition: accord-
ing to the switch region position in the image obtained in the
last step, and then Support Vector Machine (SVM) algorithm
or other algorithms can be used to determine switch status.
The recognition process of switch state is as shown in Fig.
11.

(b) “ON"or “OFF 'state

(a) Original image

Fig.11. Recognition process of switch state.

c) Meter Readings Identification: In order to achieve
the meter readings, we must first make precise positioning
of the dial area in the image (Fig.12), and there usually
are three major methods: the ellipse fitting method based on
HOUGH transform, the method based on moment invariants,
the method based on least squares theory [135]—[137]; And
then the images of the meter pointer area are obtained based
on dial area by the Binarization, mathematical morphology
operation, blob filters and other image processing algorithms;
Finally, according to the relationship between meter readings
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and pointer angle marked in template library, the meter read-
ings can be obtained through the extraction of meter pointer
(Fig. 13) [138].

(a) The image pressure gauge  (b) Ellipse fitting

Fig.12. Pressure gauge.

(a) Dial plate
Fig. 13.

(b) Pointer

Pressure gauge.

d) Detection of Equipment Appearance Abnormality:
Identification of abnormal power equipment appearance can
be achieved by image processing, pattern recognition al-
gorithms, and other related technology to detect image of
power equipment [139],[140]. And the abnormal appearance
of equipment should be judged by means of the image pre-
processing, recognition, texture analysis, etc. The common
appearance abnormality of power equipment mainly includes
contamination, damaged and foreign matters.

According to different abnormal situation, the selection of
image processing method can be determined by trial and the
characteristics of the field image [141]. In the actual situation,
the type of abnormal equipment is usually not foreseen, so an
integrated approach of classification of equipment exception
is needed.

e) Identification of Equipment Sound Abnormality: To a
certain extent, the abnormal sound of substation equipment
can effectively indicate the occurrence of major accidents and
emergency situations. Collecting and monitoring the abnormal
sounds of the running power equipment is also one of the
main tasks of the robot, and the operation status of the
equipment and its internal operation status can be analyzed
and judged by abnormal sound from the equipment such as
power transformer, circuit breakeretc. The abnormal sound of
the malfunctioning equipment is different from that of the
normal equipment, and the sound of the normal equipment
has the characteristics of stability and periodicity. Therefore,
by sound analysis, one can distinguish the normal operation
of the equipment in the substation [142], [143].

The system of abnormal sound detection for substation
equipment mainly includes: inspection robot platform, audio
detection system and analysis system software of base station
background. The inspection robot platform is a carrier of the
audio detection system; the audio detection system is used
to identify abnormal sounds of equipment; analysis system
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software of base station background is mainly responsible
for receiving, analyzing, displaying recognition results and
alarming. Furthermore, it can alarm for abnormal sound of
equipment and avoid accidents in advance.

C. Energy Security Technology of Inspection Robot

Power substation inspection robot, working in unattended
substation for a long time with complex environment, must
have a long period of energy supply to ensure the normal
operation of the control system, inspection system, commu-
nication system, self-protection system, etc. And the energy
supply management system of the inspection robot should be
able to meet the power supply needs of the climatic impact
of all weather operation, self-charging, energy optimization
management and other problems. At the same time, the energy
supply management system is also restricted by the mobility,
size and weight of the inspection robot. Taking into account
all factors, the energy supply management system of the
inspection robot should be designed to meet the requirements
of energy supply and energy optimization management for the
inspection robot, and ensure the completion of inspection tasks
to maximum extent.

1) Energy Supply Management System of Inspection Robot:
Energy supply management system of power substation in-
spection robot [144],[145] mainly includes power manage-
ment subsystems, power supply unit, charging unit and charg-
ing gear and other components. The power management
subsystem can be shown in Fig. 14, where the solid line
represents the energy flow, the dotted line represents the flow
of information.

In Fig. 14, the power supply can provide energy for the
inspection robot, the charging device and the charging mech-
anism can realize the automatic charging of the inspection
robot, and the manual charging plug is reserved to provide the
manual charging mode for the staff. The power management
subsystem can achieve monitoring and control management in
real time, and receive the command and feedback information
under the operating conditions of control system.
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Fig. 14. Energy supply management system structure of the
inspection robot.

Energy supply management system mainly consists of five
parts, which are as follows: Supply Chain Management (SCM)
control center, relay unit, monitoring unit, communication
unit and power management module. And, the control center,
which is the core of the management system, can control the
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entire power management system to implement the functions
of power management; Relay unit, which is controlled by
control center, is an executor to control the flow direction of
energy for the power management system, and monitoring unit
can check the energy supply unit information of the voltage,
current, temperature and quantity in real time, so as to provide
the judging data for the control center; The communication
module, which can transmit instruction data and state feedback
information transparently, can make the connection between
the control center and the upper layer.

2) Power Management Module of Inspection Robot: The
power management module usually includes: power protection
module, power control module, power supply monitoring mod-
ule, display and alarm module, voltage conversion module,
which can be shown as in Fig. 15.

Power management module

[ Control |
madule

[Protection |
module

[Momitoring

module

Fig. 15.

Function of power management module.

a) Power Protection Module: Fig7 The power protection
module, which can provide with some functions of overvoltage
protection, overcurrent protection, reverse connection protec-
tion and so on, can receive the command sent by the control
center, and control the switching state of the relay group
switch, while monitoring the voltage and current signal in the
real time circuit.

b) Power Control Module: The function of the power
supply control module is mainly to control the discharge
process and to control the battery charging process.

¢) Power Monitoring Module: The power monitoring
module, which can provide information for the control center
to judge the status of the system in a timely manner, mainly
includes the monitoring units of the voltage, current, capacity
and temperature of the power supply system.

d) Display and Alarm Module: The display and alarm
module can provide the information of the power state and
the alarm information by the man-machine interface, which
can facilitate the staff to understand the power state, and do
timely treatment of dangerous situation.

e) Voltage Converter Module: According to the needs
of each module, the voltage conversion module, which can
receive the command sent by the control center to cut off or
turn on the power of the inspection robot.

3) Self-charging Device: The self-charging device of power
substation inspection robot, whose schematic diagram and the
photo are shown in Fig. 16, can employ active contact charging
gear [146]. The active contact charging gear comprises the
extended mechanism, limit switch, charging contact and other
components, the extended mechanism can be installed in the
robot vehicle body, the charging contact is installed in front
of the extended mechanism for connecting the charging socket
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on the charging box. In order to connect the charging contact
with the charging seat, the charging contact is established
by stepping motor and controlled by the command of power
management module, when the inspection robot is parked
in the charging position. And while connecting the charging
contact with the charging socket, and the control regulation of
the charging contact should be further controlled by the contact
point feedback information between the charging contact and
the charging box, and it reduces the accuracy requirements of
the inspection robot docking [147].

(a) Schematic diagram (b) Actual picture
1- charging gear, 2— robot body, 3— starting position of
charging gear, 4— ending position of charging gear, 5-

charging case, 6— charging dock

Fig.16. Self-charging device of power substation inspection robot.

D. Base Station Control System and Advanced Application
Technology

The base station control system is the background control
and information management system of the power substation
inspection robot. And it is a bridge between the robot moving
platform and the operator. The base station control system
mainly includes some modules of the mobile vehicle motion
control, the robot operation mode management, the substa-
tion equipment image processing algorithms and software
implementation, the real-time/historical database management,
communication systems, human-computer interaction interface
and so on. The mobile vehicle motion control module is
responsible for the communication and control between the
robot mobile platform, detecting equipment device and the
base station control system. The robot operation mode man-
agement module can implement the real-time motion control
and inspection task management by means of autonomous
control or remote control, and the substation equipment visible
light image, infrared image/video. As well as the inspection
robot running state data and other monitoring information can
be provided by the human-computer interaction interface to
the operator [15],[148],[157]. However, the wireless com-
munications will be disturbed by the same-frequency signals
and variety of noises, because of the strong electromagnetic
complex environment, and the communication between the
inspection robot and background monitoring system needs to
have the strong anti-interference capability [149], [159]. So,
some advanced application technical issues that need to be
addressed are as follows.

1) Reliable Wireless Communication Technology: Because
the robot is working in the environment of the substation,
the robot must not only ensure the safety of the robot itself,
but also cannot bring bad influence to the operation of the
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substation equipment. Otherwise, potential faults may bring
great harm to the power grid.

In order to ensure its operation safety, the robot inspection
operations should be completed under the control of the oper-
ator, even if the inspection robot has the ability of autonomous
inspection. Under special circumstances such as failure of the
robot, receiving special inspection instructions or receiving
stop inspection instruction, the remote control mode can be
adopted to keep the robot to complete the inspection task or
to stop the inspection task back to the robot charging room.
So, it is necessary to have reliable wireless communication
technology [157], [158].

In order to ensure the safe and stable operation of the robot,
the Real-time Transport Protocol (RTP) bi-direction control
information link under wireless communication, which can
achieve the bidirectional transmission of downlink and uplink
information, should be established between the base station
system and the robot mobile platform, and, the uplink data is
mainly the control command issued by the staffs to inspection
robot; downlink data consists of mainly the equipment visible
image, infrared image / video, sensor monitoring information
and status of the inspection task [150].

2) Teleoperation Technology of Inspection Robot: Power
substation inspection robot is a kind of special robot for
long time working in harsh outdoor environment, some of
the unexpected situation may be encountered, and a lot of
problems need to be solved under the intervention of people.
So, inspection robot needs to be employed with remote control
technology [151], [160].

In general, motion information of inspection robot, which
includes the dynamic angle displacement, dynamic angle ve-
locity, dynamic angle acceleration, can be detected by its
onboard sensors, and are sent to the background monitoring
system and provided to the operator with the robot operating
base [152]—[154]. According to the working environment
and working characteristics of the robot, the inspection robot
should be operated by remote control in the following situa-
tions:

1) robot faults, such as power shortage, sensors, etc.;

2) the special inspection tasks, which are not included in
the autonomous inspection tasks.

3) Background Monitoring System of Inspection Robot:
In order to ensure the safety of the inspection robot and
its detection operation, the inspection robot state and the
inspection process need to be monitored by operators in
real time, then the operators and inspection robot need the
information exchange interface [155],[156], which can also
provide the platform for the analysis and early warning of
substation equipment. The background monitoring system,
which includes the monitoring system, analysis and early
warning system, is such an information interaction platform
between inspection robot and the operators.

a) Monitoring System: The system is a typical mon-
itoring system that can deal with Geographic Information
System (GIS), real time data access, dynamic display and
other requirements. The monitoring system can display the
visible light image / video and infrared video collected by
power substation inspection robot in real-time, and generate
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the robot operation analysis report. The operator can monitor
equipment status via the monitoring system instead of on-
site. manual inspecting. The virtual-reality environment for
substation equipment inspection system can be designed by
use of three-dimension graphic technology, and the reality
scene of substation can be considerably improved. The right
side of monitoring system screen, which is shown as in Fig. 17
[2], shows three-dimensional virtual model of the substation,
which can display the location and posture of inspection
robot in real-time inspection, and also show the feedback
information of running status of the inspection robot.

Fig. 17.

T T T T

Monitor background of substation inspection system.

b) Analysis and Early Warning System: The background
monitoring system has the appropriate analysis and early
warning system of substation equipment status. And for the
equipment state analysis and early warning, the inspection
data storage and other functions can be also realized. Through
the database development, the storage, query and export and
other functions of image data can be achieved. According
to the information received by detection system, the current
status of substation equipment can be obtained, then one can
combine it with historical data and similar equipment status
information to make analysis of the three-phase contrast, the
trend of equipment history data and early warning (shown
in Fig.18). In addition, the system can also generate the
inspection report of the analysis and early warning system for
substation equipment that includes the inspection data, test
results, defects alarm information and other information, as
shown in Fig. 19. And the failure cause analysis and treatment
schemes, which are based on equipment type, inspection data
and defect type, can be achieved to improve equipment defect
identification and processing capabilities.

Fig.18. Analysis and early warning of substation equipment.

IEEE/CAA JOURNAL OF AUTOMATICA SINICA, VOL. 4, NO. 4, OCTOBER 2017

b HE SO

ML,

nELeE: I WS04 M A3 0 TS0IN M nad, X ESE04M 81 4 LS0ZH ¥ ke, X ESe04 Nl i TS0
il

[CEY N R AR [asnu: El |

s mig) e | s01c-10-10 13 Bol S amiay: | oivieie s |

=, TRERELER:

s [TLAES nERE

]

=, fit Mk

T dad
_0C)
7LD
T
EX)
T
=04
EL]

A sA0aiLed L L8021 7
2 se04 it g3 i T 50221

Fig.19. Inspection report of power substation inspection robot.

IV. SUMMARY

With the constantly growing and in-depth research on power
substation inspection robot, the first inspection robot was
officially launched in 500kV power substation, Jinan, China, in
October 2005, after six months trial operation. Along with the
application of inspection robot in substation, it can not only
reduce the labor intensity of staffs, but also improve the work
efficiency, and the corresponding frequency of inspection by
robot can be set arbitrarily. However, there are still a number
of key technologies to be achieved breakthroughs. In order
to improve the development and application of inspection
robot system, further study on the development and research
of power substation inspection robot should focus on the
following issues [163]—[165].

1) Mechanism optimization.

The new anti-static, anti-electromagnetic interference, high-
strength materials need to be explored. The appearance design
and mechanism optimization of the inspection robot should be
further improved, and it can be developed with the abilities of
reconstruction and modularity.

2) Multi-sensor information fusion technology.

Combined with multi sensor information fusion technology,
the study between multi sensor redundant information and
complementary information should be researched to further
improve the robot movement precision, detection performance,
the equipment identification, the accuracy of navigation and
positioning, and the robot autonomous behavior, etc.

3) Remote centralized control system.

With the promotion of large scale application of substation
inspection robot, a centralized control system used for remote
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control of multiple substation inspection robot should be con-
sidered, which can realize the centralized storage, centralized
distribution, centralized use for multiple inspection robots, and
provide sufficient technical support for the popularization of
the unattended mode of the substation.

4) Integrated substation automation technology.

In order to monitor, control and manage all the equipment
in the whole substation, one should establish and perfect
the substation automation system based on the IEC 61850
standard, and realize the information sharing of equipment
through the substation integrated automation technology.
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