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Abstract

Purpose — In the extreme power environment of flexible transmission line, wind load, high voltage and strong electromagnetic interference, the
motion performance of the robot manipulator is strongly affected by the extreme environment. Therefore, this study aims to improve the
manipulator motion control performance of power cable maintenance robot and effectively reduce the influence of specific operation environment
on the robot manipulator motion posture.

Design/methodology/approach — The mathematical model under three typical operation conditions, namely, flexible line, wind load and strong
electromagnetic field have been established, correspondingly the mapping relationship between different environment parameters and robot operation
conditions are also given. Based on the nonlinear approximation feature of neural network, a back propagation (BP) neural network is adopted to solve the
posture control problems. The power cable line sag, robot tile angle caused by wind load and spatial field strength are the input signals of the BP network
in the robot motion posture control method.

Findings — Through the training and learning of the BP network, the output control variables are used to compensate the actual robot operation
posture. The simulation experiment verifies the effectiveness of the proposed algorithm, and compared with the conventional proportional integral
differential (PID) control, the method has high real-time performance and sound stability. Finally, field operation experiments further validate the
engineering feasibility of the control method, and at the same time, the proposed control method has the remarkable characteristics of sound
universality, adaptability and easy expansion.

Originality/value — A multi-layer control architecture which is suitable for smart grid platform maintenance is proposed and a robot system platform
for network operation and maintenance management is constructed. The human—machine—environment coordination and integration mode and
intelligent power system management platform can be realized which greatly improves the intelligence of power system management. Mathematical
models of the robot under three typical operation conditions of flexible wire wind load and strong electromagnetic field are established and the
mapping relationship between different environmental parameters and the robot operation conditions is given. Through the non-linear approximation
characteristics of BP network, the control variables of the robot joints can be obtained and the influence of extreme environment on the robot posture
can be compensated. The simulation results of MATLAB show that the control algorithm can effectively restrain the influence of uncertain factors such
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as flexible environment, wind load and strong electromagnetic field on the robot posture. It satisfied the design requirements of fast response, high
tracking accuracy and good stability of the control system. Field operation tests further verify the engineering practicability of the algorithm.

Keywords Flexible wire, Posture control, Power cable maintenance robot, Flexible conductor, Wind load, Spatial electromagnetic field

Paper type Research paper

1. Introduction

The high-voltage power cable is an important channel for power
transmission. Given their overhead suspension, high voltage and
current and the harsh geographical environments in which they
tend to be deployed, high-voltage power cables are susceptible to
such problems as the displacement or rusting of the vibration
hammer (Pouliot ez al., 2015), pollution flashover of insulators
(Ramirez et al., 2014), scattered and broken strands of power
cable lines (Singh ez al., 2013; Banthia ez al., 2014), and tension
in the clamp drainage plate or the loosening of bolts of the spacer
bar (Wang er al, 2014; Pouliot et al, 2012). Moreover,
transmission lines cause changes in the dimensions of line fittings
in practice because of differences in construction, maintenance
and other factors that lead to the emergence of heterogeneous
line fittings. This random uncertainty results in an extreme power
cable line environment, presents significant challenges to line
maintenance operations, and significantly affects the normal
operation of the entire state grid system. To ensure the safety and
stable operation of high-voltage transmission lines, it is necessary
to carry out regular, as well as irregular maintenance and
construction of line fittings and their corresponding operation
environment. An effective alternative to manual maintenance is
to use mobile robots that can carry operation manipulators and
the corresponding end tools; such robots are known as power
cable maintenance robots (Buehringer ez al., 2010; Montambault
et al., 2012). After years of research and development, the
operation functions of power cable maintenance robots have
gradually diversified, and the equipment of the system platform
has improved and matured. However, the problem of operational
intelligence has become a major bottleneck because it restricts the
application and popularization of power state grid systems,
especially in the extreme operating environments of high-voltage
power systems involving flexible power cable lines, random wind
loads and strong electromagnetic fields. Therefore, it is
theoretically and practically important to study posture control of
the robot in extreme environments, especially in typical operation
conditions of a high-voltage power cable line.

The influence of the operation environment on the robot’s
posture control is mainly manifested in three aspects. First, the
center of gravity of the robot is lower than the reference ground
because of its weight and flexible sag in the power cable line, which
reduces the length of the robot’s operation arm and its
corresponding operation end, and causes its posture to deviate
from the ideal posture. To eliminate the influence of environment
on the robot’s posture, error can be compensated for by using the
joint stretch motion of the manipulator in real time. The key is to
find the intrinsic nonlinear mapping between sag in the conductor
and the robot’s joint motion compensation value. The oblique
parabola model of a flexible power cable line has been developed
Kim et al, 2000; Sun er al, 2016), the corresponding
mathematical model has been established, and a qualitative
analysis of the geometric characteristics of flexible power cable
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lines has been conducted. For example, a rigid-flexible dynamic
coupling model of a flexible power cable line and a power line
inspection robot was established in (Xiao et al., 2005; Xiao et al.,
2008; Sun er al, 2010), and the robot’s operation mode and
power cable line were analyzed. However, these studies failed to
reveal the influence of a flexible power cable line on the robot’s
motion posture, especially from the perspective of its position and
posture control. Second, the robot walks on the power cable line,
and random wind loads can easily cause the rolling and swaying of
its body. This results in a difficulty in focusing the camera and
blurs its images, but also affects the location motion control of the
object of operation. A large number of invalid photos and videos
are thus generated that consume memory, increase the duration of
the visual servo control process, and lower location accuracy.
Therefore, to eliminate the influence of wind load on the robot’s
posture, the posture error caused by it can be compensated for by
rotating the robot’s joint in real time. The key is to identify the
internal relationship between the robot’s wind angle and the wind
load. For example, Hong ez al. (2016) and Korayem ez al. (2012)
analyzed the influence of wind load on the structural size of a high-
voltage inspection robot. The robot’s mechanical structure was
redesigned and optimized; however, the influence of wind load on
its motion posture was not considered. Third, to determine the
influence of ultra-high voltage and ultra-strong electromagnetic
field on the robot’s motion posture, the key is to examine the
distribution characteristics of the electromagnetic field around
high-voltage lines, and to study the anti-electromagnetic
interference control method of the robot’s measurement control
platform and the software control algorithm. For example, the
characteristics of spatial field distribution in a high-voltage
electromagnetic environment were analyzed in (Nandhakumar
et al., 2013; Wang et al., 2014; Wu er al., 2017; Isaramongkolrak
et al., 2014; Lai er al., 2019); however, these studies failed to
consider the robot’s posture control.

In light of the above, to further improve the stability, real-time
performance, location accuracy, and adaptability of the robot in
extreme operation environments, this paper proposes control
architecture for the multi-modal perception and interaction of a
mobile, dual-arm robot in a “man-machine environment.” The
proposed architecture is intelligent, safe and conducive to man—
machine cooperation in extreme power environments. Starting
with the examination of a flexible power cable line in the presence
of wind load and a strong electromagnetic field, mathematical
models of each are established, and mapping relationships
between environmental parameters and the robot’s operation
conditions are given. Because the non-linear approximation
characteristics of the BP neural network are similar to those of the
process in which the robot’s actual posture approaches the ideal
posture, the BP network is used for robot posture control, and sag
in the power cable line, the robot’s wind swing angle and the
electromagnetic field are set as input signals to the BP network.
Through the training and learning of the network, the output
control variables are used to compensate for robot’s operation
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posture. A simulation verified the effectiveness of the proposed
algorithm. Compared with conventional PID control, it can
deliver impressive real-time performance and good stability.
Finally, field operation tests confirmed the feasibility of the
proposed control method. It has the remarkable characteristics of
sound universality, adaptability and easy expansion that provide a
strong guarantee of effective operation of the robot.

2. Control architecture and motion planning for robot

2.1 Control architecture of smart grid system platform

Through the comprehensive evaluation of the entire operation of
the transmission line, we find that its spatial and logical
distribution characteristics are important features of maintenance
operations. It is a complex system consisting of many sub-
processes that acquire the status data of the field power cable line
and make decisions regarding maintenance. Therefore, the
establishment and implementation of a transmission line
maintenance system based on a power cable robot is a solution to

Figure 1 Architecture of smart grid platform control
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distribution problems, and the key is effective control of the robot
system. This includes acquiring the robot’s operation status, and
the coordinated position and attitude control of multiple joints.
The control architecture of the power operation robot is shown in
Figure 1, where the entire power system consists of different
transmission lines. Each conductor is equipped with a
maintenance robot and each robot walks on the field power line
to maintain power cable faults. Its underlying operational status
can be acquired by a signal processing unit and industrial A/D
sample cards, and transmitted on a 4 G wireless network to the
robot’s control base station in the monitoring center of the
operation department. The transmission line monitoring center
is connected with the monitoring center of the municipal bureau
through a public network to share resources and information. At
the same time, the monitoring center can send control
instructions to the field power cable line through the wireless
network to implement the robot’s motion control. In this way,
the monitoring center can exchange information with the robot in
the field environment. This forms an intelligent power grid
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operation and maintenance platform composed of the operation
environment of the transmission line, robots, and monitoring
centers. In this platform, the function of robot is to assist or
replace manual operation, which can significantly reduce
operational risk, improve efficiency and implement the intelligent
management and operation of the power grid system.

2.2 Motion planning for robot

The robot’s operational process can be divided into several
steps, and a two-dimensional (2 D) sketch of its motion
planning is shown in Figure 2. The robot’s double
manipulators are first adjusted to the proper posture, and it is
lifted up to the transmission line and set there manually.
Once manipulator 1 has been adjusted and the bolt head has
been aligned and held fixed, manipulator 2 is adjusted and its
nut is aligned and held fixed, so that the double-end effector
can dock with the nut and tighten (or loosen) it. Following
the completion of the operation, the robot moves out of the
working area, the manipulators return to their initial
postures, and the robot is removed from the line in the same
way as it was placed there.

3. Modeling and analysis of power cable
operation of robot in typical conditions

3.1 Robot posture model on flexible power cable lines

Figure 3 shows a schematic diagram of the influence of sag in
the flexible power cable line on the robot’s posture control,
wherein Figure 3 (a) is the schematic diagram under ideally
rigid conditions where the power cable line has no sag,

Figure 2 Motion planning for robot
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Figure 3(b) shows the actual, flexible power cable line because
of the robot’s weight. The flexible conductor has sag, and the
robot’s body, including the operation end, has dropped by
distance H. For transmission lines in general, the oblique
parabola formula is used to establish the mathematical model of
overhead power cable lines using the relevant parameters. The
oblique parabolic model of overhead power cable lines is shown
in Figure 3 (c), where 4 and B are the conductor’s connection
points and components of the conductor’s in the adjacent
towers, respectively. The origin is connection point A, and the
oblique parabolic mathematical model is expressed as
equation (1):
h vx(l — x)

Y= lx 20pcosf M
where [ is horizontal spatial distance (unit #2) and % is the
difference in height between connection points (unit #2¢). The
difference 7 is positive when point B is higher than point 4. 3 is
the angle between a straight line and the horizontal passing
through two connection points, and is positive when B is lower
than 4. y is the specific line load (unit Nima - mm®) ando, is the
horizontal stress or stress at the lowest point (unit Nfmm?).
The coordinates of suspension A(x4, y4) are (0, 0), those of
suspension B(xg, yg) are ([, ) as shown in Figure 3 (c), and the
slope »’ of point C (x, y) on the conductor between sections 4
and Bis As in equation (2):
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Figure 3 Influence of flexible power cable line on the robot's posture
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model of flexible conductor

In equation (2), 6yis the gradient of any point C on the power
cable line between section AB. The line length L of point C
from origin A4 is expressed as equation (3), and can be obtained
through the integral of the arc length differential:

f dy 2
— + =
L—/Hl <x> dx
0

X

1 y(1—20)\* y(—2x) |
_COSBOZ 1+[( 200 ) E—— slnﬂ}dx

3
The equation (3) can be simplified to obtain equation (4):
y2cosB 1 v2lcosB\ ,
L=—"—75—x+ - 3 x
60 200 cosf 4o
) s 4)
N o ylsinB LY 7 cosB x
cosB 20 cosf 802

where L can be obtained through the speed integration of
encoder information with time, and the intercept method can
be used to solve for x. The principle of root selection is the
positive root less than L and x can be obtained by the abscissa
method. Point O(xp, Vo) is the lowest point on the line, and its
be obtained from

l _ hacosB

> Iy ©)

X0 =
By substituting x, into the oblique parabolic equation, the
corresponding y, can be obtained. The approximate sag length
is shown in equation (6). Because the robot can be abstracted
as an ideal particle relative to the long transmission line, the
descent of its body caused by the flexible power cable line can
be approximated as equation (6):

ho ho
- h(l hogcosB v5— Olf/osﬂ (l —5- Olfyosﬁ)
AV ly 200 cosfB

Q)

3.2 Rolling model of robot under wind load

Figure 4 shows a diagram of the robot rolling under the action
of wind load, and Figure 4 (a) shows the robot without wind
load under ideal conditions, it has no tilt. Figure 4 (b) shows
that under wind load, the robot’s body including the
operation manipulator has a roll angle ¥. When studying the
influence of wind load on the robot’s motion control, it is
assumed that the power cable line is rigid and has little effect
on the shape of the suspension. The overhead power cable
line between suspension points can be approximated to a
flexible chain articulated everywhere. The model of the
influence of wind load on the structural parameters of the
robot is established as shown in Figure 4 (c). Wind loads on
the robot can be simplified into three directions: lateral wind
force Fy, lift force Fy, and wind force F, in the direction of the

ol LaluN Zyl_i.lbl
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Figure 4 The effect of wind load on the robot's posture
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robot’s motion. F, and the speed of the robot are along the
same or in opposite directions, which affects the robot’s
walking speed. The lateral wind force F; and lift force Fy
mainly affect the robot in left-right lateral swing and up—
down vibration along the axis of the power cable line, and
show a certain periodicity. According to quasi-static theory,
the lateral wind force F, can be obtained as shown in
equation (7), wherein p is air density, o is the non-uniform
coefficient of wind speed, K is the aerodynamic coefficient,
K, is coefficient of high-altitude wind speed, 4 is the
equivalent area of projection on the windward side, v is wind
speed, and ¢ is the angle between wind load and the
windward side. Therefore, the robot’s wind swing angle ¢ can
be obtained as equation (7):

1
F, = 5 paKK,Av*cos @ (7

F,
¥ = arctan —

)

3.3 Circuit model of robot in strong electromagnetic
environment

By referring to the technical specifications of the environmental
impact assessment of electromagnetic radiation for a 500 kV UHV
transmission project, the spatial electric field intensity at any point
can be calculated through the equivalent charge method. The
charge in the transmission line is line charge, and the radius of
the conductor is far smaller than the height of the tower. Therefore,
it can be simplified as the equivalent charge at the center of the
conductor that can be calculated by using equation (9):
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In the above, Uis the ground voltage matrix of the transmission
line, Q is the equivalent charge matrix of each conductor, y is a
square matrix composed of the potential coefficients of
transmission lines, and N is the number of conductors. When
the equivalent charge of a unit conductor is obtained, the
spatial electric field intensity at any point along the x and y
directions is as in equation (10):

- X — X X—X

. _;Q"[ oo

o 2méo (10)
P A I

L X E o

Yo 277'60

In equation (10), x; and y; are coordinates of conductor: (=1,
2...m), m is the number of conductors, L; is the distance
between conductor 7 and the calculated point, and Lz* is the
distance between the mirror image of conductor 7 and the
calculated point. According to the superposition principle,
the synthetic field strength at points (x, y) is E = \/E,> + E,2.
Therefore, given 110k voltage grade transmission lines,
according to phase sequence A-B-C-A*-B*-C*, the distribution
of electric field intensity 1.5 m above ground and 0-35 m from
the center of the line can be calculated and is shown in Table I.
Table I shows that the smaller the distance to the center of
the conductor, the higher the electric field intensity. The
highest electric field intensity was 820 V - m~ ! 1.5m above
ground. When the robot was near the conductor, the electric
field intensity was much greater than this value. Similarly, when
the robot is hoisted online through the insulated rope, because
the rope itself has better insulation, leaked current through the
robot is smaller. As the robot approaches the live conductors,
electromagnetic induction become stronger, and the local
electric field strength between robot and object of operation
increases. When the distance between the robot and the
conductor is small enough, the air is in free state, and the robot
and conductors discharge through the air to generate arcs
accompanied by clicking sounds. When the robot’s wheels are

Table | Spatial distribution of magnetic field around conductor

The distance to center conductor (m)  Electric field strength (V/m)

0 820
5 793
10 568
15 317
20 144
25 45
30 20
35 12
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fully aligned or the operation end touches the object of
operation, negative and positive charges can be neutralized,
and both are at the same potential. It is clear that the
equipotential process between the robot and the conductor
produces a large transient capacitive discharge current.
Therefore, the equivalent circuit diagram of the robot entering
and exiting the electric field can be obtained as shown in
Figure 5. Ug is the potential difference between the robot and
the object of operation, C is the capacitance between them, and
R is the resistance of the robot’s body. When the robot is close
to the live conductor along the insulator, the air ionizes and
forms a discharge circuit. The instantaneous discharge is
equivalent to that of the switch &, and the initial value of the
impulse currentis Iy = Uc/IR.

According to the above analysis, when the robot enters or
exits the electric field, it withstands the transient impulse
current. Therefore, from the perspective of reducing the
number of charges and discharges between the robot and the
object of operation, equipotential wheels are installed on
the robot’s platform and connected by compression springs,
which can prevent the wheels from slipping or going
temporarily offline as it climbs the power cable line. The
equipotential wheels maintain sound contact with the
conductor as well as balance between the robot and the
transmission line. To prevent the electromagnetic field around
the conductor from interfering with the robot’s hardware
control system, electromagnetic interference protection
measures are used in the design and development of its control
hardware circuit board, control hardware integration, assembly
and mechanical structure. The strong ground (GNDP) and
weak ground (GNDD) in the control system are separated. The
magnet connection between GNDP and GNDD can effectively
reduce interference between strong signal fluctuation and the
weak signal. GNDP and GNDD are connected through the
magnet and cabinet (Eearth_ GND) as shown in Figure 6.

In the integrated assembly of the hardware control system,
shielding tape is used to wrap the transmission cables of the
motors and sensors, and is connected with the robot’s cabinet so
that the surface of the transmission cable is connected to the
cabinet’s ground (Eearth_ GND). In the mechanical structure, to

Figure 5 The equivalent circuit diagram of robot entering or leaving
the electric field
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Figure 6 Electromagnetic interference protection for robot’s hardware
control system
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reduce the robot’s tip discharge in a strong electromagnetic field,
the chamfering process is adopted at the tip. To reduce the
influence of discharge at the edge of the control box in the
hardware control system, a voltage equalization ring is installed
on both sides of the control box. At the front walking wheel, the
equipotential wheel is designed to maintain sound contact
between the robot’s cabinet and the conductor, which minimizes
potential difference. External current cannot penetrate the robot
system, and this reduces interference with the robot’s hardware
control system due to the strong electromagnetic field.

3.4 Unifying model under different operation conditions
The above analysis shows that the degree of influence of the
flexible power cable, wind load, and strong electromagnetic
field on the robot’s motion control can be characterized by the
flexible conductor sag H, the robot’s tilt angle ¥ and the
operational spatial electric field intensity E. These disturbances
and uncertainties can be compensated for by robot motion
control. Therefore, regarding H, 1 and E, different values can
be used to describe different operation conditions, and
mapping models of eight conditions and environmental
parameters can be obtained as shown in Table II.

4. Design of robot’s motion controller in typical
conditions

4.1 Basic structure and principle of controller

To achieve precise posture motion control of the robot, real-time
posture motion compensation is needed to mitigate the influence
of uncertainty and disturbance in specific environments. Neural
networks have strong nonlinear approximation characteristics
(Cuong et al., 2015; Liu er al.,, 2016). The process of neural
network training is very similar to that of approaching the ideal
posture. Therefore, this paper implemented a mapping
relationship between the posture compensation values of the
robot’s joint control variables and its environmental parameters
through the BP network in the operation environment. The
standard three-layer network structure is adopted in the control
system. Because key factors in a given environment are flexible
conductors, wind loads, and a strong electromagnetic field, the
input to the BP network can be chosen as three nodes. Because
the joint output variable value O is used to control the motion of
the dual arms, and given that there are seven joints of the dual
arms with one extra walking joint, the output of the BP network is
selected as eight nodes. To ensure a high speed of network
training and the accuracy of the output, the neural network
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Table Il Mapping model of robot's operation conditions and environmental parameters

Type Environmental parameters Robot operation conditions

Case 1 H=0,9=0,E=0 Not flexible, no wind, no electromagnetic field
Case 2 H=0,9=0E>0 Not flexible, no wind, electromagnetic field
Case 3 H=0,9>0,E=0 Not flexible, wind load, no electromagnetic field
Case 4 H=0,9>0,E>0 Not flexible, wind load, electromagnetic field
Case 5 H>0,9=0,E=0 Flexible, no wind, no electromagnetic field
Case 6 H>0,9=0,E>0 Flexible, no wind, electromagnetic field

Case 7 H>0,9>0,E=0 Flexible, wind load, no electromagnetic field
Case 8 H>0,9>0E>0 Flexible, wind load, electromagnetic field

controller contained 15 hidden layer nodes. Its output was used
to control the motion of the robot’s joints to obtain a new robot
posture. The new sag, wind tilt angle, and spatial field strength
can be obtained through a transmitter device, such as an
inclination sensor and a magnetic field sensor, and control
deviation can be obtained by comparing the ideal value with the
input to the neural network controller. The entire closed-loop
control process can be completed by multi-round dynamic
adjustment until the error satisfies the control requirements. The
basic structure of the closed-loop control system of the neural
network is shown in Figure 7.

4.2 Design of BP network control algorithm

In the closed-loop control system in Figure 7, once its structure
has been determined, the network needs to be trained and
learned by dynamically adjusting the weights of each layer. The
function Random () is first used to initialize the weights of the
hidden layers and the output layer of the BP network. Input
learning samples from N groups are used to calculate the input
and output of each layer. The total output error E4 of all samples
in a given iteration can be calculated according to equation (11).
d, is the expected output when the p-z sample is entered, y,, is the
corresponding actual output, and N is the total number of
samples. The weights of each layer are modified according to
equations (12), (13), (14) and (15) (¢ is the number of nodes of
the input layer, 7 is the number of nodes of the hidden layer, and &
is the number of nodes of the input layer). y, and E4 can be
calculated according to the adjusted weights. If the system total
network error E4<e& or the maximum number of learning

iterations are reached, the learning process is terminated;
otherwise, a new round of learning commences.

N 1 N )
EA:ZEP:§Z<dP—yp) 11)
=i p=1
8E,4 OEA
Awi = —n A Awy = — 12
Wi n awij Wi, n awjk (12)

OFs _ SR 0E, _ Ly 0E, 0y 0 O, Oy
Ow; P Owjj 0V au;; c’)x]*-p Ouyp Qw ;i

N o (13)
= _Zzl:(dp = p)¥p(1 = yp) @i}, (1 — xj,)xp
p=1j=
OEs _ 0By _ 50, 0y 0
Owjp, £ Owj, 4= 0y Ouy Dwjy
N
= _Z(dp = Vp)p(1 = ¥p)x}, (14)
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When adjusting the connection weights of the BP network, to
improve the speed of convergence of the proposed algorithm,
the momentum term of the previous memory moment weights
is added to adjust direction, and the ratio of the previous
moment weights to those of the entire network is adjusted by
momentum factors A and ¢ as shown in equation (15). After
the introduction of the momentum factor, the influence of the

Figure 7 Basic structure of closed-loop control system of robot based on neural network
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last change of weight of the network is transmitted through it.
When ¢ is zero, the weight change is adjusted only by gradient
descent, which is the standard BP algorithm. When ¢ is one,
the new weight change of the network is set as the last weight
change and the changed part produced by the gradient method
can be ignored. In this way, adding the momentum term directs
the adjustment of weights to the average at the bottom of the
error surface, which helps the network jump out of the local
minimum error surface and speed-up network convergence.

4.3 Time complexity and convergence analysis of BP
algorithm

The time complexity of the algorithm is a function of the number
of inputs 7. This means that the basic number of operands used
for the task when the algorithm completes the corresponding
calculation is 7, and can also intuitively be used to determine the
performance of the method and its convergence speed.
Therefore, the time complexity of the algorithm can be
approximated as equation (16), wherein Max_Iteration is the
maximum number of training sessions on the network:

O(Max_Tteration) (16)

Regarding the robot’s general dynamic model and the object of
operation, if the proper control torque is used, the dynamic
error equation can be obtained as equation (17), wherein the
parameters are defined as above:

Mié + Kyé + Kye = 0 a7

The stability of the control system is a prerequisite for its
normal operation. The stability of equation (17) is discussed
below. The control system tends to be stable under the
influence of wind load and a strong electric field. The
Lyapunov function can be constructed as equation (18) and

solved to derive equation (19). Combining it with
equation (17), equation (20) can be obtained:
1. . 1
V= EXl-TMiX,« + 5ol Kye (18)
. 1. T = . T T .
VZEXiMiXi+XiMiXi_e I<pX1' (19)
V=-XKX; <0 (20)

According to Lyapunov theory, the appropriate controlled
torque can ensure tracking of the motion of the robot’s joint
from an arbitrary initial posture to the desired posture, with the
motion tracking error converging to zero. It can also ensure
the global asymptotic stability of the motion control system for
the mechanical arm. Therefore, the system can be kept stable
using the BP algorithm control.

5. Simulation and field operation

5.1 Simulation

To verify the validity of the improved BP neural network-based
robot posture control method under typical operation
conditions, a simulation was carried out with the manipulator 2
used for motion posture control. In the simulation, 1,000
samples were selected to train the BP neural network offline.
According to the designed network structure and parameters,
the initial learning rate was 0.045 and the adaptive adjustment
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strategy was adopted. The momentum factor was A = 0.4, & =
0.6, the expected training error was 10>, and the maximum
number of training steps was set to 1,000. In the above
conditions, the training results of the standard BP algorithm
and improved BP algorithm are shown in Figure 8. They show
that under the same conditions, the standard BP algorithm
converged to the given error after 49 training iterations while
the improved BP algorithm converged after 33 iterations.
Therefore, from the perspective of convergence speed, the
improved algorithm had better control performance, and better
satisfied the requirements of real-time control and stability of
the robot on a high-voltage power cable line.

The curves of the wind load swing angle before and after neural
network control were measured by an inclination sensor on the
robot as shown in Figure 9. When the conductor slope was 12°,
the maximum range of the wind bias deviation angle of the robot
under the action of wind load controlled by the conventional PID
algorithm can reach 9.5° to 14°. The range of the wind declination
angle was thus clearly reduced by using neural network control.
Moreover, the stabilization time of the robot was reduced.
Therefore, the neural network controller can maintain the robust
stabilization of the system. Furthermore, the results for the flexible
sag and the robot’s spatial field strength are shown in Figure 10.
They show that the neural network controller can compensate for
the effect of sag on the robot’s posture. Updating its posture can
help the robot choose a better operation trajectory planning path to
avoid the influence of strong electromagnetic fields on its motion.
Therefore, the simulation results verify the effectiveness of the
proposed algorithm.

5.2 Field operation experiment

To further test the application to engineering problems of the
neural network method for posture control of the robot under
three typical operation conditions, bolt tightening of the tension
clamp drainage plate was carried out by a robot in the right phase
A of tower No. 003 on the 220-kV WangPei I line in the State
Grid Hunan Electric Power Company. The tower type was
SDN31-18, the conductor type was LGB20A-95/55, the insulator
type was XP-7, and the number of insulators was 13. The effect
and key process of the joint coordinated linkage of the dual
manipulator to capture and locate the bolts and nuts from the
initial posture to the ideal posture are shown in Figure 11. When
the center line of the double manipulator sleeve was aligned with
that of the bolt’s head and nut, the edges of the sleeve and the nut
could be aligned by rotating the bolt-tightening motor using a
visual processing controller. Following the above two actions, the
joint with bolts and nuts was subjected to the vertical movement of
the dual manipulators to complete the robot’s bolt-tightening
operation. In the operation, the robot could compensate for the
influence of flexible conductor sag, wind bias angle, and spatial
field intensity on its motion posture by moving its joint. In the
entire field operation experiment, the robot’s operation arm
entered the operation state in the initial state, and clamped the bolt
head and nut with both manipulators. The robot’s manipulator
joints moved smoothly and continuously under disturbance due to
strong electromagnetic interference. The
manipulator located the key position accurately and successfully
completed the bolt-tightening task.

wind load and
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Figure 8 Convergence curve of BP network
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Figure 9 Simulation curve of swing angle due to wind load

T A il
T YT
< \¥/

=#%=PID
== ANN

0 5 10 15 20
Time(min)

Figure 10 Curves of flexible environmental and electromagnetic field

Figure 11 Field operation experiment
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6. Conclusions and future works

6.1 Conclusions

A multi-layer control architecture suitable for smart grid
platform maintenance was proposed here, and a robot
control system platform for network operation and
maintenance management was constructed. Human—
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machine environmental coordination and integration, and

an intelligent power system management platform can

thus be implemented that significantly improves the

intelligence of power system management.

Mathematical models of the robot under three typical
operation conditions of a flexible conductor, wind load
and strong electromagnetic field were established, and the
mapping relationship between environmental parameters
and the robot’s operation conditions was given. Through
the nonlinear approximation characteristics of a BP
network, the control variables of the robot’s joints were
obtained, and the influence of extreme power
environments on its robot posture was compensated for.
The simulation results of MATLAB show that the control
algorithm can effectively restrain the influence of
uncertain factors such as flexible environment, wind load
and strong electromagnetic field on the robot posture. It
satisfied the design requirements of fast response, high
tracking accuracy and sound stability of the control
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system. Field operation experiment further verifies the
engineering practicability of the algorithm.

6.2 Future works

For robot manipulator posture control in power line
environments, the structural parameters, internal and external
disturbances and uncertainties require further research, and a
theoretical model of the general posture error for different line
environments should also be developed. The posture error self-
compensation control strategy in this complex and variable
environment would benefit from further study so that it can be
applied to online monitoring for different operational tasks.
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