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ABSTRACT The opening and closing of a vacuum circuit breaker in the selected phase of the system voltage
and the associated electrical equipment plug in or disconnect the electrical system with minimal impact on
itself and the system. To realize this and ensure the control precision and stability of its action process,
this study designs the drive motor and controller of a vacuum circuit breaker actuator. Additionally, a new
function-switching pseudo-differential control (FPD) strategy is based on the feedback element principle.
The control strategy avoids the direct differentiation of the controlled variables and has the ability of a fast
dynamic response and anti-interference. At the same time, according to the moving process of the circuit
breaker contacts, the control parameters are directly assigned to the system in stages, which reduces the
amount of calculation and enhances the response speed of the control system. According to the research on
the motor actuator movement process, the motor actuator and its control system of a 40.5 kV vacuum circuit
breaker are developed and verified by closing operation in the selected phase, and the experimental results

show the effectiveness of the proposed control strategy.

INDEX TERMS Permanent magnet motor, FPD, actuator, vacuum circuit breaker.

I. INTRODUCTION

Intelligent high-voltage electrical appliances are an inevitable
trend in the development of power systems. A high-voltage
vacuum circuit breaker (VCB) is one of the most important
pieces of equipment in power system [1], [2]. Phase-
controlled switching technology, as the core content of intelli-
gent high-voltage electrical appliances, is a research hotspot
in this field and is also one of the key technologies in the
construction of smart power grids. In the International Coun-
cil on Large Electric Systems (CIGRE), researchers analyzed
and discussed the phase-controlled switching technology of
high-voltage electrical appliances and proposed that the open-
ing and closing accuracy should be within +1ms.

The traditional actuator of high-voltage VCB adopts
spring, hydraulic, or pneumatic technology with many link-
ages and complex structures [3]—[5]. Therefore, it has a large
tolerance of accumulated movement, slow response, and poor
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control, and it is difficult to realize the movement control of
contacts and achieve the precision requirements of the VCB
phase-controlled switching technology. The motor actuator is
a new type of VCB actuator that simplifies its moving parts
and improves its reliability compared to a traditional actuator
in a structure. In the control mode, the power electronic
technology drives the motor to drive the mechanism action,
which is highly controllable and provides the possibility for
phase-controlled switching technology of the VCB. Precise
control of the actuator driving motor is the key to realizing
phase-controlled switching technology of the VCB.

In recent years, domestic and foreign scholars have con-
ducted extensive research on the control methods for drive
motors. The control of permanent magnet motors is diverse
and intelligent [6]. Reference [7] proposed a PMSM drive
using a hybrid PI speed controller with inherent and noninher-
ent switching functions. The combined advantages of these
two controllers can be obtained using a hybrid fuzzy PI speed
controller. Reference [8] proposed a novel model predic-
tive control for a three-phase permanent-magnet synchronous
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motor (PMSM) with enhanced robustness against parameter
variations and higher current control precision. To enhance
the speed control performance of a permanent magnet syn-
chronous motor (PMSM) with internal and external distur-
bances, a new adaptive terminal sliding mode reaching law
(ATSMRL) was proposed with continuous fast terminal slid-
ing mode control (CFTSMC) in reference [9]. Moreover,
many optimization control methods were proposed in ref-
erence [10]-[20] for the application of motors in different
fields.

The aforementioned control strategies have realized opti-
mal control of the motor in different fields and achieved cer-
tain results. However, when the motor was applied to the VCB
actuator, its working time was only approximately 40ms,
and the speed and torque changed significantly. The above
control algorithms are difficult to directly quote. The motor
control in the VCB actuator must consider different load,
speed and closing time requirements. At present, research
on motor control in VCB actuators is gradually increasing.
Reference [21] proposed that a VCB motor actuator adopts
constant-torque control, and its control accuracy is less than
Ims after conversion. A fuzzy adaptive PID control strategy
was proposed for a VCB motor actuator in reference [22].
The control strategy has a good tracking accuracy; however,
no specific precision value is provided.

In view of the above problems, based on the discus-
sion of the feedback principle, this study proposes an FPD
control strategy for the motor control system, which com-
bines conventional and intelligent control ideas and provides
a new control algorithm with appropriate control parame-
ters according to segmented environmental changes. This
solves the problem that the traditional control algorithm
cannot adjust its parameters according to the environment
while settling the problem of the intelligent control algo-
rithm adjusting control parameters because of the redundant
and complex calculation affecting the response speed. The
pseudo-differential algorithm solves the problem in which the
controlled variable is directly differentiated in the conven-
tional PID control algorithm, in which the output varies with
the integral and differential of the input but cannot closely
follow the change in the input. The new control algorithm
ensures that the system has the ability of fast following and
anti-interference capabilities. The feasibility of the control
method is verified through simulations and experimental
results.

Il. MOTOR ACTUATOR OF CIRCUIT BREAKER

A. MOTION CHARACTERISTIC ANALYSIS OF MOTOR
ACTUATOR AND MOTOR DESIGN

The dynamic characteristics of 40.5 kV VCB are the load
characteristics of the motor actuator; therefore, analysis of
the dynamic characteristics is a necessary condition for the
design of the optimal motor actuator. The closing operation
is much more complicated than the opening operation, and
the opening operation is only the reverse process of the
former, so the closing operation is the main research topic

43572

TABLE 1. The technical parameter of 40.5 kV VCB.

Name Value Name Value

the distance of the
contact(mm)
average closing

25+3 the over-range(mm) 813

average opening speed

> >
speed (m/s) >0.8+0.2 (m/s) >2.0+0.3
contact self closing 200+30 contact counter-force (N) 300430

force (Nm)

bouncing time of switching synchronization
03 02

contact (ms) (ms)

mass of moving contact pressure rating
parts (kg) 4 (Nm) 2900+300

of this paper, in which the studied VCB model is TD-40.5/
1600-31.5. The main technical parameters of this model VCB
in Table 1 [23]. The structure of the 40.5 kV VCB motor
actuator is shown in Fig. 1.

static contact

movable contact

turn triangular arm

motor

controller

FIGURE 1. Structure schematic of VCB motor actuator.

When the VCB is closed, the motor rotates to drive the
linking mechanism of the circuit breaker and realize the clos-
ing operation of the switch contact. The opening operation
was the opposite of the movement process. The relationships
between the motor rotation angle, contact distance, and load
torque during the VCB closing process are shown in Fig. 2.

In the closing process, the motor rotation angle was
between 0°-42°, and the motor actuator drove the VCB con-
tacts to move within a distance of 25 mm. This stage is
defined as the travel stage. The over-range motion process of
the compression spring after the contact of the movable and
static contacts is 42°-62 °, and the over-range is 8 mm. This
stage was defined as the overtravel stage. The load counter-
torque is small in the travel stage; therefore, the motor actu-
ator is not necessary to output a large torque at this stage.
The contact spring is compressed when the motor turns 42°,
and the load counter-torque is abruptly increased to 330 Nm;
hence, the motor actuator output torque should be high to
overcome the force of the contact spring.
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FIGURE 2. Corresponding relation between motor rotation angle contact
distance and load torque.

TABLE 2. Driving motor design parameters.

Project Value Project Value
pole-pairs 2 each slot number of turns 20
phase resistance/Q 0.8 stator inner diameter/mm 105
stator outer 170 permanent magnet 10
diameter/mm thickness/mm
armature core 400 rotor diameter/mm 44

length/mm

rotor outside radian of permanent magnet
X 94
diameter/mm block
external diameter . .
inner diameter of

of permanent 104 94
permanent magnet/mm

84

magnet/mm
slot number 36 number of slots per pole per 3
phase
pe”“;‘:::r‘i:l‘:g“et N40SH spindle materials 40Cr
stator material DW470 rotor material 10#steel

In the VCB motor actuator, the drive motor converts elec-
trical energy into mechanical energy and drives the contact
movement via the transmission mechanism. The performance
of the drive motor to satisfy the requirements of the VCB
motion characteristics is the premise for realizing a phase-
controlled closing operation. Therefore, the drive motor of
the actuator should have a fast starting speed, large starting
torque, short mechanical response time, high working relia-
bility and operational stability. Consequently, it is necessary
to design a drive motor that can satisfy the operating charac-
teristics of the VCB. The basic structural parameters of the
designed motor are presented in Table 2 [1].

The motor design is illustrated in Fig. 3. The paragraph
below focuses on the two conditions for the analysis of its
dynamic characteristics. Fig. 4 shows the motor magnetic
density distribution and air-gap magnetic density distribution
when the motor winding current is zero. It can be seen from
the motor magnetic density distribution diagram that the rotor
yoke and stator yoke magnetic density is relatively large, the
maximum magnetic density can reach 1.8-2.4T. Fig. 5 shows
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the magnetic density distribution of the motor and the air gap
when the motor winding current is at its maximum. It can be
seen that, owing to the superposition of the winding current
and magnetic field, the maximum magnetic density can reach
2.3T, and the magnetic circuit of the motor is between 1.2 and
1.6T. The average air gap flux density is 0.9T, which meets
the requirements of the high magnetic load design goal of the
driving motor.

FIGURE 3. Physical picture of motor.

Flux density/T
o
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Rotation Angle/Deg

a) Magnetic density distribution b) Air gap flux density distribution

FIGURE 4. Magnetic field distribution of the motor when the current is
zero.

Flux density/T

.9
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a) Magnetic density distribution b) Air gap flux density distribution

FIGURE 5. Magnetic field distribution of motor at maximum current.

Open-loop simulation experiments are conducted to ver-
ify the accuracy and effectiveness of the motor model. The
output current, electromagnetic torque, back EMF, and speed
performance curves of the motor were analyzed, which laid
the foundation for the next closed-loop control simulation of
the motor. The operating voltage was set at 200V. A variable
step size ODE45 simulation method was adopted, and the
simulation time was set to 0.15s. The open-loop simulation
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model of the motor and the simulation results are shown in
Fig. 6.
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FIGURE 6. Motor characteristic curve.

According to the motor simulation results, the maximum
winding current was 190A when the motor started, which
was in line with the current output range requirements. The
back-EMF waveform output was similar to that of the trape-
zoidal wave, and the width of the flat top wave was close
to 120°, satisfying the back-EMF waveform output in the
ideal state. The maximum output electromagnetic torque of
the motor is 450 N/m, which satisfies the requirements of
the VCB load torque. The maximum speed of the motor is
800r/min, which meets the requirements of the VCB closing
maximum speed of 2.540.2 m/s (i.e., converted to the motor
side is 706r/min). Therefore, the designed motor meets the
technical requirements of a 40.5 kV VCB.

B. PHASE-CONTROLLED CLOSING TECHNOLOGY

Phase-controlled closing technology refers to the closing
operation of a VCB at a specified phase of the grid voltage.
In this study, the zero-phase closing operation of a VCB was
studied. When the VCB and related equipment are placed in
the power grid at the zero phase, the impact of the inrush
current and overvoltage on the power equipment and system
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during the closing operation can be reduced, and the power
quality of the system can be improved. According to the
analysis, it is necessary to ensure precise control of the switch
contact speed in the stroke stage to realize the zero-phase
closing operation of the VCB in the grid voltage. Because the
motor rotation angle can directly reflect the closing move-
ment process of the VCB switch contact, this study analyzes
zero-phase closing technology through the motor rotation
angle.

The VCB motor actuator control system receives the clos-
ing instruction and calculates the time required for the motor
actuator to close at the zero phase of the grid voltage accord-
ing to the collected current grid voltage value. The required
rotation speed and angle of the motor actuator within the
required time were calculated successively, and the reference
preset curve is shown in Fig. 7. The control system adjusts the
speed according to the preset reference and feedback signals
in real time, allowing the motor rotor to be in the zero phase
of the grid voltage when it rotates at 42°.

During the VCB closing process, the motor actuator started
to stop, the angle of rotation was 62°, the actuation time
was tens of milliseconds, and the torque varied from moment
to moment because it overcame the reverse power of the
transmission mechanism. Therefore, the control strategy must
have fast response and anti-interference abilities.
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FIGURE 7. Preset reference curve of zero-phase closing.

Ill. FUNCTION-SWITCHING PSEUDO-DIFFERENTIAL
CONTROL STRATEGY

A. THEORETICAL ANALYSIS AND DESIGN OF
FUNCTION-SWITCHING PSEUDO-DIFFERENTIAL

CONTROL STRATEGY

To realize the phase-controlled closing technology analyzed
above, it is necessary to solve the problem of ensuring the
control precision of the driving motor within a short period
of time when the speed changes significantly. In the conven-
tional PID control strategy, the parameters are fixed and can-
not satisfy the requirements of the control performance under
changing environments. The intelligent control algorithm can
adjust the control parameters in real time, but it requires
complex calculations, which directly affect the speed of the
control strategy. The VCB closing process is approximately
40ms, so this cannot be guaranteed. To solve this practi-
cal engineering problem, an innovative function-switching
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pseudo-differential control strategy is designed to implement
phase-controlled closing technology. The new control strat-
egy has the characteristics of strong anti-interference ability,
small overshoot, and fast response, which ensures that the
control system can achieve real-time and accurate control
of the motor mechanism. The principle diagram is shown
in Fig. 8.

FPD Pseudo-differential
control

Controls
o parameter 1

ref
Nref e Controls Current Pl n
i — >
H\T: Function 2 parameter 2 X1 controller DEIRE
n switch 5 -
ec :
Ny Controls Current
parameter n feedback
Speed
feedback

FIGURE 8. The principle diagram of the function-switching
pseudo-differential control strategy.

To ensure that the control system can obtain the optimal
control parameters in each speed stage without many calcula-
tions, the idea of the switching function is to directly provide
the optimal control parameters to the motor actuator accord-
ing to its stage. By analyzing the operation characteristics of
the VCB, the speed adjustment can be divided into five stages:
acceleration 1, uniform speed, acceleration 2, deceleration
and closing position during the closing process. The deviation
value, target value and realization time of the five stages of
the analysis are listed in Table 3.

TABLE 3. The deviation value, target value and realization time of the five
stages.

Stages Deviation value ~ Target value  Realization time
acceleration 1 1.2m/s 1.2m/s 10ms
uniform speed 0.1m/s 1.3m/s Sms
acceleration 2 0.9m/s 2.2m/s 20ms

deceleration -2m/s 0.2m/s 15ms
close position -0.2m/s Om/s Sms

During the implementation process, the sampling period
to 1ms. In the acceleration 1 stage, the contact speed of the
VCB was accelerated from 0 to 1.2 m/s in 10 ms. At this
stage, the slope of the velocity increase was 0.12. Because
the given value is a velocity curve, the deviation at each
sampling moment should be 0.12 m/s. The absolute value of
the deviation is large, so it only needs to open the loop to
implement strong proportional control.

In the uniform speed phase, the deviation was less than
0.02 m/s. The current speed should be maintained and the
error should be eliminated. At this point, we set the smaller
value of the proportional coefficient and the moderate value
of the integral and differential values.
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In the acceleration 2 phase, the total deviation is 0.9 m/s.
The speed increase time is 20ms. The velocity growth slope
is 0.045. In this stage, the speed finally reaches a maximum
value. However, the deviation tended to decrease. To avoid
overshoot, the proportional coefficient was set to a moderate
scale value, and the integral and differential were set to small
values.

In the deceleration stage, the maximum speed is reduced
to 0.2 m/s in 15 ms, with a speed decline slope of about
0.13 m/s.The speed deviation was large. At this stage, a larger
proportion value is set, and smaller integral and differential
values are set.

In the fifth stage, the speed was reduced to O within Sms.
The absolute value of the error is very small. At this time,
a strong integration link was added to gradually eliminate the
static difference. The proportion parameter was set to small,
the integral parameter was set to large, and the differential
was set to 0.

The preliminary selection of parameters in each stage
was based on the actual running state, expert knowledge,
operating experience, and control law of the contact. The
control parameters of the five stages are K);, K;j, and Ky;
(j=1,2,3,4,5). After the parameters are determined, they are
further adjusted during the switching stage. In the closing
process, the controller obtains the indicator information of
the VCB at sampling time (contact speed, c; contact stroke, d;
running time, ¢). When the preset reference speed is v and the
contact stroke is s, the velocity error is ey = v)—c), the
contact stroke deviation is As = sg) — dw), and k is
the sampling moment. The adjustment rules for the control
parameters are as follows.

If ek) > 0, As > O, AKpj(k) = K1 X AKpj(k_l).

If ey <0, As > 0, AKyjiry = K2 X AKpjk—1), AKjy =
I x AKjj—1y, AKgje)y = D2 X AKgje—1).

Ifew) <0, As <0, AK)jik) = K3 x AKpjr—1).

Ifeg) > 0, As <O, AKpjky = K4 x AKpjk—1), AKjjhy =
Iy X AKjjk—1y, AKgjiey = Da X AKgjie—1).

In other cases, the parameters remain unchanged.

where Kpjg) = Kpje—1) + AKpjk), Kijy = Kije—1) +
AKijiky)> Kajey = Kajie—1) + AKgjeys K1, K2, K3, Ky, I, 1y,
Dy, and D4 are constants set according to the experience and
knowledge of experts.

In the process of motor actuator movement, the current
optimal control parameters are directly called according to
the stage of the motor actuator, which saves calculation and
analysis time, ensuring that the system controls the motor
movement quickly and accurately.

To further strengthen the rapidity and anti-interference
capability of the control strategy, the feedback principle is
studied in depth. The basic function of the control strategy is
to compare the controlled variable with the reference input
and make decisions based on the error. The performance
of the control system is determined by the operation and
treatment of the errors using a control algorithm. A system
block diagram of the conventional PID control algorithm is
shown in Fig. 9.
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FIGURE 9. Block diagram of PID control strategy.

In the feed-forward loop, each error operation is added
along with the operation on the reference input and controlled
variable. Each operation on reference input will be shown in
the differential equation of the whole control strategy, refer
to*(1)”:

( + CK, k) 20

+ (B + CK,) w (1) + CK,K; f w (¢)dt

dv (1)
dt

where C/(Js + B) is the controlled object and Kp, Ki, and
Kd are the proportional, integral, and differential parameters,
respectively. where w(t) is the output and v(t) is the input.
As can be observed from the equation, there are three forcing
terms on the right-hand side of the equation:

= CK,K; / V(1) dt + CKpv (1) + CK,Kq (1

dv(t)
dt

CK,K; / v(t)dt + CKpv(t) + CK,Ky 2)

This causes the output to not only follow the change in the
input but also change with the integration and differentiation
of the input.

According to the analysis, only the integral can be used
in the feed-forward loop of the control strategy; however,
to ensure ideal control characteristics, such as rapidity and
stability, it is necessary to provide the differential of the
controlled object. To avoid introducing the differential of the
reference input, the differential of the controlled object for
compensation purposes must be in the feedback loop. Based
on the analysis above, a block diagram of the control strategy
is presented in Fig. 10.

2 Js+B

1+K,s

FIGURE 10. Block diagram of optimized PID control strategy.

The differential equation is:

w (1)
dt

d*w (1)

d
5 +(B+ CK,KiKy)

J

+CK,K; = CK,Kv (1)
3
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Fig. 10 shows that the output signal after operating the
calculus is still w(t), which means that there is no need to
differentiate w(t). In practice, differential operation should be
avoided as much as possible. The optimization of the control
strategy is illustrated in Fig. 11.

It’s still going to be the derivative:

d*w (1)
dr?

dw (1)

J
dt

+ (B + CK,KiKy) +CK,K; = CK,K;v (1)

“

Without differentiating the controlled variables directly,
the obtained results are exactly the same as those obtained by
differentiating to ensure that the system has a fast response
capability and anti-interference ability.

The control algorithm was combined with a motor model
to build the system model. Analyze the mathematical model
of the motor and assume that

The influence of stator winding groove on motor magnetic
field is ignored.

It is assumed that the power elements in the drive circuit
are ideal.

The electromagnetic field generated by the motor winding
does not reach saturation, and energy is not lost.

The main magnetic field is produced by the permanent
magnet, and the influence of the stator magnetic field can be
ignored.

(5) can be obtained by analyzing the steady mathematical
model of the motor.

i
u=2Ri+2(L—M)d—;+E+AU (5)

where i is the motor current, E is the back EMF, and AU is
the power inverter voltage drop.
The motion equation of the motor is:

dw

T,— T, =J
e L dt

+ Byw 6)
where T, denotes the electromagnetic torque, 77, denotes the
load torque of the motor shaft, J denotes the rotational inertia
of the motor shaft, B, denotes the coefficient of viscosity, and
w denotes the motor angular velocity.

By analyzing the working principle of the motor, torque
pulsation and speed fluctuation exist; therefore, the dynamic
model of the motor is a nonlinear system with strong cou-
pling of multistage variables. However, the power-switching
frequency of the driving motor is high. To better design
the control system and analyze the control performance, the
nonlinear changes in the current at the commutation time of
the motor and the nonlinear transition process of the power-
switching device can be linearized. For example, it can be
assumed that the phase current changes, the transition pro-
cess of the power switching components, and the influence
of PWM voltage regulation on the current and torque are
ignored. In this way, the Laplace transform of the above
dynamic mathematical model can be performed to obtain the

VOLUME 10, 2022
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second-order linear transfer function of the motor:

Iy (s) B 1 -
Us(s)—E(s) (L—M)s+2R
n(s) _ 1 @)

Krly(s)—Tp(s) Js+ B,
where 1, is the average motor current, Uy is the DC bus volt-
age, L is the phase inductance, R is the phase resistance, M is
the mutual inductance, n is the motor speed, and Kr is the
motor torque constant. According to (7)and (8), the dynamic
structure diagram of the motor model can be obtained as
shown in Fig. 12.

FIGURE 11. Block diagram of avoidance differential control strategy.

Owing to the working principle of the power amplifier
inverter, when its control voltage changes, its output voltage
can only be changed in the next cycle. Therefore, the entire
power amplifier inverter is equivalent to a lag-amplification
link. Through simplified analysis, the transfer function of the
power amplifier inverter can be obtained as (9).
Ua() _ K o)
U (s) Ts + 1
where Uy is the DC bus voltage, U, is the PWM control
voltage, K is the amplification factor of the power amplifier
inverter, and T is the switching cycle of the power amplifier
inverter.

By integrating the motor transfer function model and the
power amplifier inverter transfer function model, and taking
the feedback link of current and speed as the proportional
link, the dynamic structure diagram of the double closed-loop
speed regulation system can be obtained, as shown in Fig. 13.

TL
N 1 n(s
r Js+ B,

Gpwum (5) =

Ud(s) 1 ]d(s)
(L-M) s +2R ”

K,

e

FIGURE 12. The dynamic structure diagram of the motor model.

where FPI is the function switch PI control, « is the feed-
back gain coefficient, and 8 is the current feedback gain
coefficient.

According to the principle of automatic control, the trans-
fer function of the PI control is

GPI (S) — w (10)

TS
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where Kp is the proportionality coefficient and t is the inte-
gral time constant. The equivalent transfer functions of the
speed and current loops are substituted in Fig. 13 for a sim-
plified derivation, and the double-closed-loop dynamic struc-
ture of the motor control system can be obtained, as shown
in Fig. 14.

B. THE SIMULATION ANALYSIS

A simulation analysis was performed to verify the effective-
ness of the control algorithm designed in this study. The
motor designed in this study is selected as the control object.
The simulation model was constructed according to the analy-
sis described in the previous section. The Simulink simulation
block diagram of the speed FPD control strategy is shown in
Fig. 15, and the Simulink simulation block diagram of the
current FPI control strategy is shown in Fig. 16.

ll
+Y | Current FPI | | K, | % !
regulation i T +1 T" (L-M) s+2R

ref
+ Speed FPD
X regulation >
Ly E

o]

FIGURE 13. Dynamic structure of double closed loop speed control
system.

7,(s)
—> flek;)

m(s) ofs)

SO o o oo 1 1
PR Sz () T2RT s+ A/ <
, s| X _ s | ;T _T K, KK, oK, Ls

K,

FIGURE 14. The further deduced dynamic structure of the double closed
loop speed control system.

n(s)

Ki2

Product rransfer Fen

1-D Look up saturation  Iref

-

Product
FPD

FIGURE 15. Simulink simulation block diagram of speed FPD control
strategy.

During the closing of the VCB, the motor is in speed
control mode, and the output torque changes with the load.
The precision of realizing the zero-phase closing operation
is mainly reflected in the response speed and anti-jamming
of the motor. The fast response speed of the motor ensures
its ability to follow the preset curve. Strong anti-interference
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Ki2

2-D Look up Table Saturation ui

FPI
Transfer Fcn

FIGURE 16. Simulink simulation block diagram of current FPI control
strategy.

can ensure speed-following ability in the case of a torque
change. Based on the above analysis, the response speed
and anti-interference ability of the motor were simulated and
analyzed. A conventional PID control strategy was selected
for the comparative analysis. PID control parameters were
selected according to operational experience and control
rules. The control parameters were repeatedly verified exper-
imentally as the optimal control parameters (K, = 0.33,
K; = 237.51, kg = 6.85). Fig. 17 shows the speed response
curves of the FPD and conventional PID controls at a given
preset speed.

Velocity (rpm)

oll. : : e partial enlarged drawing A
FPD control 600 . . L L L L :
PID control 10 15 20 25 30 35 40 :45 50:

5 10 15 20 2 30 35 40 45 %0

Time (ms)

FIGURE 17. Speed response curve.

As shown in Fig. 17, the preset reference speed is set to
700rpm. Under the FPD control algorithm, the speed reaches
the preset reference value, and the settling time is 10ms
without an overshoot. Under the PID control algorithm, the
stabilization time required to reach the preset reference value
was 50ms, and the maximum overshoot was 1.4%. The sim-
ulation analysis shows that the speed response under FPD
control is faster than that under PID control and without an
overshoot.

The stability of the system was verified by considering that
the motor changes with the load during the VCB closing.
We set a constant speed and sudden torque, and compared
the ability of the FPD control strategy and PID control strat-
egy to adjust for sudden interference. Fig. 18 shows the
anti-interference simulation curves for the two cases.

In the stable process of constant speed output of the control
system, when t = 0.1s, the load is suddenly added, and
the interfering load increases from 50 Nm to 300 Nm. The
overshoot of the FPD control strategy was 1.67% and the
recovery time was 1ms. The overshoot of the conventional
PID control strategy is 8.33%, and the recovery time is 23ms.
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FIGURE 18. Anti-interference simulation curve.

The simulation showed that the FPD control strategy is more
stable in the case of interference. This can ensure accurate
control of the output speed under the condition of variable
torque during operation.

The closing operation process of the VCB was simulated,
the preset reference speed was set, and a speed-tracking sim-
ulation experiment was performed. The experimental results
are shown in Fig. 19.
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FIGURE 19. Velocity tracking simulation curve.

FIGURE 20. 40.5 kV VCB and motor actuator test site.

According to the simulation results, the entire tracking
process was 30ms, and the preset reference speed gradually
increased from 0, and began to decrease after reaching the
maximum speed of 700rpm, and the speed was 0 at 35ms.
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FIGURE 21. Structural block diagram of motor actuator speed regulation system.

The FPD control algorithm was adopted, and the tracking
error was controlled within 10rpm before the maximum speed
was reached, and the maximum tracking error was 34.2 rpm
after the maximum speed was reached. With the conventional
PID control algorithm, the tracking error was obvious before
reaching the maximum speed, and the maximum tracking
error was 114.8 rpm. After reaching the maximum speed, the
tracking error decreased; however, the error value was greater
than 10 rpm.

Therefore, the performance of the VCB motor actuator
using the FPD control algorithm was better than that of the
PID control algorithm.

IV. CONTROL SYSTEM DEVELOPMENT AND
EXPERIMENTAL VERIFICATION

A. DESIGN OF CONTROL SYSTEM

To verify the effectiveness of the new control strategy in the
drive control application of the VCB motor actuator, a drive
motor was developed, a 40.5 kV VCB motor actuator and its
control system were built. A specific physical experimental
site is shown in Fig. 20. The FPD and conventional PID con-
trol strategies were compared on the same hardware platform
of the control system.

The hardware platform structure diagram of the con-
trol system is shown in Fig. 21. The control system used
DSP28335 as the core data processing unit, with a power
module, signal acquisition module, IGBT, drive module,
capacitor charge and discharge module, CAN communica-
tion, and an upper computer. To ensure control accuracy,
high-precision sensors are used for signal acquisition, such as
current, speed, and contact position, and the control system
adopts three closed-loop control strategies: position, speed,
and current loops.
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B. EXPERIMENTAL VERIFICATION

The accuracy of the zero-phase closing operation of the VCB
is primarily reflected by the fact that the speed of the switch
contact can accurately follow the calculated preset refer-
ence speed. The velocity-following experiment was selected
to verify the effectiveness of the new control algorithm.
Fig. 22 shows the curve of the experimental data.

According to the comparison between a) and b) in Fig. 22,
it can be seen that the speed rising stage of the switch mov-
ing contact is its travel stage, and the speed tracking error
under the conventional control algorithm is 0.3 m/s, while that
under the new control algorithm is 0.08 m/s. When the speed
of the moving contact reaches the maximum stage, in order
to overcome the counterforce, the tracking errors of the two
increases, which are 0.55 m/s and 0.2 m/s respectively. In the
deceleration stage, the spring is compressed after the dynamic
and static contacts of the VCB; meanwhile, the preset speed
curve exhibits a large change rate. At this time, the tracking
errors of the two are 0.5 m/s and 0.15 m/s respectively.

The simulation results of the speed-tracking experiments
were analyzed, and the motor speed in the simulation results
was converted to the switch contact side. The maximum error
of the motor speed of the FPD algorithm is 34.2 rpm, and
the speed tracking error of the corresponding switch contact
is 0.086 m/s. The maximum error of the PID algorithm was
114.8r/min, and the speed tracking error of the corresponding
switch contact was 0.282 m/s. In the zero-phase closing
experiment, the maximum tracking error of switch contact
speed under FPD algorithm is 0.2 m/s, and the maximum
tracking error of switch contact speed under PID algorithm
is 0.55 m/s. Comparing the simulation results with the exper-
imental results, there is a certain deviation between the two
results, but both results indicate that the FPD algorithm is
better than the PID algorithm.
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FIGURE 22. Comparison o switch contact velocity and motor rotation
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angle curve in VCB closing process under FPD and PID control.

corresponding to the rotation angle of the motor. The exper-
imental curves are shown in Fig. 19(c) and (d). Compared
with the FPD control algorithm, the tracking deviation of
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FIGURE 24. Curve of zero-phase closing repeatable experiment.

the motor angle stroke under the PID control algorithm was
larger. When the motor rotation angle was 42°, it was the
contact time between the dynamic and static contacts. The

following error is 6.2ms under the control of the conventional
PID control algorithm, and which is 0.13ms under the control
of the FPD control algorithm. A comprehensive analysis
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shows that the speed-following performance of the motor
actuator controlled by the new control strategy is better than
that of the conventional control algorithm.

To intuitively demonstrate that the FPD control strategy
can improve the phase-controlled closing accuracy, a zero-
phase closing experiment was selected for verification. A 9V
high level signal is applied to both ends of the VCB, which
is pulled down when the VCB is closed. Fig. 23 shows the
zero-phase closing curve under FPD and PID control. The
difference between the VCB closing time and the grid voltage
zero is 0.15ms under the FPD control strategy. The difference
was 4.2ms under the PID control strategy.

To analyze the stability of the new control algorithm con-
trolling the motor actuator to realize the zero-phase clos-
ing action of the VCB, a zero-phase closing repeatability
experiment was carried out in this study. During the exper-
iment, the experimental environment and conditions were
kept unchanged, and the action was performed five times,
consecutively. The experimental results after collecting and
processing the experimental data are shown in Fig. 24.

In the motor motion travel curve in Fig. 24a), point A
is the open position, point B is the just close point, and
point C is the closed position. A - B are the travel stages
during which the motor actuator rotates by 42°. B-C is the
overtravel stage, where the motor actuator rotates by 20°.
As shown in Fig. 24(a), the motor actuator drives the switch in
stages A to B, and the motion trajectory has a high repetition
rate. The closing time at point B is 33.36 ms, 33.60 ms,
33.61 ms, 33.78 ms, and 33.94 ms, respectively. In the
B - C overtravel stage, the motor actuator continued to move.
Because the spring reaction force needs to be overcome, the
movement trajectory appears to have a certain dispersion. The
entire closing process was completed at point C. Because
point B is the just close position, the dynamic and static
contact, and the closing signal mutates, the operation process
of stages B - C does not affect the time stability of zero-phase
closing.

As can be seen from the curve of the just close position
in Fig. 24b), the closing at the sixth zero point in the figure
was achieved for five consecutive experiments, and the time
at the sixth zero point was 33.6ms. Compared with the closing
experiment results at point B, the errors of the five exper-
iments were -0.24ms, Oms, 0.01ms, 0.18ms, and 0.34ms,
respectively. The closing time error at zero crossing of the
VCB is within +0.5ms, which meets the operation precision
requirements of CIGRE for phase-control closing technology.

V. CONCLUSION

This study proposes an FPD control strategy for the motor
actuator control system of a VCB. It has the characteristics
of fast response ability and strong anti-interference ability,
which is suitable for a VCB motor actuator control sys-
tem with a short movement time and complex environment.
From the simulation and the experiment of the VCB, we can
draw the following conclusions: 1) Under the FPD control
algorithm, the speed reaches the preset reference value, and
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the settling time is 10ms without overshoot. Under the PID
control algorithm, the stabilization time required to reach the
preset reference value was 50ms, and the maximum overshoot
was 1.4%. The FPD control algorithm is rapid. 2) Under
interference, the overshoot of the FPD control strategy was
1.67%, and the recovery time was 1ms. The overshoot of the
conventional PID control strategy is 8.33%, and the recovery
time is 23ms. The simulation showed that the FPD control
strategy is more stable in the case of interference. 3) From the
experiment of zero-phase closing of VCB, the FPD control
strategy was verified to be able to accurately control the
action of the motor actuator driving the contact, and realize a
contact closing time error within +0.5 ms, with stability.
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