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Abstract: Speed synchronization performance and anti-interference are important factors that affect the syn-
chronous operation dynamic response and steady-state accuracy of dual Permanent Magnet Synchronous Mo-
tors’ (Dual-PMSMs). By introducing cross-coupling control as the framework, an integral sliding mode speed
tracking controller based on an improved bi-power reaching method is proposed to reduce the speed error
between two motors. A load torque observer is designed to bring the observed value into the Sliding Mode
Control (SMC) reaching method that enhances the anti-disturbance performance of the system. Meanwhile, a
synchronous controller is designed using a Fuzzy-Proportional-Integral-Derivative (FPID) control to im-
prove the synchronization of the Dual-PMSMs. The results show that compared with the traditional PI al-
gorithm as the target speed is 800 r/min, the proposed control method can decrease the two motors’ speed
synchronization error from 25 r/min to 12 r/min under a no-load startup and reduce the speed synchroniza-
tion error from 7 r/min to 2.2 r/min with sudden load torque, improving the synchronization and disturbance
rejection.
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1 Introduction

Permanent Magnet Synchronous Motors (PM-
SM) with high torque, power densities, simple struc-
tures, reliable operation and other outstanding ad-
vantages, has been widely used in many fields such
as new energy, CNC machine tools, aerospace, ship
propulsion etc. However, in a high-power transmis-
sion system, it is difficult for the single PMSM to
meet the high demands for power due to its limita-
tion in volume and some other factors, which makes
the dual- or multi-motor cooperative drive load
method a widely researched topic.

The PMSM is a nonlinear, multi-variable and
strongly coupled system. It is sensitive to external
disturbances which brings significant challenges to
Dual-PMSM synchronous drive control perform-
ance. Traditional PID control is widely used in
PMSM speed regulation systems for its simple
structure and high reliability. However, it is diffi-
cult to meet demands for accurate control in the face
of external disturbances!?. Recently, various non-
linear algorithms have been introduced to PMSM
control systems such as fuzzy control™, neural net-
work control®™, adaptive control®, sliding mode
control”® and mode predictive control®'” etc. Slid-
ing mode control is widely used in PMSM control
systems because of its insensitivity to parameters
and external disturbances, fast response speed and
robustness!''"'.

The common Dual-PMSM synchronous con-
trol structures mainly include!": Master-Slave Con-
trol, Master Reference Control, Cross-Coupling

Control, etc. In Ref. [14], the concept of Cross-

doi: 10.37188/C0O.EN-2022-0026

Coupling Control is proposed and rotational speed
cross-coupling control is realized to eliminate the
synchronization error of a two-motor system, but it
requires additional hardware to be implemented to a
cross-coupled system. In Ref. [15], Shih proposed
Relative Cross-Coupling Control to reduce the posi-
tion error in Bi-axis motion. In Ref. [16], to over-
come the defects of the conventional relative cross-
coupling control strategy, the speed weight coeffi-
cient reflects the importance of each motor’s speed
in the improved relative cross-coupling control
strategy, which mostly achieves the decoupling of
the system’s synchronization and tracking perform-
ance but all motors use the same speed controller.
Reference [17] analyzed the cross-coupling inher-
ent characteristics of IMs and studied four control
strategies to determine the effect of several operat-
ing parameters over stator currents cross-coupling.
However, it did not mention the speed synchroniza-
tion error of two-motor operation. In Ref. [18], a
Master-Slave control structure is proposed with no
coupling between two motors and thus there is no
feedback between them. If one of the motors is dis-
turbed, the other motor cannot compensate. This
structure cannot effectively adjust the synchroniza-
tion error.

To ensure the speed synchronization perform-
ance in anti-internal and external interference, this
paper proposes a novel reaching method based on a
sliding-mode control for a Dual-PMSM system. An
integral sliding mode speed tracking controller
based on the improved bi-power reaching method is
designed to replace the traditional PID speed track-
ing controller to mitigate the external disturbance of

the dual-motor speed control system. A load torque
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observer is built to bring the observed value into the T, = Zp vi, . 3)
sliding mode control law to enhance the anti-dis-
turbance performance of the system. At the same The motion equation of the PMSM is
time, the speed synchronization controller uses the dw
Te—TL—Bw:JE , &)

fuzzy PI control, which can adjust the PI paramet-
ers online in real time according to the synchroniza-
tion error, so that the system has adaptive adjust-

ment ability when facing external disturbances.

2  PMSM mathematical model

The mathematical model of PMSM is derived
under the assumption that saturation from the eddy
current high-order harmonic components is negli-
gible, the stator windings are symmetric in space
and the stator currents produce sinusoidal magnetic
motive forces. According to these assumptions, the
voltage equation of PMSM can be obtained as (1) in
the d-g (Direct axis Quadrature axis) synchronous
rotating reference coordinate when the PMSM is in
a steady state.

: . dig
ug = Ryig — w,Lyiq + LdE
ug = Ryig + w,Lgiq + wey + Lq%

where 1,4 and u, are voltage components of the d and
q axes, respectively; iy and i, are current compon-
ents of the d and g axes, respectively; L, and L, are
the d and ¢ axes’ inductance; R, is the stator resist-
ance; and w, is the mechanical angular velocity of
the motor.

The electromagnetic torque equation can be ex-

pressed as
3. ..
T.= zp[tplq +(Ly— Lyiaig] 2)

where p is the number of stator pole pairs; y is the
permanent magnet’s magnetic flux; 7, is electro-
magnetic torque, and 77 is the load torque.

If the motor is an SPMSM (Surface Permanent
Magnet Synchronous Motor), so Ly = L, = L, the

torque equation can be simplified as

where J is the moment inertia; B is the friction coef-
ficient. w is the mechanical angular velocity of the

mirror.

3 Design of the sliding mode speed
tracking controller

Sliding Mode Control (SMC) is essentially a
kind of nonlinear control, which is a control al-
gorithm based on variable structure control. It uses
the switching function to make the controlled sys-
tem continuously change and forces the controlled
system to continuously approach the sliding mode
surface in the dynamic process. After sliding the
surface, a high-frequency up and down motion is
performed along the sliding surface, that is, the slid-
ing mode. Since the sliding mode surface is inde-
pendent of the parameters and disturbances of the
system, it is strongly immune to external disturb-
ances. The traditional sliding mode control has a
contradiction between the sliding mode chattering
and the approach speed, and the traditional sliding
mode surface easily causes high-frequency disturb-
ance of the system due to the existence of the differ-
ential term. The selection of a sliding mode surface
and a sliding mode reaching method are key to redu-
cing chattering and ensuring the dynamic perform-
ance of a Dual-PMSM system.

3.1 Design of the sliding mode surface

According to the theory of SMC, various
reaching laws can be selected to achieve highly dy-
namic DPMSM performance.

Define the slide surface as

S=Xx +cx, . (5)

The PMSM system status variables functions

are defined as
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)h:—(,;)i:—Ml‘i'i‘% i + lTLi S:—k2|S|ﬂ . (8)
2; " ; (6)
Ky = X| = Wit — W In the second state, the first and the second

where w,r and w; are the given and the actual speed
of the ith PMSM, respectively, and c is the integral
coefficient. The SMC structure of the Dual-
PMSMs system is the same. Compared with literat-
ures[19,20], the integral sliding mode can effect-
ively avoid the high frequency noise caused by the
differential and reduce the steady state error.
3.2 Design of the improved bi-power reaching
method
The traditional reaching method is expressed as
§—k|s|sgn(s), To adapt to the variations of the slid-
ing mode surface, the improved bi-power reaching

method can be designed as

§ = —ky|s|"sgn(s) —ky|sPsgn(s)—kss ,  (7)

where ki, ky, k3 > 0,1 > o > 0, f > 1. The first term
on the right side of the equal sign guarantees the ef-
fective time convergence of the sliding mode. The
second term ensures the rapid convergence of the
control system away from the sliding mode’s sur-
face. The third term provides the lowest rate of
change for the control system. Next, the character-
istics of the improved bi-power reaching method
proposed in this paper will be discussed, mainly
from the perspective of rapidity and the steady-state
error bound.
3.2.1 The rapidity of the improved bi-power reach-
ing method

When the state variable s is far away from the
sliding mode surface, the second term has a large
rate of change and therefore plays a dominant role.
When the state variable s is close to the sliding
mode surface, the first term has a large rate of
change and plays a dominant role. Here, the third
term is assumed in the interval [a, b] and can be
considered to achieve the accelerated convergence
of the intermediate state.

In the first state, the first and the third term can

be ignored so

term can be ignored so

s'=—k3s . 9)

In the third state, the second and the third term

can be ignored so

§=—ky|s|* . (10)

If the initial variable s(0) > b > 0, the sliding
mode motion process can be divided into three
stages. When s(0) — s = b, the second term plays a
dominant role and the other terms can be ignored.
When s = b — s = a, the third term plays a domin-
ant role and the other terms can be ignored. When
s =a — s =0, the first term plays a dominant role
and the other terms can be ignored. Here, equation (8)

can be integrated, thus

0

The approach time of the first stage is therefore

b

1
f Bds . (1D
sy Kals]

0)*—p'#
kx(1=p)
When equation (9) is integrated,
fdt:—jilds . (13>
k3S
0 b
The approach time of the second stage is
Inb-1
== (14)
ks
Lastly, equation (10) is integrated, thus
1 0 1
dr=- ds . (15>
of f kst
The approach time of the first stage is
al—oz
k(-

The total approach time can be expressed as
(17), if the minor terms are ignored in the three

stages.
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If the initial variable s(0) < —b < 0, the sliding
mode motion process can be divided into three
stages.When s(0) — s = —b, the second term plays a
dominant role and the other terms can be ignored.
When s = —=b — s = —q, the third term plays a dom-
inant role and the other terms can be ignored. When
s = —a — s = 0, the first term plays a dominant role
and the other term can be ignored.

Similarly, equation (8) can be integrated, thus

fdtz—fﬁds . (18)
2

The approach time of the first stage is

b [-5(0)]'"

= QL))
Y k(d-p
When equation (9) is integrated, thus
fdtz—fids . (200
k3S
0 -b
The approach time of the second stage is
Inb—1
f, = b~ lna 2D
ks

Lastly, equation (10) is integrated, thus

t 0 1
Ojdt:—jawds : (22)

The approach time of the first stage is

I-«

a

z—k|(1—a) (23)

I3

If the minor terms are ignored in the three
stages, the total approach time can be expressed as
equation (24)

t<ti+bh+t=
b —[-s(0)]"* . Inb-Ina . a-
ko (1) ks ki(1-a)

It is evident that the control system can reach

. QD

the balance point in a finite time. After reaching the
balance point, the speed error is zero when reaching

the sliding mode, and it can effectively reduce slid-

ing mode chattering ",
3.2.2 Analysis of steady-state error bound and sta-
bility

If equation (7) has the influence of uncertainty
disturbance, which can be written as

§=—ki|s|"sgn(s) —ko| sPsgn(s) —kss +d (1). (25)

Define D as the upper bound of the uncertainty
perturbation d(¢), that is, |d(¢)] < D. When there are
uncertain and bounded external disturbances in the
system, in order to analyze the convergence of the
system in finite time, the following lemma is intro-
duced first.

Lemma 1. In Ref. [22], If there is a continu-
ous differentiable function V(x) defined in the neigh-
borhood U C R" containing the origin, and there is
a real number ¢ > 0, 0 < 0 < 1, satisfy the condi-
tions

(1) V (x) is positive definite in U,

Q) V=<—-V’x),¥xeU.

If the Lyapunov function is defined as

1

V=§s2 , (26)

by substituting equation (25) into the differentiation
of V, the following equation can be obtained
V =55 = —k|s|""'sgn(s) — ky|sP*'sgn (s) —
kss® +d (1) s< —ky|s|"*" — k| s = Q7
|sl (ks |s| —d (1))
If |s| (ks |s] — d (#)) =0, then equation (27) can be
simplified as
V<—kilsl™! —kolsf ! =
sl pr1 (28)
-k (2V) 2 —k(2V) 2
From Lemma 1, it can be seen that the system
converges in finite time about the equilibrium zero

so the system can be guaranteed to converge in re-

D
gion |s| < k—in a finite time.
3

Equation (27) can also be transformed into
V< —kis|"" = ko|sP* —kss® +d(t)s =

B+l
15l (kalsl” —d(0) = kalsP*! — ks’ < —k2V) 2 =

a+l

—kals|""! =15 (kal st = d(1) ~ ks s* < =k 2V) 2
(@LD)
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Similarly, when ki|s|*—d(1)=0 or ky|sf’-
d(®) = 0, the system is guaranteed to converge in
1 1

. D\« D\ . o
the region |s| < T or |s| < = in a finite time.
1 2

So, the steady-state error bound of the improved bi-
power convergence law is

1 1
D\« (D\B D
<min|[— — =1 .
|| mm{(kl) ’(kz) ’k3] (30)

From the analysis, if the value of the paramet-
ers are proper, the value of the steady-state error
bound of the improved bi-power reaching formula is
smaller. It means that the reaching formula has bet-
ter immunity to the bounded disturbance of uncer-
tainty and stronger robustness. Also, it can be seen
that whether or not the system contains uncertain
disturbances, V = s§< 0. Therefore, the designed
sliding mode control system is stable and the sys-
tem can reach the sliding mode’s surface.

3.3 Replace of symbol function

The general SMO method has the chattering
phenomenon because of the discontinuity of the sign
function sgn(s). In order to suppress the intrinsic
chattering for better performance, this paper designs

a continuous function to replace the sign function.

sgn(s) = , 31)

Isl+7
where 7 is a very small positive number.
3.4 Design of speed controller
The speed controller provides the current value
to produce a torque reference for the motor drive

system. Equation (5) can be differentiated, thus

S:).CI'FCXZ . (32)

Equations (6) and (7) can be rewritten as

1 1
D\e (D\8 D
<min|[=] ,[=] ,=] . (33)
|| mln[(kl) (kz) k3]

So, the new reference current is obtained as

2J;

i = | kils|"sgn(s) + k| s sgn(s)+
3pii

(34)

B; 1
k3S+ —w,;+ —TL,' +CiXx;
J; J;

The block diagram of the final speed control

law is shown in Fig. 1.

— A +
wl

— Disturbance T"‘I 1)
—» Observer

ei

rter

4

N\
. < Encoder <«— Motor |

Fig. 1 Block diagram of the speed controller

4 Design of the load-based torque ob-
server

Generally, the load torque and external disturb-
ance torque in the PMSM control system are re-
garded as the total torque. The reasonable design of
the observer can effectively observe the load torque
and calculate the motor current in equation (34) to
realize disturbance suppression of the system. The
total torque can be regarded as a constant value
within a control period, which means

dry;

” =0 . (35

In order to obtain the estimated value of the
total torque 7}, the disturbance observer can be de-
signed according to modern control theory and the
gain in the observer can be reasonably configured to
observe the rotational speed and the total disturb-
ance torque. The state equation of the system is con-

structed as follows

{X:Ax+Bu (36)

y=Cx+ Du ’

in a nonlinear time-varying feedback system, where
B; 1
Ji J;
0 0

1
A= B=| J |.C=|1 0] ,
Jle=[1 0]

0 w; _ _
D:|: 0 :|’x:|: Ti :|’y_wi’u_Tei

We can know

rank[ =rank

1 0
B; 1 [{=2

c }
CA
J

It can be seen that the system is fully observ-
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able. The observer and observation error equations

are constructed as follows

{?:A&‘+Bu+c(y—y) a7)

é=x-x=(A-GC)e

The matrix G =[ 8 }can be found so that the

82
eigenvalues of the matrix (4—GC) are located in the
left half-plane by the pole configuration. The obser-
vation error e between the observed 7, and the actu-
al T; can be close to zero in finite time. Fig. 2 is the
block diagram of the total disturbance torque ob-

Server.

L >@—>E—
—4

Fig. 2 Structural block diagram of the disturbance torque

observer

5 Speed synchronization controller
design

The cross-coupling control adopts speed syn-
chronization error compensation current to make the
double-PMSM respond quickly and realize speed
synchronization. However, the speed error synchro-
nization coefficient in cross-coupling control is usu-
ally difficult to obtain through theoretical analysis.
Therefore, a cross-coupling synchronization control
algorithm based on an improved double-power slid-
ing mode control and fuzzy adaptive PI control is
designed to improve the system’s accuracy.

For the fuzzy adaptive PI control, the syn-
chronization errors Aw and its rate of change Aw
are the input and the current compensation is the
output (Define Aw = w, —w,, Aw.=Aw/At). The k,
and k; values of the PI controller are continuously
adjusted through Ak, and Ak online. When e is
large, a large k, and k; should be taken to reduce the
error. When e is moderate, a moderate k, and k;

should be moderated to avoid overshoot of the syn-

chronous system. When e is small, a small k, and k;
should be selected to avoid the impact of the syn-
chronous system and give adaptive adjustment abil-
ity. Table 1 and Table 2 are the fuzzy rules of k, and
k;. Figs. 3—4 (color online) show the relationship of
the surface of Ak, and Ak; . The control diagram of
the Dual-PMSMs synchronous system is shown in
Fig. 5.

Tab.1 k, fuzzy rule table

Aw

Aw,
NB NM NS ZE PS PM PB

NB PB PB PB PM PS ZE ZE

NM PB PB PM PM ZE ZE NS

NS PB PM PM PS ZE NS NS

ZE PM PM PS ZE NS NM NM

PS PM PS ZE NS NS NM NM

PM PS ZE NS NM NM NM NB

PB ZE ZE NM NM NB NB NB

Tab.2 k; fuzzy rule table

Aw

Aw,
NB NM NS ZE PS PM PB

NB NB NB NB NM NS ZE ZE

NM NB NB NM NS NS ZE PS

NS NB NM NS NS ZE PS PM

ZE NM NM NS ZE PS PM PM

PS NM NM NS ZE PS PS PB

PM ZE ZE PS PS PM PB PB

PB ZE ZE PS PM PM PB PB

Aw Aw,

Fig. 3 Surface diagram of Ak, value output
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Fig. 5 Overall block diagram of dual-motor synchronous

control system

6 Simulation and analysis

The purpose of the current study is to determ-
ine the speed synchronization performance and anti-
interference of a Dual-PMSM system. In order to
verify the performance of the proposed control
strategy, a Dual-PMSMs synchronous control mod-
eling simulation is performed in MATLAB/Sim-
ulink. The parameters of Dual-PMSMs and the con-
troller parameters are shown in Tables 3 and 4. The
simulated speed response waveform of the pro-
posed improved bi-power reaching method and tra-
ditional reaching method is compared in Fig.6 (col-
or online) with reference speeds from 800 r/min to
1200 r/min. It can be seen that the improved bi-
power reaching method control has less adjustment
time (Traditional reaching method speed controller
parameter: k=30; The improved bi-power reaching
method speed controller parameters are shown in
Table 4 PMSM1.).

It can be seen that the parameters of the two
motors is different and the process is more difficult
than it is for motors with the same parameters. The
parameters of the current loop PI controller are the
same between the two control strategies, where k, =
350 and k, = 82 500. The speed PI controller para-

Tab.3 Parameters of the motor

Parameters PMSM1 PMSM2
R(Q) 7.29 12.24
L(mH) 0.14 0.18
P 4 4
J (kgm?) 0.000945 0.000885
wy (r/min) 1500 1500
Ty (N'm) 2 2.5
B(N-ms) 0.0090577 0.008058 1

Tab.4 SMC controller parameters

ki ke ks c a B n

PMSM1 5 3 50 0.2 0.13 2 0.0001

PMSM2 5 3 1200 0.35 0.13 2 0.0001

1 400
1200
2~ 1000 %
=1
= 800
g
& 600}
8 400 — Improved bi-power reaching law
208 — Traditional reaching law

0 0.1 02 03 04 0506 0.7 08 09 1.0
t/s

Fig. 6 Comparison of speed response waveforms between

the improved and traditional reaching methods

meters of the traditional double PI parallel cross-
coupling control method are designed at &, =
0.02 and £, = 1.

The performance comparison between the tra-
ditional double PI cross-coupling control from no-
load torque and sudden load torque perturbation is
shown in Figs. 7-Fig. 10 when the reference speed is
Wrer = 800 r/min.

From Fig. 7(a), it can be seen that traditional
dual PI parallel cross-coupling control has a larger
overshoot at no-load torque start and it reaches the
reference speed after 0.075 s. The designed control
strategy in this paper has no overshoot and can
reach the reference speed in 0.015 s, as shown in
Fig. 7(b). Due to the different parameters of the two
motors, the speed synchronization error of the Dual-
PMSMs is larger whether uses the traditional cross-
coupling control strategy or the improved bi-power

reaching sliding mode control method at startup.
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Fig. 7 Speed waveforms obtained by different methods under

coupled control. (b) Improved bi-power reaching method

t/s

no-load torque starting condition. (a) Conventional cross-
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Fig. 8 Synchronization error waveforms obtained by different methods under no-load torque startup condition. (a) Conven-

tional cross-coupling control. (b) Improved bi-power reaching method sliding mode control

From Fig. 8(a) we can know that the maximum syn-
chronization error can reach 25 r/min at the refer-
ence speed of 800 r/min when use the traditional
cross-coupling control strategy. However, Fig. 8(b)
shows that the maximum speed error of the pro-
posed control strategy is 12 r/min under no-load

torque startup conditions.
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The speed waveform and the synchronization
error waveform are shown in Fig. 9, where a 2 N-m
load torque is suddenly applied to motor 1 at 1 s and
a 2.5 N'm load torque is suddenly applied to motor
2 at 2 s. Fig. 10(a) shows that the large synchroniza-
tion error is 7 r/min with sudden load torque and it

can reach stability after 0.2 s under the convention-
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Fig. 9 Torque speed waveforms obtained by different methods under sudden load torque condition. (a) Conventional cross-

coupling control. (b) Improved bi-power reaching method sliding mode control
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Fig. 10  Synchronization error waveforms obtained by different methods under sudden surge load torque condition. (a) Con-

ventional cross-coupling control. (b) Improved bi-power reaching method sliding mode control
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al cross-coupling controller. Fig. 10 (b) shows that
the proposed control strategy has a maximum speed
synchronization error of 2.2 r/min with sudden load
torque and reaches stability after 0.1 s (Fig. 10).
Thus, the improved method has better anti-disturb-
ance performance and speed tracking capabilities

than those of the traditional control algorithm.

7 Conclusion

Based on the traditional cross-coupling control,

an integral sliding mode speed tracking controller
based on bi-power reaching method is designed and
an observer is introduced into the sliding mode con-
trol rate to enhance the robustness and anti-disturb-
ance of the system. A speed synchronization con-
troller based on fuzzy adaptive PI control adjusts the
PI parameters of the speed synchronous controller
according to the real-time synchronization error.
The comparison experimetal indicates that the sys-
tem has certain adaptive adjustment ability for ex-

ternal disturbance.

References:

(1]

ZHANG X Y, SHI T N, WANG ZH Q, et al.. Generalized predictive contour control of the biaxial motion system[J].
IEEE Transactions on Industrial Electronics, 2018, 65(11): 8488-8497.

[2] JUNGJW,LEUV Q, DO T D, et al.. Adaptive PID speed control design for permanent magnet synchronous motor
drives[J]. IEEE Transactions on Power Electronics, 2015, 30(2): 900-908.

(3] WU Y J, CHENG Y B, WANG Y L. Research on a multi-motor coordinated control strategy based on fuzzy ring
network control [J]. IEEE Access, 2020, 8: 39375-39388.

[4] LU Y K. Adaptive-fuzzy control compensation design for direct adaptive fuzzy control[J]. IEEE Transactions on Fuzzy
Systems, 2018, 26(6): 3222-3231.

[5] HU XL, SUN CH Y, ZHANG B. Design of recurrent neural networks for solving constrained least absolute deviation
problems[J]. IEEE Transactions on Neural Networks, 2010, 21(7): 1073-1086.

[6] LIANG D L, LI J, QU R H, et al.. Adaptive second-order sliding-mode observer for PMSM sensorless control
considering VSI nonlinearity [J]. IEEE Transactions on Power Electronics, 2018, 33(10): 8994-9004.

[7]  ZENG TY, REN X M, ZHANG Y. Fixed-time sliding mode control and high-gain nonlinearity compensation for dual-
motor driving system[J]. IEEE Transactions on Industrial Informatics, 2020, 16(6): 4090-4098.

[8] ZHANG X G, SUN L ZH, ZHAO K, et al.. Nonlinear speed control for PMSM system using sliding-mode control and
disturbance compensation techniques[J]. IEEE Transactions on Power Electronics, 2013, 28(3): 1358-1365.

[9] RODRIGUEZ J, KAZMIERKOWSKI M P, ESPINOZA J R, et al.. State of the art of finite control set model predictive
control in power electronics[J]. IEEE Transactions on Industrial Informatics, 2013, 9(2): 1003-1016.

[10] KARAMANAKOS P, GEYER T. Guidelines for the design of finite control set model predictive controllers[J]. IEEE
Transactions on Power Electronics, 2020, 35(7): 7434-7450.

[11] WANG H, SHI L H, MAN ZH H, et al.. Continuous fast nonsingular terminal sliding mode control of automotive
electronic throttle systems using finite-time exact observer[J]. IEEE Transactions on Industrial Electronics,2018,
65(9): 7160-7172.

[12] LISHH, ZHOU M M, YU X H. Design and implementation of terminal sliding mode control method for PMSM speed
regulation system[J]. IEEE Transactions on Industrial Informatics, 2013, 9(4): 1879-1891.

[13] LIJ, FANG Y T, HUANG X Y, et al. . Comparison of synchronization control techniques for traction motors of high-
speed trains[C]. Proceedings of the 17th International Conference on Electrical Machines and Systems, IEEE, 2014:
2114-2119.

[14] KOREN Y. Cross-coupled biaxial computer control for manufacturing systems[J]. Journal of Dynamic Systems,
Measurement, and Control, 1980, 102(4): 265-272.

[15] SHIH Y T, CHEN CH SH, LEE A CH. A novel cross-coupling control design for Bi-axis motion[J]. International
Journal of Machine Tools and Manufacture, 2002, 42(14): 1539-1548.

[16]

SHI T N, LIU H, GENG Q, et al.. Improved relative coupling control structure for multi-motor speed synchronous
driving system[J]. IET Electric Power Applications, 2016, 10(6): 451-457.


https://doi.org/10.1109/TIE.2018.2808899
https://doi.org/10.1109/TPEL.2014.2311462
https://doi.org/10.1109/ACCESS.2020.2974906
https://doi.org/10.1109/TFUZZ.2018.2815552
https://doi.org/10.1109/TFUZZ.2018.2815552
https://doi.org/10.1109/TNN.2010.2048123
https://doi.org/10.1109/TPEL.2017.2783920
https://doi.org/10.1109/TII.2019.2950806
https://doi.org/10.1109/TPEL.2012.2206610
https://doi.org/10.1109/TII.2012.2221469
https://doi.org/10.1109/TPEL.2019.2954357
https://doi.org/10.1109/TPEL.2019.2954357
https://doi.org/10.1109/TIE.2018.2795591
https://doi.org/10.1109/TII.2012.2226896
https://doi.org/10.1115/1.3149612
https://doi.org/10.1115/1.3149612
https://doi.org/10.1016/S0890-6955(02)00109-8
https://doi.org/10.1016/S0890-6955(02)00109-8
https://doi.org/10.1049/iet-epa.2015.0515

1492

REYEE (FP3ES0) %16 %

[17]

LIM CH SH, LEVI E, JONES M, et al.. A comparative study of synchronous current control schemes based on FCS-
MPC and PI-PWM for a two-motor three-phase drive[J]. IEEE Transactions on Industrial Electronics, 2014, 61(8):
3867-3878.

[18] BRANDO G, PIEGARI L, SPINA I. Simplified optimum control method for monoinverter dual parallel PMSM
drive[J]. IEEE Transactions on Industrial Electronics, 2018, 65(5): 3763-3771.

[19] XU B, SHEN X K, JI W, et al.. Adaptive nonsingular terminal sliding model control for permanent magnet synchronous
motor based on disturbance observer [J]. IEEE Access, 2018, 6: 48913-48920.

[20] ZHOU X L, LI X F. Trajectory tracking control for electro-optical tracking system using ESO based fractional- order
sliding mode control[J]. IEEE Access, 2021, 9: 45891-45902.

[21] GAO W B, HUNG J C. Variable structure control of nonlinear systems: a new approach[J]. IEEE Transactions on
Industrial Electronics, 1993, 40(1): 45-55.

[22] BHAT S P, BERNSTEIN D S. Finite-time stability of continuous autonomous systems [J]. SIAM Journal on Control
and Optimization, 2000, 38(3): 751-766.

Author Biographics:

Song Xiao-Li (1978 —), female, born in Henan Province. She received her Ph.D. degree in astrophysics
from the Graduate University of Chinese Academy of Sciences, China, in 2012. She won the Excellent
Award of the President of the Chinese Academy of Sciences in 2012. She received her B.S. and M.S. de-
grees in Power Electronics and Power Drive from Anhui University of Science & Technology, China in
2001 and 2004, respectively. From 2012 to 2015, she was an assistant research fellow with the Telescope
New Technology Laboratory, National Astronomical Observatories/Nanjing Institute of Astronomical Op-
tics & Technology, Chinese Academy of Sciences. Since 2016, she has been an associate research fellow
with the Telescope New Technology Laboratory, National Astronomical Observatories/Nanjing Institute of
Astronomical Optics & Technology, Chinese Academy of Sciences. Her research interests focus on the driv-
ing & control of the axes control systems of large-aperture telescopes and the multi-motor driving and con-
trol of dynamic systems. She has published numerous papers in journals and international conferences, ap-
plied for and received several patents, and presided over and participated in many projects for the National

Natural Science Foundation of China related to the above topics. E-mail: xIsong@niaot.ac.cn


https://doi.org/10.1109/TIE.2013.2286573
https://doi.org/10.1109/TIE.2017.2758751
https://doi.org/10.1109/ACCESS.2018.2867463
https://doi.org/10.1109/ACCESS.2021.3067680
https://doi.org/10.1109/41.184820
https://doi.org/10.1109/41.184820
https://doi.org/10.1137/S0363012997321358
https://doi.org/10.1137/S0363012997321358
mailto:xlsong@niaot.ac.cn

	1 Introduction
	2 PMSM mathematical model
	3 Design of the sliding mode speed tracking controller
	3.1 Design of the sliding mode surface
	3.2 Design of the improved bi-power reaching method
	3.2.1 The rapidity of the improved bi-power reaching method
	3.2.2 Analysis of steady-state error bound and stability

	3.3 Replace of symbol function
	3.4 Design of speed controller

	4 Design of the load-based torque observer
	5 Speed synchronization controller design
	6 Simulation and analysis
	7 Conclusion
	参考文献

