Vol. 14 No. 3, Sept. 2023

Journal of Measurement Science and Instrumentation 315

J. Meas. Sci. Instrum. 2023, 14(3): 315-323
DOI: 10. 3969/j. issn. 1674-8042. 2023. 03. 008

http: //xuebao. nuc. edu. cn

jmsi@nuc. edu. cn

Dual-PMSM speed synchronization control based on
unified prediction model

MIAQO Zhongcui'*, HE Yangyang', LI Haiyuan', WANG Yunkun'

(1. School of Automation and Electrical Engineering , Lanzhou Jiaotong University, Lanzhou 730070, China ;

2. Key Laboratory of Opto-Technology and Intelligent Control of Ministry Education,
Lanzhou Jiaotong University s Lanzhou 730070, China)

Abstract: In a dual-motor control system, load disturbance and parameter vatiation as well as acceleration/deceleration

operation will lead to instability of the system, which makes synchronization error increase. To solve the above problems, a

speed synchronization control system based on the unified predictive model of a dual-motor is designed. First of all, a unified

dual-motor model is established on the basis of the traditional dual-motor cross-coupled control structure, and a piecewise value

function is constructed to adjust tracking error and synchronization error more accurately. Secondly, to improve the dynamic

performance and robustness of the system, a proportional-integral + fractional order sliding mode control (PI+ FOSMC)

compound synchronization controller is designed. Finally, the simulation is carried out on two permanent magnet synchronous

motors (PMSMs). The result shows that the dual-motor unified prediction system has strong dynamic performance and

robustness, and can improve synchronization accuracy.

Key words: permanent magnet synchronous motor (PMSM); dual-motor control; cross-coupled control; unified prediction

model; speed synchronization controller; synchronization accuracy

0 Introduction

Permanent magnet synchronous motor (PMSM) is
widely used owing to its simple structure, high
efficiency and high power density. With the change
of industrial production demand, high-power drive
systems are needed in many applications, such as
cranes, paper machines, machine tools and some
electric vehicles. To meet the requirements of output
power, dual-motor or multi-motor drive is needed.
For multi-motor control system, the performance of
speed synchronization directly affects the system
reliability and industrial production efficiency™ .
Therefore, it is very important to study the dual-
motor synchronous control system to improve the
control performance.

Using a dual-motor control system to drive the
load, the speed of the two motors needs to be
synchronized, but the disturbances in an operating
environment, the change of motor parameters and
the acceleration and deceleration operations of the
system will lead to large synchronization error and
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torque ripple between the two motors, which may
damage the equipment structure and even affect the

451 Generally, the dual motor

production safety
drive system is driven by gears, but the load
distribution is uneven in this way, which causes the
speed difference between the motors. In addition,
the influence of external factors reduces the stability

of the

Therefore, it is necessary to improve robustness and

and synchronization accuracy system.
synchronization accuracy of the dual-motor control
system, so as to improve the production efficiency
and ensure production safety™®.

Model predictive control is widely used in motor
control because of its fast dynamic response, strong
robustness and high steady-state accuracy, which can
fully consider the nonlinear characteristics of the
system and the constraints of variables, so that it is
casier to achieve multi-objective control”®, Value
function is an important part of model predictive
control, and value directly determines the final
selection of the optimal voltage vector, therefore it is

very important to select the appropriate value
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917 In many

function for model predictive contro
literatures, by improving the value function, the
control performance of the system is improved. Tu et
al. """ proposed a fuzzy algorithm to adjust the
weight factor in the objective function online, which
effectively improves the control performance of the
motor. Wang et al."" introduced synchronization
error term into value function to improve speed
synchronization accuracy. Shi et al. '*' established a
quadratic value function and obtained good control
performance. However, the value function has many
constraints, and the weight coefficient matrix needs
to be calculated offline.

Improving the anti-interference performance and
dynamic performance of the system can improve the
synchronization accuracy of the two motors. At
present, the research of dual motor control system
mainly focuses on improving control structure and
control algorithm. The control structure adopts
control, deviation

master-slave control, parallel

cross coupling control, virtual
[14]

coupling control,
spindle control and so on Among them, the
structure of cross coupling control is simple, the
synchronization error of two motors can be
compensated by synchronization controller, and the
synchronization accuracy is high, which is suitable
for double motor synchronization control™'). The
improvement of the control algorithm aims to
improve the performance of the controller. In the
traditional dual-motor synchronous control system,
controller

mostly  adopts

(PI),

simple, fast, highly steady-state precisce, but poorly

robust"™,

the  synchronous
proportional-integral controller which is
Sliding mode control is a nonlinear control
method, which is independent of system parameters
and has strong robustness, so that the system is not
easy to be affected by the disturbance in the operation
process, physical implementation is simple, and the
control performance of the motor can be effectively
improved"®.  Fractional calculus inherits the
advantages of integral calculus, and the degree of
freedom of adjustable parameters is increased.
Reasonable choice of calculus order can increase the
flexibility of control system. Combining fractional
calculus and sliding mode control can not only speed
up the response speed of the sliding mode controller,
but enhance the robustness of the control system.

1 [17-19]

Nan et a used fractional-order sliding mode

control is used for single-motor control and has good
influence of load

performance. To reduce the

disturbance, suppress the chattering caused by
sliding mode control, Gao et al. "®?" established a
load observer to estimate the disturbance in the
system and achieved a good control effect,

In this study, the dual

synchronous motor (PMSM) control system is taken

permanent magnet
as the object, aiming at the problems of poor
dynamic performance, poor robustness and low
synchronization accuracy, a dual-motor synchronous
control system based on unified predictive model is
established to improve the synchronous controller.
Firstly, we establish a dual-motor unified prediction
model. and piecewise value function is constructed.
Then, to improve the dynamic performance and
robustness of the system, a compound synchronous
controller is designed, with the advantages of
fractional order sliding mode control (FOSMC) and
PI control. In addition, a sliding mode disturbance
observer is designed, and the its value is input into
FOSMC. Finally, the simulation is carried out on
Matlab.

1 Establishment of system model
1.1 Mathematical model of PMSM

In the d-q coordinate system, the mathematical

model of the :th PMSM is

dz‘di _Ri l O
dr L, @ Lai L, Ug
diqi B o _R[ iqi O i u’lll
dt @ei Ilj Li
0
¢fz'wci ’ (1)
L;

where i stands for the ith motor (:=1,2,); u, and
u, are the voltages of d-q axis, respectively; 7, and
i, are the currents of d-g axis, respectively; w, is
the electric angular velocity of the PMSM; p is the
number of state pole pairs; w. = pwm» and w,,; is
the mechanical angular velocity of the PMSM; ¢,
R, and L, are the permanent magnet flux linkage,
stator resistance and stator inductance, respectively.
The electromagnetic torque of PMSM is expressed as

Tei :%P [S[}fiiqi _'_ (Ld 7Lq)id1‘iqi] . (2)

For surface permanent magnet synchronous motor
(SPMSM), L, =L, so the electromagnetic torque
equation of the ith SPMSM can be expressed as
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Tef :%pisbfiiqi- (3)

The motion equation of PMSM is expressed as

d(l) mi

de

where T'|; represents the load torque, T, represents

]i :Te{ *TL,', 4

the electromagnetic torque, and J; respresents the
rotor inertia.

1.2 Unified prediction model of dual-motor

Based on the cross coupling control structure, this
study improves the speed synchronization control
system of dual-PMSM. The structure diagram of the
synchronous speed control system based on the
unified prediction model of dual-motor is shown in
Fig. 1.

T
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Sah(' f i (k+1) "’(k)i le(k)w
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geom Synchronization TP
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Fig. 1 Structure diagram of synchronous speed control

According to Eq. (4), the change rate of speed
synchronization error can be obtained as

d d 1
CT? :$(wml _(Umz) :Tl(Td —Tu _Blwm1) -
1
7(Tez *T[‘z *Bza)mz). (5)

Jo

When establishing the unified prediction

system based on dual-motor unified prediction model

mathematical model, the motor and inverter are
regarded as a whole, and the change rate of speed
synchronization error is regarded as a state variable of
the system. The unified prediction model of dual-
PMSM can be obtained as

Ik +1)=Gk)I(k)+FUGk)+KD(k), (6)

where

I(/Z):[ldl(k) lql(k) ldz(k) lqz(k) C()l(k) (1)2(/3) E(k)]T’

Uk) =Lua (B) wpy (B uw(k) wy(k)

Tu TLZ]T’ D:[Dl(k> Dz(k)]T;

A, B, (k) 0 0 0 0 0
— B, (k) A, 0 0 0 0 0
0 0 A, B, (k) 0 0 0
G(k) = 0 0 — B, (k) A, 0 0 01,
0 C, 0 0 (1—BDT 0 0
0 0 0 C, 0 a—B)T O
L0 C, 0 —C, —B, T B,T T]
[F, 0 0 0 0 0 ] [0 0]
0 F, 0 0 0 0 —1 0
0 0O F, O 0 0 0 0
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where T is the control period of the system; T, and

T., are load observation values of motor 1 and
mortor 2, respectively; A; =1—TR,/L;, B; (k)=

T(Um,' (k)a Ci - % Tn /)isbfi ’ and D,(k): TCU,' (}»’ )/
(L,F)H)=T/L,((=1,2).
1.3 Construction of value function

Compared with the traditional dual motor speed
synchronous control system, this study adopts the
piecewise value function, and the control principle is

shown as

Jg/, e <€1im9
g = g”s e = ey, for motor 1, D
V/4
g”s e =ey, for motor 2,

where ey, 1s the threshold, when ¢ =e¢,,;, the two
motors are controlled by g” and g”, respectively.
When the motor is disturbed, the tracking error is
adjusted first to make the system speed quickly track
the given speed. When ¢ e} s g'is adopeed, and
the two motors are controlled by the same value
function to achieve synchronization performance. g’

" V4
g and g are expressed as

g =g +g,+Agss (8)
g =lin—ianG+D|+ij —igGk+DI[+

il —w (e +1D7, (9
g"=lip—ip+D|+ i —ink+1D |+

polw” —wy(k+1)7, 10

where g, = i) —ig(k+1D | + | ig—igR+1D |,
g, = lig—igk+D |+ [is—i,(k+D |, g, =
lw, (k+ 1D —w, (k+1D) .

In order to obtain better control performance, a
value function includes the constraints of d-g axis
current, speed tracking error and synchronization
error. The weight coefficient is used to weigh the
constraints., The synchronization error and tracking
error are mutually restricted during adjustment, and
In this

study, the piecewise value function is established.

the weight coefficient is difficult to set.

The system uses different value functions in different
operation stages to adjust the synchronization error
and tracking error, respectively, so as to achieve
better control effect.

2 Compound synchronization controller

2.1 Design of synchronization controller

In order to improve the dynamic performance and
synchronization accuracy of the dual-motor control
system, a PI+ FOSMC compound synchronization
controller is designed to compensate the current. The
PI control keeps the system at a high steady-state
accuracy, and the FOSMC control can enhance the
anti-disturbance ability of the system. The structure
of compound synchronization control system is
shown in Fig. 2.

PlL

i
qeom | e
| [u]

L] FOSMC T,-Th

Fig.2 Compound synchronous controller

The controller switches according to threshold
€. When the disturbed, the
synchronization error is large, that is, ¢ =ep, in

motor 1s

this case, the PI control is used, and the speed of the
two motors quickly returns to synchronization;
otherwise, the FOSMC control is switched.
2.1.1 Design of FOSMC

1) Design of sliding surface

The fractional integral sliding surface is designed

as
.Y:€(Z)+C1D7#€(l‘)9 (11)

where e () =w,1 —@wm » wn 15 the speed of motor 1,
and w,; is the speed of motor 1; ¢; is the fractional
order integral constant; 0<p<1, which is the order
of the fractional order integral sliding surface.

In order to ensure the global robustness of the
sliding mode surface of

system, the integral

fractional order is designed as

s=e(t)+c D" e(t)+h(t), (12>

t

where h (1) =h (0)e ", and n determines the
convergence rate of h (¢), with n=>0.

Letm=h(0)=—¢e(0) —c; X,D,"e (0), where
oDy "e(0) denotes the integral value at time z. We
get £=0, s =0, which means that the system is on
the sliding surface from the initial state and can be
expressed as

I

s=e()+c,D"e(t) +me ". (13
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Then, we get the differential of Eq. (13) as
PO FaD e =" an
2) Design of reaching law
The constant velocity reaching law is adopted as
s =—esgn(s), (15)
where ¢ is the sliding mode gain, with e =0, and
sgn( ¢ ) is the sign function.
According to Egs. (4), (12) and (15), the output
of FOSMC is
R
2]
3p¢i

[ esgn(s) —c; D" e (1) +— (Tn TLZ)J .

J
(16)

2.1.2 Stability analysis
stability of the FOSMC

synchronization controller designed, we define the

To prove the

Lyapunov function as

1
V= 552 . a7
According to Lyapunov stability theorem, the
stability condition is V =s5<0.
Taking the derivative of Eq. (17) and substituting
Eqgs. (14) —(16) into it, we can get

V =ss =s[ D" (D"s) | =

s[6() 4 ¢, D e (0) —%eu)*] —

L@ — @ 1D e (1) —%(zﬁj =
1/3 .
S l:,l(zpnsbflql —Tu _mel>_
1/3 .
ﬁ(?pﬂbﬂqz — Ty, *me2>+

D" e (1) —ﬁemﬂ =
n

sl—esgn(s) ]=—¢|s |, (18

where B is the self-damping coefficient.
It can be seen that when € >0, the Lyapunov

stability condition is satisfied. Therefore, the
FOSMC synchronization controller designed is
stable.

2.2 Design of disturbance observer

In practical applications, the load is variable and

difficult to measure. Therefore, the sliding mode
disturbance observer is designed to observe the load
change of two motors, respectively, and the
observed value is taken as the input of FOSMC to
improve the ability of anti load disturbance. Taking
the rotor mechanical angular velocity and the motor
load torque as the state variables, combining

Egs. (3) and (4), the state equation is obtained as

dw,, 1/3 .
).
(19
aT.
d 7

The observation equations of rotor mechanical

angular velocity and load torque are constructed as

dw, 1

J;”t S i, — T = Bou )+ U

- (20)
a7,

[ de =sU-

where U=ksat (s), sat (s) is a saturation function, g
is the feedback gain, and % is the sliding mode gain.
Thus, the observation error equation is obtained as

él: 1 B61+U1
Je: ] 1)

;(.fz =gU,
where ¢, =w —w is the observation error of speed,

and e, = T, — T is the observation error of load
torque.

The sliding surface is

S =W — Wp. 22

The structure block diagram of sliding mode load
observer is shown in Fig. 3.

i) m

Fig.3 Structure diagram of disturbance observer

When the observed load is brought into Eq. (17),
the output of FOSMC can be obtained as

— <+ 8

3p¢f[—esgn(s) —c; D" e () +

l([l - qu =

%(Tu*iﬂu)]. (23)
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3 Simulation

In order to verify the effectiveness of the control
strategy, Matlab/Simulink is used as simulation
platform. The parameters of the two motors are
shown in Table 1. System 1 is a traditional dual-
motor speed synchronous control system, PI
controller is used as the synchronous controller, and
the controller parameters are £, =50 and £; =38. 5.
System 2 is the control system designed designed,

and the parameters of compound controller are shown
in Table 2.

Table 1 Parameters of traditional PMSM

Parameter Value
DC bus voltage U,./V 300
Rated power P/kW 1.1
Rated torque T'\/(N * m) 3
Number of pole pairs p 2
Stator resistance R /Q 2.875
Rotor magnetic flux ¥;/kHz 0.175
Stator inductance L ,/H 0.008 5
inertia coefficient J /(kg+ m™ %) 0.000 8

Table 2 Parameters of compound speed synchronization controller

Parameter Value
k, 50
ky 8.5
Sliding mode gain e 2 000
Fractional order p 0.5
Fractional integral constant ¢, 2 000
n 20
€ Jim? 0.01

3.1 Starting under unbalanced load

In order to verify the influence of load disturbance
on synchronization error, the speed of two motors is
1 000 r/min, PMSMI1 starts at a load
torque of 2 N ¢ m, and PMSM2 starts under a load
of 3Ne+m. The simulation curves of the two

given as

systems are shown in Figs. 4—7.
It can be seen from Figs.4 and 5 that system 1
980 r/min and 1 020 r/min
given speed, with
overshoot of 1.95% (motor 1).
synchronization error is large in the speed rising

fluctuates between

before reaching the speed

Moreover, the

stage, and the maximum synchronization error is
Figs. 6 and 7 show that the
speed overshoot of system 2 is less than 0.67%
Therefore the
system 2 is stable in operation and the maximum

more than 100 r/min.
(motor 1), and no fluctuations.

synchronization error is no more than 1 r/min,
which achieves good synchronization.

1000+
800} \ 1020 r
‘; 1000 SR
EO600[ g |
i 960, |
< 400 |
0.010 0.015 0.020
200
—— Motor 1
or — — —Motor 2
0 0.1 0.2 0.3 0.4

t/s

Fig. 4 Speed tracking curve of system 1 starting under
unbalanced load

100
5
E 50
L
O,
0 0.1 0.2 0.3 0.4
t/s
Fig. 5 Speed synchronization error curve of system 1 starting

under unbalanced load

1000

800 \

= || 1005 /\
E 600
£ 400 it
= 200 100005125 00130 00135
—  Motor 1
0 — — —Motor 2
0 0.1 0.2 0.3 04
t/s
Fig. 6 Speed tracking curve of system 2 starting under
unbalanced load
100 |
i 038
E 04
.« 50F o2
=) 0
B iyl
/ 0 0.005 0.010
0
0 0.1 0.2 0.3 0.4
t/s
Fig.7 Speed synchronization error curve of system 2 starting

under unbalanced load
3.2 Variable speed operation

For speed variation in practical applications such as

electric  vehicles, the following  simulation

experiments are carried out for this phenomenon.
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The system starts with no load, the speeds of two
motors are given as 1 000 r/min, with a load torque
of 2N+m at 1.0 s applied to PMSM1, a load
torque of 3 N+ m at 3.0 s applied to PMSM2, and a
sudden acceleration to 1 200 r/min at 0.2 s. The
simulation curves are shown in Figs. 8—11.

1000 - R 12000

Tg 1210 2\ | N2 0.22 0.23

g 12000, -

© 500 1o

= 1180 = !

= 0202 0204 0206 0208

0 Motor 1
— — —Motor 2
0 0.1 0.2 0.3 0.4

tls

Fig. 8 Speed tracking curve of system 1 under variable speed

operation
15+
10+
£ sl
E 5
£ 0
3
-5r
-10¢ . ) )
0 0.1 0.2 0.3 0.4
t/s
Fig. 9  Speed synchronization error curve of system 1 under
variable speed operation
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= 01 ¥z |
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: 1200 1/ ! :
= S00( 02030 02035 0.2040
=
Motor 1
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0 0.1 0.2 0.3 0.4
t/s

Fig. 10 Speed tracking curve of system 2 under variable speed

operation
15
10 0.2 | I
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= 0.2
£ 5 -04
g 0.020 0.0220.024 0.026
e 0 <
S
5t
-10 L L L
0 0.1 0.2 0.3 0.4
t/s
Fig. 11  Speed synchronization error curve of system 2 under

variable speed operation

It can be seen from Figs. 8 and 10 that when the
speed of system 2 increases from 1 000 r/min to
1 200 r/min, the speed of system 2 is stable and the
speed of regulation is faster, while the speed of
system 1 fluctuates greatly. When the system is
1 200 r/min,
system 2 is better, which basically remains at
1 200 r/min, while the
1198 r/min. At the same time when the speed

increases from 1000 r/min to 1 200 r/min, the

running at the tracking ability of

speed of system 1 is

synchronization error of system 2 decreases
obviously, and the maximum error does not exceed
1 r/min, while the maximum synchronization error

of system 1 is 15 r/min.

3.3 Robustness
parameters

verification of motor

Since there exists difference in the parameters of
the two motors, when the motor is running, the
friction of the components or the heating of the
system will cause the parameter changes. For
example, the motor temperature will increase with
the running time, and the resistance will increase
with the temperature.

Taking the resistance of two motors as the variable
parameter, the simulation experiment is carried out.
When the system runs under noload, the resistance
of motor 1 is set to be 2. 675 Q. and the resistance of
motor 2 is set to be 2.875 Q, which increases with
time during operation, the simulation results are
shown in Figs. 12—13.

The simulation results show that when the system
has parameter disturbance, the synchronization error
of system 1 is relatively large in the speed rising
stage, which is more than 1 r/min, while system 2
basically has smaller synchronization error, which
means that it has strong ability to resist parameter
disturbance.

1.5¢

1.0

o
ok

—0.5

* min™)

el(r

-1.0¢

—1.5t . .
0 0.1 0.2 0.3 0.4

tls

Fig. 12
parameter disturbance

Speed synchronization error curve of system 1 with
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Fig. 13
parameter disturbance

Speed synchronization error curve of system 2 with

4 Conclusions

Aiming at the speed synchronization problem of
dual-motor control system, combined with cross-
coupling control, a speed synchronization control
system based on dual-motor unified prediction model
is designed. The simulation results show that the
better
performance under various operating conditions, Its

control system designed has control
main characteristics are as follows:

1) The dual-motor unified prediction model
provides the possibility to expand it to multi-motor
synchronous control. The piecewise value function is
introduced, which can more accurately adjust the
speed tracking error and synchronization error.

2) The PI+FOSMC synchronization controller is
established. The results show that the overshoot of
motor speed in system 2 is smaller, the adjusting
time is faster and the speed is more stable. When
starting with load, it has strong anti-interference
ability and robustness to the change of resistance
parameters. The speed synchronization accuracy of
two motor is improved.
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