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Abstract - For the synchronous control of multi-mover permanent 
magnet linear synchronous motors (PMLSM) which is widely 

used in logistics equipment, a control method for the 
synchronization of multi-mover is developed by combining sliding 
mode control and ring coupling control strategy. Define the speed 

error of the two movers as the synchronization error, and 
introduce it into the control system of the previous mover, to 
improve the synchronization accuracy between the movers. 

Moreover, the stability of the control system is proved by the 
Lyapunov stable theory. The experimental results of the four-
mover synchronous control system show that the proposed 

method can enhance the speed tracking and synchronization 
error of the platform effectively.  

 

INTRODUCTION 

The control of single movers has been difficult to meet the 

application requirements in the fields of rail transit, computer 

numerical control machine tools, lithography machines, and 

robotics[1-5]. To obtain better product quality, reduce errors, 

and improve system security, it is of great significance to study 

a multi-mover synchronous control strategy[6-8]. 

The multi-movers synchronous system is a time-varying 

nonlinear system. The change in system parameters and the 

disturbance of load thrust will affect the synchronization of the 

system[9, 10]. In terms of control strategies, the current control 

systems are mainly divided into two categories: uncoupled 

control and coupled control. Among them, the uncoupled 

control methods include master-slave control, parallel control, 

and virtual-shaft control[11-14]. These uncoupled control 

methods have achieved several results and have been applied 

in some fields. However, since there is no coupling between 

the motors when one of the motors is disturbed, it is difficult 

for the other movers to adjust accordingly, resulting in the 

system synchronization being poor. 

The idea of coupling control was first introduced into the 

synchronous control of dual motors and a coupling control 

strategy with compensation was proposed: cross-coupling 

control[15]. This control structure achieved a certain 

synchronization performance by compensating the actual error 

between the speed of two motors, but it is difficult to be 

extended to the control of more than two motors[16]. On this 

basis, an adjacent cross-coupling control strategy was proposed 

for exceeding three motors[17]. However, it has a poor 

dynamic characteristic as the synchronous error generated by 

adjacent motors, and the certain lag produced by the 

transmission. Furthermore, the deviation coupling control 

strategy was proposed to solve the control delay problem of 

cross-coupled control by compensating the deviation value of 

one motor from other motors as a synchronization error[18]. 

But the control system becomes very complex as the number 

of motors increases. Compared with cross-coupling control and 

deviation-coupling control, ring-coupling control[19, 20] has 

stronger scalability and a simpler control structure. 

However, the control effect of the ring coupling control 

strategy is easily affected by system disturbances. Sliding 

mode control has the property of being insensitive to 

parameters. To reduce the influence of system disturbance on 

synchronous control accuracy, a sliding mode ring-coupling 

control strategy is proposed for the multi-mover PMLSM in 

this paper. In this method, the sliding mode control is 

introduced into the ring-coupling structure to improve the 

precision of the synchronous control simultaneously. The 

structure of this article is organized as follows: Section A 

introduces the mathematical model of the PMLSM. In Section 

B, the ring-coupling synchronization structure is designed. 

And the speed tracking and synchronization controller based 

on sliding mode is designed in Section C. The control effect 

compared with the traditional cross-coupling control method 

by the experiments is given in Section 5. Finally, Section E sets 

out the conclusion. 

A. PMLSM Mathematical Model 

The mathematical model of PMLSM is described as follows: 

 
d s d d d e q q

q s q q q e d d e f

u R i L di dt L i

u R i L di dt L i

ω

ω ω ψ

= + ⋅ −


= + ⋅ + +
 (1) 

Among them, ud/uq and id/iq are d/q axis stator voltage and 

current, respectively. Rs is the winding resistance, and Ld/Lq is 

the d/q axis stator inductance, respectively. f
ψ is the 

permanent magnetic flux linkage. 
e

vω π τ= is the electrical 

angular speed, where v is the linear speed of the mover and τ  

is the pole distance. 

The electromagnetic power equation of PMLSM is: 

 ( )3 2
e f q d q d q

F i L L i iπ τ ψ = ⋅ + −   (2) 

The motor dynamic equation can be obtained as: 

 ( ) ( ) e lMv t Bv t F F+ = −&  (3) 

Among them, 
e

F  is the thrust of the motor. 
l

F  is the thrust 

of the load. M is the mass of the mover. B is the viscous friction 

coefficient. 
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In the vector control mode 0
d

i = , d q
L L L= =  is 

approximately considered. And the following equation can be 

obtained. 

 
3 2e f q f q

q s q q q f

F i K i

u R i L di dt v

π τ ψ

π τ ψ

= ⋅ =


= + ⋅ + ⋅
 (4) 

Substituting (4) into (3) is obtained as: 

 ( ) ( ) ( )f q lv t B M v t K M i t F M= − + −&  (5) 

Then the motion equation of the ith mover in the multi-

movers PMLSM can be described as: 

 ( ) ( ) ( ) ( ) ( )i i q i l i
v t Bv t Ki t Fλ= + + %% %&  (6) 

where, 
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λ
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 (7) 

Considering the uncertainties such as parameter deviation 

from the nominal value, external load, and unmodeled errors, 

the motion equation of the PMLSM mover can be described as: 

 

( ) ( ) ( ) ( ) ( ) ( )

( )

( ) ( ) ( ) ( )

i i i i i i q i

il i

i i i iq i

v t B B v t K K i t

F

B v t K i t D t

λ σ

= + ∆ + + ∆

+ +

= + +

&

 (8) 

 ( ) ( ) ( ) ( ) ( )i i i i i iq i l i
D t B v t K i t Fλ σ= ∆ + ∆ + +  (9) 

where B∆  and K∆  are the parameter mismatch errors. σ is 

the unmodeled error. D is the lumped disturbance, satisfying 

sup D δ≤ . 

B. Ring Coupling Control Strategy 

For a PMLSM with n movers, the block diagram of its ring 

coupling control strategy is shown in Fig. 1 

The error between the actual speed and the command speed 

is defined as the speed tracking error of the ith mover. 

 ( ) ( ) ( )*

tr cmde t v t v t= −  (10) 

Among them, ( )tr i
e is the speed tracking error. 

*

cmd
v  is the 

command speed of all movers. v  is the actual speed of the 

mover. 

The error between the ith mover and the (i+1)th mover is 

defined as the synchronization error of the ith mover. 

 ( ) ( ) ( )( ) 1sync i i ie t v t v t+= −  (11) 

Thus, the speed controller in Fig. 1 can be designed as shown 

in Fig. 2. 

Among them, the speed controller contains two sub-

controllers. One is the speed tracking controller, which is used 

to accurately track the speed command so that the tracking 

error can quickly converge to 0. The other is the speed 

synchronization controller, which is used to synchronize the 

moving speed of the ith mover and the (i+1)th mover so that the 

synchronization error can quickly converge to 0. Therefore, for 

an n mover PMLSM, 2n speed controllers need to be designed. 

 
Fig. 1.  Ring-coupling control strategy structure  

 
Fig. 2 Speed controller structure  

C. Speed Controller Design 

1. Speed Tracking Controller 

Combining (8) and (10), the differential form of speed 

tracking error is described as: 

 
( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

*

*

i cmdtr i

i i i i cmdq i

e t v t v t

B v t K i t D t v t

= −

= + + −

& & &

&
 (12) 

Therefore, to ensure that the speed tracking error converges 

to 0, the sliding surface 
tr

S  can be designed as: 

 
( ) ( ) ( ) ( ) ( ) ( )

0tr i tr i tr i
S t e t e t d

τ

α β τ= +  &  (13) 

where α > 0, and β > 0. 

Substituting (12) into (13), the derivative of the sliding 

surface 
tr

S  can be obtained as: 

 

( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( )

( ) ( )
( ) ( )

*

tr i tr i tr i

i i i q i

tr i

i cmd

S t e t e t

B v t K i t
e t

D t v t

α β

α β

= +

 +
 = +
 + − 

& &

&

 (14) 

The control performance of the speed tracking controller can 

be obtained by solving the equation ( ) ( ) 0
tr i

S t =& . To simplify the 

calculation process, the (14) is divided into two parts. One part 

is the nominal model without the lumped error term. The other 

part is the fitted model under system disturbance. 

Under the condition of ignoring the system lumped 

error( ( ) 0iD t = ), the output result of the controller in the 

nominal system model can be obtained as: 

 ( ) ( ) ( ) ( ) ( )
1

*

, i i i cmdnom tr i tr i
i t K e B v t vα β α α

−
 = − + −
 

&  (15) 

By adding the fitting rate to the sliding surface ( ) ( )tr i
S t , the 

system can obtain better controller performance under the 

condition of uncertainty ( ( ) 0iD t ≠ ). The control output of the 

fitting part is: 

 
( ) ( ) ( ) ( ) ( ) ( )

1

,
sgnifit tr i tr i tr i

i t K S tµ
−

 = −    (16) 

Among them, ( )tr i
µ  is the switching gain. ( )sgn ⋅  is a sign 

function. 
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Combining (15) and (16), the output result of the speed 

tracking controller of the ith mover is: 

 

( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( ) ( )

, , ,

1
*

1

sgn

q tr i nom tr i fit tr i

i i i cmdtr i

i tr i tr i

i t i t i t

K e B v t v

K S t

α β α α

µ

−

−

= +

 = − + −
 

 −  

&  (17) 

Substituting (17) into (14) 
trS&  can be rewritten as: 

 

( ) ( )
( ) ( ) ( )

( ) ( )
( ) ( )

( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( )
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*

1 *
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sgn

i i i q i

tr i tr i
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i cmdtr i tr i

tr i
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B v t e B v t v
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α β

α β α α
α

µ

β

αµ α

−
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+
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&

&

&

&
 (18) 

2. Speed Synchronization Controller 

Combining (8) and (11), it can be obtained that the 

differential form of speed synchronization error is: 

 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

1

1 1 1 11

i isync i

i i i iq i

i i i iq i

e t v t v t

B v t K i t D t

B v t K i t D t

+

+ + + ++
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= + +
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& & &

 (19) 

Therefore, to ensure that the speed synchronization error 

converges to 0, the sliding surface Ssync(i) can be designed as: 

 
( ) ( ) ( ) ( )

0

t

sync symcsync i
S t e t e dα β τ τ= +   (20) 

Substituting (19) into (20), the first derivative of the sliding 

surface Ssync(i) can be obtained as: 
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( ) ( )

1 1 1 11
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α
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 (21) 

Since both B�  and K�  are nominal parameters without 

considering parameter errors and system disturbances, the 

following equations hold: 

 
1 0

1 0

i i

i i

B B B

K K K

+

+

= =

= =
 (22) 

Therefore, (20) can be rewritten as: 
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 (23) 

Similarly, under the condition of ignoring the system 

lumped error( ( ) ( )1
0

i i
D t D t+= = ), the output result of the 

controller in the nominal system model can be obtained as: 

 ( ) ( ) ( ) ( ) ( ) ( )
1

0 0,nom sync i sync i
i t K B e tα α β

−

= − +  (24) 

The control output of the fitted part is: 

 
( ) ( ) ( ) ( ) ( ) ( )

1

0,
sgn

fit sync i sync i sync i
i t K S tµ

−
 = −    (25) 

Combining (24) and (25), the output result of the speed 

synchronous controller of the ith mover is: 

 

( ) ( ) ( ) ( ) ( ) ( )
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1
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1
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Substituting (26) into (23) syncS&  can be rewritten as: 
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1
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3. Stability Analysis 

Theorem 1: The tracking error and synchronization error and 

their derivative will converge to zero in finite time if the 

switching gain 
tr

µ  and 
syncµ are designed as: 

 
2

ref

sync

µ δ

µ δ

≥


≥
 (28) 

Proof: The Lyapunov function V is considered as: 

 ( ) ( ) ( ) ( ) ( )2 20.5 0.5
tr i sync i

V t S t S t= +  (29) 

Then the derivative of the Lyapunov function is: 
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 ≤ − 

 + + − 

 ≤ − 

 + − 

≤

& &&

 (30) 

Therefore, the sliding mode reachable condition is satisfied. 

This completes the proof of Theorem 1. 

D. Experiment and Analysis 

To verify the effectiveness of the proposed method, 

experiments are carried out on the PMLSM with a four-mover. 

Fig. 3 exhibits the established experimental platform. The 

controller used is the Zmotion ZMC406. And the driver is self-

developed by the laboratory. The motor parameters are shown 

in TABLE I. The parameters used by the controller are shown in 

TABLE II. 

Given that the speed of the four movers is 1m/s and 

increasing to 1.5m/s at t=0.12s. 

It can be seen from Figure 4 and Figure 5 that when the 

mover is running stably, the tracking error and synchronization 

error of the two different control methods are close to zero. 

When the speed is changed, the proposed method has a smaller 
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overshoot and higher error accuracy than the relative coupling 

control. The comparison of the maximum and average error is 

shown in TABLE III. 

 
TABLE I 

PARAMETERS OF PMLSM 

Parameters Rs(Ω) Ld(H) Lq(H) M(Kg) Pitch(mm) P Fc(N/A) Vmax(m/s) 

Value 7 0.0265 0.0265 1.1 20 2 37.194 2.5 

TABLE II 

PARAMETERS OF THE CONTROLLER 

Parameters Value Parameters Value Parameters Value 

α 0.04 β 235 δ 0.1 

Kp 200 Ki 12   

μsync(i) (i=1,…,4) 295 μtr(i)(i=1,…,4) 365   

TABLE III 
PERFORMANCE COMPARISON BETWEEN RELATIVE COUPLING 

AND SMC+RING COUPLING  

Errors 
Method 

Relative Coupling SMC+Ring Coupling 

Maximum Error 

(mm/s) 

etr(1) 100.437 35.223 

etr(2) 123.734 37.198 

etr(3) 107.686 42.794 

etr(4) 119.157 41.559 

esync(1) 37.608 13.476 

esync(2) 78.052 7.978 

esync(3) 43.285 7.970 

esync(4) 26.643 7.995 

Average Error 

(mm/s) 

etr(1) -2.820 -0.943 

etr(2) -0.465 -0.711 

etr(3) -2.392 -0.701 

etr(4) -2.337 -0.587 

esync(1) -1.2871 -0.081 

esync(2) -0.3545 -0.112 

esync(3) 0.823 -0.133 

esync(4) -0.431 -0.150 

The experimental results show that the tracking performance 

and synchronization performance of the proposed method is 

better than the cross-coupling control in the case of 

disturbances in the control system. 

E. Conclusion 

In this article, a ring coupling synchronous control strategy 

combined with sliding mode control is proposed. This method 

can guarantee the asymptotic convergence of speed tracking 

error and synchronization error. The stability is proved by the 

Lyapunov stability theory. The control scheme is successfully 

applied in the four-mover PMLSM synchronous control 

system, and the effectiveness of the proposed synchronous 

control scheme is verified through experimental analysis and 

comparison. 

 

 
Fig. 3  Four movers PMLSM experiment platform 

 
Fig. 4 Comparison of speed tracking error between cross-coupling and 

SMC+ring coupling 

 
Fig. 5  Comparison of speed synchronization error between cross-coupling 
and SMC+ring coupling 
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