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Abstract: Aiming at the problems of uneven parameter differences and load torque distribution, which cause the tracking 
accuracy and synchronization performance of the multi-motor control system to be reduced, a multi-motor system control 
strategy with sliding mode virtual spindle adjacent cross-coupling control is proposed. First, the feedback torque of each motor 
is regulated by establishing a virtual spindle to improve the coordination of the system. Secondly, a speed compensator is 
designed to couple each motor to improve the system synchronization. Meanwhile, the sliding mode control strategy is used for 
the control of a single motor. The robustness and tracking accuracy of the system are tuned up. The simulation experiment results 
show that compared with the sliding mode cross-coupling control, sliding mode adjacent deviation coupling control, and PI 
virtual spindle-adjacent deviation coupling control, the system has a small synchronization error, strong anti-interference ability, 
and realizes high-precision coordinated control of multiple motors. 
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1. Introduction 
Multi-motor synchronous control is widely used in 

automobiles[1], wind power generation[2], coal mines[3], 
and other fields because it can provide a larger load drive and 
flexible motion mode for the system. In practical engineering, 
some factors, such as parameter differences in the motors and 
uneven distribution of torque to external loads, can reduced 
synchronization of multi-motor systems. the synchronization 
performance directly affects the stability and control accuracy 
of the whole system. Therefore, it is of great significance to 
research improving the synchronization of multi-motor 
control. 

Multi-motor synchronization control mainly includes two 
kinds mechanical synchronization control and electrical 
synchronization control [4]. Mechanical synchronous control 
connects multiple motors through a mechanical master shaft 
to achieve the speed synchronization requirements. 
Mechanical synchronization control structure is simple and 
easy to implement, but there are problems such as low control 
accuracy and mechanical structure wear. 

To solve the problems of mechanical synchronization 
control, scholars at home and abroad have proposed many 
electrical synchronization control algorithms, electrical 
synchronization control algorithms include coupled control 
and non-coupled control. 

Uncoupled control mainly has master command control 
and master-slave control[5]. The master command control 
structure is that each motor shares the same input signal, and 
the control system of each motor is independent of each other. 
The master-slave control structure is that the speed output 
signal of the master motor is used as the input signal of the 
slave motor, and the slave motor can be regulated based on 
the output signal of the master motor [6]. When the load 
torque is consistent, the uncoupled control has good 
synchronization [7]. Since there is no coupling between the 

motors, when the load torque is not consistent due to external 
disturbances, it will cause the speed between the motors to be 
inconsistent and the system will lose synchronization. 

The main types of coupling control are virtual spindle 
control [8], cross-coupling control [9], and deviation coupling 
control [10]. Virtual spindle control makes the multi-motor 
system keep synchronization by simulating the motion 
characteristics of the mechanical total axis [11]. However, 
there is the problem of time delay of the given signal and the 
system response is slow. Meanwhile, because there is no 
position controller in the virtual total axis control, the 
positional synchronization deviation that exists between the 
subsystems cannot be eliminated during the process of system 
startup and shutdown or when there is a random disturbance. 
Cross-coupling control adds speed error compensation based 
on parallel control to realize the coupling between motor 
control systems [12], but the cross-coupling control is only 
applicable to the synchronous control system of two motors, 
and the scope of application has limitations. Scholars have 
proposed deviation coupling control [13] by improving the 
cross-coupling structure, in which the speed output signal of 
each motor is multiplied by an appropriate scale factor after 
making a difference with the main motor, and then used as the 
speed compensation of each motor after summation. This 
control algorithm makes the system coupling degree high, any 
motor speed fluctuation can be transmitted to other motors so 
that the synchronization of the multi-motor control system is 
improved. As the number of motors in the system increases, 
the speed compensation module also increases, and the speed 
compensation module needs to consider the speed 
information of all motors, which makes the system arithmetic 
volume increase. Article [14] presents adjacent cross-
coupling control decoupling by simplifying the speed 
compensator structure on the basis of deviation coupling. 
Adopting the adjacent motor speed as the compensator input 
signal reduces the number of input signals and improves the 
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operation efficiency of the system. 
Therefore, a virtual spindle adjacent cross-coupling control 

structure is adopted in this paper. The torque information of 
all the motors is fed back to the virtual spindle, which is 
regulated through the virtual spindle, thus ensuring the 
coordinated operation of each motor. Each motor is 
compensated for the speed error of each motor through the 
adjacent cross-coupling structure, which improves the system 
coupling and ensures the system synchronization. At the same 
time, the use of an adjacent cross-coupling control structure 
simplifies the compensation structure of the system and 
reduces the system arithmetic. On this basis, the sliding mode 
controller is designed to control a single motor, which can 
further reduce the synchronization error of the system and 
improve the coordination and control accuracy of the system 
compared with the PI controller. Finally, the effectiveness of 
the control strategy is verified by simulation test results. 

2. Design of Synchronous Control 
Structure for Multiple Permanent 
Magnet Synchronous Motors 

2.1. Mathematical Model of Permanent 
Magnet Synchronous Motor 

The following assumptions are made when establishing the 
mathematical model of a permanent magnet synchronous 
motor: 

(1).Ignore space harmonics; 
(2).Neglecting core losses; 
(3).Neglecting magnetic circuit saturation; 
The mathematical model on the two-phase rotating 

orthogonal coordinate system d-p is obtained by applying 
Clark's transform and Parker's transform to the voltages, 
currents and magnetic chains on the three-phase stator 
windings of a permanent magnet synchronous motor. 

Stator voltage equation: 
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The magnetic chain equation: 
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The electromagnetic torque equation: 
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In this paper, the permanent magnet synchronous motor is 

selected as the surface-mounted type, whose magnetic 
resistance of the shaft is equal to that of the shaft, and at this 
time, the electromagnetic torque equation is: 
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Equations of motion: 
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In the above equation, du , qu , di , qi , d , q  are the 

stator voltage, stator current, and the components of the 
magnetic chain on the straight and intersecting axes; sR is the 

stator resistance; dL  and qL  are the synchronous inductance 

on the straight and intersecting axes; pn   is the number of 

pole pairs of the motor; J  is the rotational inertia; m  is the 

magnetic chain of the permanent magnet; and    is the 
angular velocity of the motor. 

2.2. Virtual spindle-adjacent cross-coupling 
coordinated control strategy 

The virtual spindle synchronization control is developed 
from the mechanical synchronization control, which has the 
physical characteristics of the mechanical spindle, and at the 
same time has the disadvantages of time delay of the given 
signal and slow system response. Therefore, the virtual 
spindle control structure combined with the neighboring 
cross-coupled control structure improves the system response 
speed, and to compensate for the speed error of each motor to 
improve the synchronization of the system. The multi-motor 
virtual spindle-adjacent cross-coupling control structure is 
shown in Figure 1. 
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Figure 1. The multi-motor virtual spindle-adjacent cross-coupling 

control structure 

 
When the system is running, the given rotational speed 

signal drives the virtual spindle to rotate, which in turn drives 
the slave axis motors to rotate. At this time, the virtual spindle 
equation of motion is: 

 

 m i

d
T T J

dt


   (6) 

 
Where: mT  is the output torque of the virtual spindle; iT  

is the feedback torque of each motor;   is the speed of the 
virtual spindle. 
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The virtual spindle output torque is related to the motor 
speed as: 

 

 ( )m m mT k     (7) 

 
Where:   is the given rotational speed; m  is the actual 

rotational speed of the virtual spindle; mk   is the elasticity 

coefficient of the virtual spindle. 

2.3. Rotation speed compensator design 
The structure of the adjacent cross-coupled control speed 

compensator is shown in Figure 2. Considering all single 
motors as master motors and adjacent motors as slave motors, 
it is only necessary to obtain the speed feedback from adjacent 
motors as input signals, make differences with the master 
motor respectively, and pass the gain parameter K and sum up 
as the speed compensation signal of each motor. 
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Figure 2. The structure of the adjacent cross-coupled control speed 

compensator 

 
The compensation gain parameter K reflects the coupling 

degree of each subsystem, and the compensation gain 
parameter K should be selected regarding the rotational 
inertia of each slave axis. In this paper, the connection shaft 
between the motor and the virtual total axis is ignored, and 
the rotational inertia of the motor can be taken as the 
rotational inertia of the slave axis. To realize the synchronous 
and coordinated response of each motor speed, each 
compensation coefficient is normalized. Comparing the 
rotational inertia between the main motor and the neighboring 
motors, the maximum value ( kJ ) is selected as the reference 

inertia, and the rotational inertia of the remaining two motors 
is converted to the reference inertia for the conversion 
operation, to determine the compensation gain coefficients K 
of each motor. 
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3. Sliding Mode Control Strategy for 
Permanent Magnet Synchronous 
Motor 

3.1. The quick-power reaching law 
Mathematical expression for the traditional exponential 

convergence law: 
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where: 0  , 0K  , sgn()  is the sign function. 

When the controlled quantity is far away from the sliding 
mode switching surface (S=0), the traditional exponential 
reaching law adopts the exponential way to converge; when 
the controlled quantity is closer to the sliding mode surface, 
the traditional exponential reaching law adopts the equal 
speed way to converge. Slip film gain   is too large or too 
small, making the reaching speed faster or slower, the slip 
film system regulation process is unstable, causing the speed 
control system to jitter, so the traditional exponential reaching 
law of the motion performance is not good. 

Aiming at the shortcomings of the traditional exponential-
reaching law, the double-power reaching law (DPRL) 
increases a controlling factor based on the traditional 
exponential-reaching law. The double-power reaching law 
equation is[15]: 
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Where: 0 1  . 
Compared with the traditional exponential reaching law, 

the DPRL does not add new parameters, but only further 
utilizes the pre-existing data. When the system is far away 

from the sliding mode surface, when S  , 
w

S  , it 

can accelerate the speed of the control quantity converging to 
the sliding mode surface, so the reaching speed is much larger 
than the traditional exponential reaching law, which improves 
the response speed of the system. When the system converges 
to the sliding mode surface, the QPRL will be gradually 

reduced as the system is converging, 0S   , 0
w

S   , 

which makes the system reach the sliding mode surface of the 
convergence speed less than the reaching speed of the 
traditional exponential reaching law, reducing the reaching 
movement through the inertia of the distance of the sliding 
mode surface, and when reaching the equilibrium state, the 
DPRL happens to be zero, to realize the sliding film variable 
structure control jitter suppression, and to improve the 
stability of the system. stability of the system. 

3.2. Speed sliding mode controller design 
The speed slip film controller requires the speed error to 

arrive and stabilize on the slide mold surface in a finite 
amount of time. The speed outer loop slip film controller 
output control quantity is qi

 . 

First, define the speed error: 
 

 e     (12) 

 
Where:   is the given speed;   is the feedback speed. 
Define the speed sliding mode surface switching function: 
 

 S e       (13) 

 
If 0S  , the speed slip mode controller can stabilize on 

the slip mode switching surface the motor speed    can 
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track a given speed  . 
Differential operations on the rotational speed sliding mode 

switching surface of Eq. (13) are obtained: 
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This is obtained from the electromagnetic torque equation 

(4) and the motor motion equation (5): 
 

 
3

2
p

p m q L

nd
n i T

dt J

    
 

 (15) 

 
This can be obtained by bringing equation (15) into 

equation (14): 
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Bringing Eq. (16) into the QPRL Eq. (11) gives: 
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The speed slip mode controller expression can be obtained 

from equation (17): 
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According to the Lyapunov stability principle, it is known 

that to prove the stability of the rotational speed sliding mode 
controller, it needs to be satisfied: 
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Associative equations (11), (13), and (19) are used to 

construct the Lyapunov stabilization equations for the 
rotational speed sliding film controller: 
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The analysis of Eq. (20) shows that the first terms 

sgn( )     and      have the same positivity, so it 

satisfies the Lyapunov stability condition ( ) 0V x   . 

Therefore, the designed rotational speed sliding film 
controller can quickly converge to the sliding mode surface in 
a finite time, and the sliding mode controller is stable. 

3.3. Current Sliding Mode Controller Design 
The current equation of state of a permanent magnet 

synchronous motor in a two-phase rotating orthogonal 
coordinate system (d-q) is given by: 
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Define the current error: 
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Where: di

  is the stator current in the d-axis, and qi
  is the 

stator current in the q-axis; di   and qi   is the feedback 

current. 
Define the current sliding mode surface switching function: 
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A differential operation on the Eq. (23) current synovial 

section function gives: 
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The current state of a permanent magnet synchronous 

motor in a two-phase rotating orthogonal coordinate system 
(d-q) is obtained from equation (21) and equation (24): 
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Bringing Eq. (25) into the fast power exponential 

convergence law Eq. (11) gives: 
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The expression for the current slip film controller is 

obtained from equation (26): 
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Prove the stability of the current slip film controller and 
construct the Lyapunov function: 
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Differentiation of Eq. (28) yields: 
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Associative equations (11), (19), and (23) are used to 

construct the Lyapunov stabilization equations for the current 
sliding film controller: 
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The analysis of Eq. (20) shows that the first terms 
sgn( )i i   and i i   have the same positivity, so it satisfies 

the Lyapunov stability condition ( ) 0V x   . Therefore, the 

designed rotational speed sliding film controller can quickly 
converge to the sliding mode surface in a finite time, and the 
sliding mode controller is stable. 

4. Simulation experiment and analysis 
To verify the synchronization and effectiveness of the 

proposed sliding mode virtual spindle-adjacent cross-
coupling control, the motor control simulation experiments of 
PI deviation coupling control, SMC deviation coupling 
control, SMC adjacent cross-coupling control, and SMC 
virtual spindle-adjacent cross-coupling control are 
constructed in the MATLB/Simulink platform, respectively. 
Four permanent magnet synchronous motors of the same 
model are selected as the controlled motors, and their 
corresponding parameters are slightly different considering 
the actual situation. The parameters of the four motors are 
shown in  

Table 1.
 

Table 1. The parameters of the four motors 

 
Stator 

resistance(Ω) 
Armature 

inductance(H) 
Flux 

linkage(Wb) 
viscous 

damping(Nꞏmꞏs) 
Inertia(kgꞏm2) pole pairs 

Motor 1 1.5 0.012468 0.175 0.0003 0.000762 4 
Motor 2 1.51 0.012466 0.1751 0.00031 0.000763 4 
Motor 3 1.52 0.012468 0.1752 0.00032 0.000764 4 
Motor 4 1.49 0.012468 0.1749 0.00033 0.000759 4 

 
In the simulation test, the given speed is 500r/min and the 

load torque is 1 N·m. The load torque rises to 3 N·m in 20ms 
of steady-state operation and decreases to 2 N·m in 60ms of 
steady-state operation. 

The motor speed under different control is shown in Figure 
3, the motor speed of the SMC control structure enters the 
steady state in 8ms and has no overshooting, while the motor 
speed of the PI control structure has overshooting and 
vibration shaking phenomenon, and the steady state 

adjustment time is 5ms. when the load torque changes 
suddenly, the speed drop of the SMC control system is smaller 
than that of the PI controller, and it recovers to the steady state 
quickly, and the steady state recovery time is smaller than that 
of the PI control. the SMC control system is more robust than 
the PI control. The SMC control system is more robust than 
the PI control, improves the anti-interference performance of 
the system, and reduces the synchronization error of multiple 
motors.
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(c) Adjacent cross-coupled sliding mode control
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(d) Virtual spindle adjacent cross-coupled sliding mode control
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(a) Deviation-coupled PI control
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(b) Deviation-coupled sliding mode control

 
Figure 3. Speed comparison of motors with different control methods 

 
The different controls corresponding to the motor error are 

shown in Figure 4, comparing Figure. 4-(a), 4-(b), 4-(c) and 4-
(d). In the case where the synchronization error is always 
present, the PI deviation coupling control has the highest 

number of synchronization error oscillations and the largest 
synchronization error. The SMC virtual spindle-adjacent 
cross-coupling control has the smallest. The virtual spindle-
adjacent cross-coupling control structure is the most sensitive 
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to inter-motor synchronization error and can adjust the inter-
motor synchronization error in time. 

The synchronization control effect will be compared to the 
synchronization error between motor 1 and motor 2, for 
example, as shown in Figure. 4-(d), the synchronization error 
of the virtual spindle-adjacent cross-coupling control 
structure is in the range of -0.004~0.001 rpm/min, and the 
maximum synchronization error is 0.004 rpm/min and tends 
to be close to 0. As shown in Figure 4-(c), the synchronization 

error of the adjacent cross-coupling control structure is in the 
range of -0.35 to 0.2 range. From Figure. 4-(b), the 
synchronization error of the deviation-coupled control 
structure varies in the range of -0.3 to 0.3. Comparing these 
three control structures, it can be seen that the virtual spindle-
adjacent cross-coupling control structure has the smallest 
synchronization error, and the synchronization error can be 
precisely adjusted during the motor start-stop phase so that 
the synchronization error tends to zero.
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Figure 4. Comparison of speed errors of motors with different control methods 

 
As can be seen from Figure 5 and Figure 6, when the 

external load torque of the system changes, the 
synchronization error of the virtual spindle-adjacent cross-
coupling control structure is the smallest, the system is almost 
free of oscillation, and the regulation time is the shortest and 

tends to be 0. In comparison, the systems of the adjacent 
cross-coupling control structure and the deviatoric coupling 
control structure are unable to reduce the system jitter 
vibration and exacerbate the phenomenon of jitter vibration 
during the regulation of synchronization error.
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Figure 5. Comparison of speed errors of motors with different control methods (when load torque varies at 20ms) 
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(c) Adjacent cross-coupled 
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(d) Virtual spindle adjacent cross-
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Figure 6. Comparison of speed errors of motors with different control methods (when load torque varies at 60ms) 

 

5. Conclusion  
Aiming at the shortcomings of the traditional multi-motor 

synchronous control system, such as synchronization error 
and poor following performance, this paper adopts the virtual 
spindle-cross-coupling control structure, designs the speed 
compensator to compensate the speed of each motor, and at 
the same time applies the sliding mode controller to the 
control of a single motor. The coordinated operation system 
of four synchronous motors is built by MATLAB/Simulink 
platform, and the simulation results show that the sliding 
mode control strategy improves the robustness and 
synchronization of the system to the differences in the motor 
parameters and load changes. Compared with the cross-
coupled control structure and deviation-coupled control 
structure, the virtual spindle-cross-coupled control structure 
has the advantages of small synchronization error and good 
following performance, which reduces the synchronization 
error due to the parameter differences and makes the system 
have good coordinated control accuracy. 
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