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ABSTRACT: To achieve high-precision synchronous control of multiple motors, this study utilizes a permanent magnet synchronous
motor as a case study. It adopts a fuzzy internal model proportional-integral-derivative algorithm with integral separation for single-
motor control. On this basis, the virtual spindle synchronization strategy of multi-motor synchronous control and fuzzy control algorithm
are further introduced to adjust the feedback torque compensation coefficient dynamically, optimizing the virtual spindle synchronization
strategy. The results showed that in single-motor control, the dual closed-loop fuzzy proportional-integral control algorithm achieved a
torque fluctuation error of 4N ·m when the load torque changed significantly. The fuzzy internal model proportional-integral-derivative
control algorithm with integral separation had a relatively smooth adjustment process, and the maximum torque fluctuation did not
exceed 1N ·m. In multi-motor synchronous control, the improved virtual spindle synchronous control strategy had a synchronization
error of only 14.2 r/min between motor 1 and motor 2, as well as between motor 1 and motor 3. The single-motor and multi-motor
synchronous control strategies used in the study have high control accuracy and response efficiency, which is conducive to improving
the synchronization accuracy and coordination between motors. The improved strategy provides a reliable control scheme for industrial
automation systems.

1. INTRODUCTION

With the widespread application of multi-motor drive sys-
tems in industrial automation, robotics, and other fields,

the Synchronous Control (SC) problem among multiple mo-
tors has become an important research direction [1, 2]. The
purpose of SC strategy is to ensure the coordinated operation
of multiple motors, so that the control system has low syn-
chronization error and high response speed, while also having
strong anti-interference performance. SC strategy can be cat-
egorized into electrical synchronization and mechanical syn-
chronization [3]. The main and secondary shafts of mechanical
synchronization are connected by a series of mechanical trans-
mission devices, and the motion state of the main shaft can be
transmitted to the driven shaft through this device. If the mo-
tion state of the driven shaft changes, the main shaft will also
change accordingly, ensuring synchronous operation of both.
This method has a simple structure, but it has significant spa-
tial limitations and high requirements for connection devices,
making it difficult to ensure controllable accuracy [4]. In recent
years, electrical synchronization has been widely used in multi-
motor SC. This method does not have a mechanical transmis-
sion device but uses an upper computer to send control instruc-
tions [5]. Compared with mechanical synchronization, electri-
cal synchronization has higher flexibility and control perfor-
mance and has been widely used. However, traditional elec-
tric SC methods have poor adaptability to load changes, mo-
tor parameter fluctuations, and external disturbances in the sys-
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tem, which can easily lead to increased synchronization errors.
Therefore, how to raise the precision, robustness, and resis-
tance to interference of electric SC systems remains an impor-
tant challenge in current research on multi-motor SC.
The control problem of synchronous motors has become

a key challenge in engineering applications. Li et al. pro-
posed a finite control set model predictive control scheme for
the control problem of Permanent Magnet Synchronous Mo-
tor (PMSM). The advantages and disadvantages of this method
were highlighted, and a weight factor adjustment and delay
compensation scheme were adopted to improve the control
method. The outcomes showed that the control capability of
the reformed finite control set model predictive control scheme
was greatly improved [6]. Dianov et al. proposed an improved
maximum torque per ampere control algorithm to address the
issues of load and motor parameter variations in synchronous
motor torque maximization control. The results indicated that
the algorithm could validly raise control efficiency and accu-
racy in practical applications, and different maximum torque
per ampere control methods were applicable to different ap-
plication scenarios [7]. To achieve effective control of multi-
motors in high power, Rubino et al. proposed a segmented
approach for vector control for multiple three-phase PMSMs.
This scheme used modular modeling methods to independently
control the torque of each three-phase unit and implemented a
torque-sharing strategy. The results indicated that this approach
could validly improve the fault tolerance and overall perfor-
mance of the system, and shorten the design cycle [8]. To deal
with the matter of insufficient integral control in the standard
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model, Favato et al. raised a velocity form model predictive
control method that combined disturbance observers. This ap-
proach was designed to eliminate bias errors in reference track-
ing by introducing incremental formulas. It was applied in cur-
rent control driven by synchronous motors. The results indi-
cated that this approach could validly handle unmodeled inter-
ference and parameter mismatch while providing good refer-
ence tracking performance [9].
In response to the limitations of traditional control meth-

ods, researchers from various fields have proposed various self-
tuning control schemes based on fuzzy rules. Nath et al. found
that the fixed value of λ in traditional Internal Model Controller
(IMC) had certain limitations. Therefore, they proposed a self-
tuning scheme for the internal model Proportional-Integral-
Derivative (PID) controller based on fuzzy rules. This method
dynamically adjusted the value of λ through fuzzy control rules
to meet different process response requirements. The results in-
dicated that the raised scheme had significant dynamic capabil-
ity in temperature and liquid level control circuits, effectively
avoiding oscillation and excessive deviation from the set val-
ues [10]. Li et al. and Adeniran et al. raised a simplified fuzzy
PID controller grounded on decomposed fuzzy system design
to address the shortcomings of traditional PID controllers in
longitudinal dynamics control of autonomous vehicles. This
method optimized and adjusted PID parameters by introducing
a decomposed fuzzy system. The results indicated that the im-
proved controller could validly optimize transient response and
enhance system performance compared to traditional PID and
fuzzy PID [11, 12]. To solve the problem of external distur-
bances in industrial temperature control systems, Liu et al. pro-
posed a vague fractional degree PID control methodology. This
algorithm used fractional order fuzzy rules to update the con-
troller gain coefficient online. The simulation results indicated
that the controller could effectively raise the operational re-
sponsiveness of the temperature control system and optimize
the robustness of the system [13]. Baz et al. proposed a hybrid
fuzzy PID controller for regulating the speed of electrical vans
to address the dynamic modeling problem of complex vehicles.
The results indicated that the proposed controller could provide
smoother velocity regulation during both speeding up and slow-
ing down phases, and maintain good control performance even
in complex road conditions [14].
In summary, various motor control methods have been pro-

posed in industry research. However, most methods cannot
balance control accuracy and efficiency and are easily affected
by external disturbances, resulting in low robustness. For this
type of problem, taking PMSM as an example, a fuzzy inter-
nal model PID algorithm with integral separation is adopted
for single-motor control, and a virtual spindle synchronization
strategy is introduced to optimize multi-motor SC. Concur-
rently, the compensation coefficient of feedback torque under-
goes dynamic adjustment through the integration of the fuzzy
control algorithm, thereby enhancing the synchronization accu-
racy, efficiency, and robustness of multi-motor systems. The
novelty of this research consists of introducing fuzzy PID con-
trol and integral separation mechanism in traditional IMC al-
gorithms, which contributes to raising the accuracy and re-
sponse speed of single-motor control, while effectively sup-

pressing system overshoot and oscillation. Secondly, the intro-
duction of a virtual spindle synchronization strategy optimizes
multi-motor SC and solves the synchronization error problem
in multi-motor systems.

2. METHODS AND MATERIALS
To explore high-precision multi-motor SC strategies, the study
first analyzes the control strategy of a single-motor, taking
PMSM as an example, and introduces the fuzzy internal model
PID algorithm with integral separation. On this basis, the study
further introduces a virtual spindle synchronization strategy for
SC of multiple motors and dynamically adjusts the compensa-
tion coefficient of feedback torque by introducing fuzzy control
algorithm to optimize the virtual spindle synchronization strat-
egy.

2.1. Single-Motor Control Based on Fuzzy Internal Model PID
Single-motor systems have excellent speed regulation perfor-
mance, which is a prerequisite for the stable operation of
multi-motor SC systems [15]. When a multi-motor SC sys-
tem encounters external disturbances, in addition to its anti-
interference performance, the regulating ability of a single-
motor also plays a crucial role. Therefore, before studying
multi-motor SC methods, it is necessary to explore control al-
gorithms for single-motors. The motor used in the study is
PMSM. The motor consists of a rotor and a stator. During
the operation of the motor, the stator is connected to three-
phase AC power and generates a magnetic field in rotation.
This magnetic field engages with the magnetic field produced
by the permanent magnet, thereby driving the rotor to rotate.
The traditional PID control algorithm has low anti-interference
performance and poor control effect for PMSM control [16].
To this end, the study introduces the IMC algorithm and com-
bines it with the PID algorithm to form the internal model PID
algorithm, which is used to adjust the three major parameters
of proportional, integral, and derivative ones in the PID algo-
rithm. The IMC algorithm is predicated on a relatively simple
design principle that exhibits high efficiency. This design prin-
ciple enables real-time parameter adjustment, thereby enhanc-
ing the control effect. The diagrammatic representation of the
IMC structure is shown in Figure 1.

FIGURE 1. IMC structure diagram.
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FIGURE 2. The framework of the fuzzy internal model PID algorithm.

In Figure 1, r and y respectively represent input and out-
put signals. d represents external interference signals,Q(s) the
IMC, P (s) the subject of control, andM(s) the math-model of
P (s). To ease the process of calculating the transfer function
between input and output, the original structure is equivalently
treated, and a feedback controller is introduced. Its calculation
is shown in Equation (1) [17].

C(s) =
Q(s)

1−Q(s)M(s)
(1)

In Equation (1), C(s) represents the feedback controller of the
equivalent diagram of the internal model structure. When r and
y are used as inputs and outputs, their transfer functions are
shown in Equation (2).

y

r
=

C(s)P (s)

1 + C(s)P (s)
(2)

When d and y are used as inputs and outputs, their transfer func-
tions are shown in Equation (3).

y

d
=

D(s)

1 + C(s)P (s)
(3)

Substituting Equation (1) into Equations (2) and (3) yields
Equation (4).

y

r
=

Q(s)P (s)

1 +Q(s)[P (s)−M(s)]

y

d
=

[1−Q(s)M(s)]D(s)

1 +Q(s)[P (s)−M(s)]

(4)

When the inputs are r and d, the transfer function expression is
show in Equation (5).

y =
Q(s)P (s)

1+Q(s)[P (s)−M(s)]
r+

[1−Q(s)M(s)]D(s)

1+Q(s)[P (s)−M(s)]
d (5)

When P (s) is in a stable state, M(s) = P (s) is obtained. If
there is an inverse ofM(s), the designed IMC needs to be equal
to the inverse ofM(s), so that the input and output remain con-
sistent. Therefore, an ideal controller system is not affected by
input and interference, and can achieve error free tracking out-
put in any situation. However, there is a lag link in M(s), and
the controller designed based on the inverse of M(s) does not
satisfy the causal law. Therefore, in the design of the IMC, the

research mainly splits the design of the IMC and then carries
out corresponding design. The specific design steps are to first
decomposeM(s) intoM+(s) andM−(s), whereM+(s) has a
pure hysteresis component, and M−(s) is the minimum phase
component. Then, a filter is added to the inverse ofM−(s), as
shown in Equation (6).

Q(s) =
f(s)

M−(s)
(6)

In Equation (6), α represents a filter that passes low frequen-
cies, and its calculation is shown in Equation (7).

f(s) =
1

(1 + αs)η
(7)

In Equation (7), α represents the time constant, which can reg-
ulate the system’s operational efficiency. α mainly affects the
dynamic response of controllerQ(s) by controlling the “cut-off
frequency” of the filter. When α is smaller, the filter attenuates
low-frequency signals less, and the system can respond to in-
put signals more quickly. On the contrary, increasing α will re-
duce the system’s response to high-frequency signals, making
the system less sensitive to noise and high-frequency compo-
nents. η is a parameter that ensures the feasibility of the IMC.
However, the internal model PID algorithm is difficult to bal-
ance the stable performance of the motor during start-up and
disturbance [18]. For this purpose, fuzzy control is further in-
troduced in the study, and the control parameter λ is proposed to
modify the PID parameters in immediate time. The schematic
diagram of the framework of the fuzzy internal model PID al-
gorithm is shown in Figure 2.
In Figure 2, the input of the fuzzy internal model PID control

system includes error e and error change rate ec. The variable
λ is derived by fuzzy inference, and the three major parame-
ters of the internal model PID are adjusted accordingly. Sub-
sequently, it acts on the controlled object to achieve effective
control. When the deviation is large, the value of λ is large;
otherwise it is small. Fuzzy algorithm can adjust the three pa-
rameters of internal model PID by adjusting the value of λ, but
this process may lead to overshoot. The reason is that when the
motor is just started, the integral will begin to accumulate devi-
ation, causing overshoot [19, 20]. To avoid this phenomenon,
the study further introduces the idea of integral separation. The
simulation model of the fuzzy internal model PID controller in-
corporating the idea of integral separation is shown in Figure 3.
As shown in Figure 3, Wm1 represents the input signal of

the integrator, and 30/pi is the scaling factor. After adjusting
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FIGURE 3. Fuzzy internal model PID controller introducing integral separation concept.

FIGURE 4. Structural diagram of mechanical spindle SC.

the proportional factor of the input signal, it enters the integra-
tor, which calculates the accumulated total of the input signal
and outputs the integration result. The core idea of integral sep-
aration is that the integral effect does not always exist in the
control process, but is dynamically added or separated accord-
ing to actual needs. Specifically, during the response start-up
phase of the system, the integration process is gradually intro-
duced when the system output approaches the set target value to
eliminate static errors in the system. The fuzzy internal model
PID control algorithm with integral separation is a system that
primarily controls the activation of integral action by estab-
lishing triggering conditions. This ensures that excessive ac-
cumulation of integral terms is avoided in the early stage of
startup, thereby preventing overshoot. Additionally, integral
action is employed to eliminate steady-state errors when the
system gradually approaches a steady state. This method ef-
fectively improves the corresponding speed and enhances the
stability of the system through fuzzy control and dynamic PID
parameter adjustment.

2.2. Multi-Motor Virtual Spindle SC Strategy
By designing a single-motor control method based on fuzzy in-
ternal model PID controller, the dynamic performance of the
control system is enhanced. On this basis, further analysis is
conducted on the multi-motor SC strategy. The traditional me-
chanical synchronization strategy is prone to mechanical dam-
age and lacks flexibility. Therefore, the study introduces a vir-

tual spindle synchronization strategy. This strategy is devel-
oped for SC of mechanical spindles, and the specific structural
diagram is shown in Figure 4.
In Figure 4, the master and slave axes are mechanically con-

nected, with the main axis driven by a motor and the slave axis
moving through the mechanical connection. At the same time,
the motion feedback from the axis will be transmitted to the
main axis, and the two will be coupled with each other. Un-
like traditional mechanical spindle SC, virtual spindle belongs
to the electric SC strategy, which mainly sets up a virtual spin-
dle to transmit input signals from the shaft. At the same time,
a feedback loop is set up to ensure that the rotational speed of
the spindle and the slave shaft remains coupled. In addition, the
virtual spindle synchronization strategy mainly achieves SC by
changing the spindle parameters. The schematic diagram of
virtual spindle SC with three motors is shown in Figure 5.
In Figure 5, Jm means the inertia of the spindle’s rotational

mass, Ti the torque transmitted to the spindle by each driven
axis, T the driving torque received by the spindle, ω∗ the input
angular velocity, ωm the angular velocity of the virtual spin-
dle, and ω1, ω2, and ω3 represent the angular velocities of each
slave axis. Similar to the real spindle, the virtual spindle will be
driven to move from the spindle by a driving torque. The ex-
pression for the relationship between the angular velocity and
torque of the spindle is shown in Equation (8).

T −
∑

Ti = Jm
dωm

dt
(8)
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FIGURE 5. Schematic diagram of virtual spindle SC with three motors.

In Equation (8), dt represents the derivative of time, and the
calculation of T is shown in Equation (9).

T = Bm(ω∗ − ωm) +Km ∫(ω∗ − ωm)dt (9)

In Equation (9), Bm represents the attenuation coefficient of
the spindle. ω∗ represents angular velocity, which needs to be
set in advance. Km represents the elasticity coefficient of the
spindle. The calculation of Ti is similar to that of T . Consider-
ing the mechanical connection device between the master and
slave shafts, which is easily affected by damping and elasticity,
the calculation of Ti can be obtained as shown in Equation (10).

Ti = Bi(ωm − ωi) +Ki ∫(ωm − ωi)dt (10)

In Equation (10), ωm represents the attenuation coefficient of
the driven shaft. ωi means the actual rotational speed of the
driven shaft. Ki means the elastic coefficient of the driven
shaft. In the three motor SC model, the virtual spindle will
provide inputs for all motors. Under the ideal SC, the synchro-
nization error remains zero when all motors are operating. At
this point, the angular acceleration of the virtual spindle is zero;
the system is stable; and themotor speed is synchronized. How-
ever, when a certain motor is subjected to external disturbances,
its speed will rapidly decrease, causing errors in the speed of
that motor compared to other motors. To restore synchroniza-
tion, the system needs to increase feedback torque to adjust the
speed of the disturbance motor. The traditional virtual spin-
dle synchronization control method can achievemotor synchro-
nization control to a certain extent. However, when a specific
motor is disturbed, merely increasing the feedback torque can
lead to an accelerated decrease in spindle speed, thereby com-
promising the synchronization accuracy and system stability of
other motors [21]. Therefore, an improved virtual spindle SC
method is proposed, which rewrites the feedback torque from
the axis to the spindle, as shown in Equation (11).

Ti = Bi(ωm − ωi) +Ki ∫(ωm − ωi)dt+ k · c · (ω′′) (11)

In Equation (11), c represents the conditional coefficient, and
k represents the compensation coefficient. Unlike the origi-

nal feedback mechanism, the improved feedback mechanism
adds k · c · (ω′′, which takes a value of 0 when not being dis-
turbed, and not 0 when being disturbed. This approach is ben-
eficial for rapidly reducing synchronization errors and improv-
ing the efficiency and accuracy of SC response. Among them,
the compensation coefficient k characterizes the magnitude of
the feedback torque. When eliminating synchronization errors,
the larger the error is, the larger the value of k is. When the
error is small, k decreases accordingly to ensure system stabil-
ity. The adjustment of the compensation coefficient k is mainly
carried out using fuzzy algorithms. (ω′′ is set as the error e of
the fuzzy controller, together with the error change rate ec as
the input and k as the output. The fuzzy rule set is presented in
Table 1.

TABLE 1. Fuzzy rule table.

E/K/Ec B M S ZO
B B B B B
M B M M M
S M M S S
N M M S ZO
ZO M S S ZO

In Table 1, K is the language variable of k. E and Ec are
the linguistic variables of error e and error rate of change ec,
respectively. In fuzzy sets, ZO represents 0; N represents neg-
ative; and B, M, and S represent large, medium, and small, re-
spectively. E contains four variables: B, M, S, and NO, while
Ec contains five variables: B, M, S, NO, and N. A total of 20
fuzzy rules are obtained in Table 1, expressed in the form of “if
(E is B) and (Ec is N) then (K is M)”. The optimized SC model
that dynamically adjusts the value of k using fuzzy algorithm
is shown in Figure 6.

3. RESULTS
The study first verified the effectiveness of the fuzzy internal
model PID control algorithm with integral separation in single-
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FIGURE 6. Improved SC model.

(a) (b)

FIGURE 7. The speed variation of various control algorithms. (a) Speed variation curve. (b) Partial enlarged image.

motor control and compared it with the dual closed-loop fuzzy
(CLF) PI control algorithm. On this basis, the effectiveness
of the improved virtual spindle SC strategy for multi-motor
SC was verified, and the master-slave SC method, deviation
coupling control method, and unimproved virtual spindle SC
method were selected for comparison.

3.1. Simulation Analysis of Single-Motor Control Strategy
To confirm the validity of the single-motor control algorithm
based on fuzzy internal model PID control algorithm, a PMSM
speed control system simulation model was constructed in
Simulink simulation environment using PMSM as an example.
The motor parameters in the model are shown in Table 2.

TABLE 2. Motor parameters.

Name Numeric value
Number of electrodes 4
Stator resistance 0.958Ω
Stator inductance 12mH
Flux linkage 0.1827Wb

Damping coefficient 0.008N ·m · s
Moment of inertia 0.003 kg ·m2

The study first verified the speed variation of the fuzzy inter-
nal model PID control algorithm with integral detachment and
the fuzzy internal model PID control method without integral
separation under the same simulation conditions. The target
speed was set to 500 r/min; the simulation duration was 0.15 s;
and the load torque (LT) was increased to 15N ·m at 0.5 s. Un-
der these conditions, the speed changes of the two control meth-

ods are shown in Figure 7. From Figure 7, during the motor
start-up phase, the fuzzy internal model PID control algorithm
with integral separation could effectively suppress overshoot
and improve the system’s stability.
To confirm the effectiveness of the fuzzy internal model PID

control method with integral detachment, double CLF PI con-
trol algorithm was further compared with it. The simulation
duration was set to 0.4 seconds. At t = 0 s, the LT applied to
themotor was 0N ·m. At 0.2 s, the LTwas increased to 40N ·m
and the speed raised to 100 r/min. The torque was reduced to
20N ·mat 0.3 s and the speed increased to 200 r/min. The simu-
lation results of the dual CLF PI control method are in Figure 8.
From Figure 8, the dual CLF PI control algorithm exhibited
good dynamic characteristics in reaction to variations in veloc-
ity and torque. The system could quickly respond to changes in
speed and torque and achieve a relatively fast adjustment pro-
cess. As shown in Figure 8(a), the system could adjust the out-
put within 0.02 seconds when the set speed changed, ensuring
precise control of the system. However, there was a certain
overshoot phenomenon in the system throughout the process of
adjusting speed. When the system attempted to reach the target
speed, the speed would quickly increase to 220 r/min and then
gradually fall back to a stable state, which led to insufficient
smoothness in speed control and affected the system’s regula-
tion effect. In Figure 8(b), when the LT changes significantly,
there was a large pulsation phenomenon in the torque output,
and the fluctuation error reached 4N ·m, resulting in the insta-
bility of the motor output.
The simulation results of the fuzzy internal model PID con-

trol method with integral detachment are in Figure 9. From
Figure 9(a), in the fuzzy internal model PID control method
with integral detachment, the response time of the speed was
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(a) (b)

FIGURE 8. Speed and torque output of dual CLF PI control algorithm. (a) Speed variation curve. (b) Torque variation curve.

(a) (b)

FIGURE 9. Speed and torque output of fuzzy internal model PID control algorithm. (a) Speed variation curve. (b) Torque variation curve.

(a) (b)

FIGURE 10. Changes in motor speed in master-slave SC strategy. (a) Motor 1 applies load. (b) Motor 3 applies load.

only 0.03 s when the load changed. Meanwhile, the fuzzy inter-
nal model PID control method with integral detachment could
effectively suppress speed overshoot and avoid overshoot phe-
nomenon. As shown in Figure 9(b), when there was an abrupt
shift in LT, the fuzzy internal model PID control method with
integral detachment could respond in a timely manner, and the
adjustment process was relatively smooth. Among them, the
maximum torque fluctuation did not exceed 1N ·m, which ef-
fectively reduced torque fluctuation and alleviated overshoot
compared to the dual closed-loop control algorithm.

3.2. Simulation Analysis of Multi-Motor SC Strategy
To verify the effectiveness of the improved virtual spindle SC
strategy for multi-motor SC, a fuzzy internal model PID control
algorithm was adopted as the single-motor control method, and
a three motor simulation model was built in Simulink environ-
ment. The reference speed was scheduled to 500 r/min and the
simulation time scheduled to 0.15. Meanwhile, the study com-
pared the master-slave SC method, deviation coupling control
method, and unimproved virtual spindle SC method with the
proposed control strategy. Two simulations were conducted in

the master-slave SC method. At 0.05 s for the first time, the LT
carried by the first motor was raised from 0N ·m to 15N ·m.
The second simulation was to increase the LT of the third motor
from 0N ·m to 15N ·m at 0.05 s. The speed changes of each
motor in the two simulations are shown in Figure 10. As shown
in Figure 10(a), when a load was applied to motor 1 at 0.05 s,
there was a certain lag in all other motors. As shown in Fig-
ure 10(b), when an LT was applied to motor 3, the other motors
were not affected. The reason is that in this control strategy, the
speed is unidirectionally coupled and can only be influenced by
the main shaft and the secondary shaft, which cannot affect the
main shaft.
The research continued to simulate and compare the devia-

tion coupling control method, unimproved virtual spindle SC
method, and raised control methodology. In the simulation set-
ting, the LT of the first motor was increased from 0N ·m to
15N ·m at 0.05 s. The speed changes of each control strategy
are shown in Figure 11. In Figure 11(a), in the deviation cou-
pling control method, when a load was applied to motor 1, mo-
tor 1 compensated for the coupled motor 3, resulting in a sig-
nificant decrease in the speed of motor 3. Subsequently, the
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(a) (b)

(c)

FIGURE 11. Changes in rotational speed of various control strategies. (a) Deviation coupling control method. (b) Unimproved virtual spindle
synchronization control method. (c) Improved virtual spindle synchronization control method.

(a) (b)

FIGURE 12. Synchronization error of each motor in different control strategies. (a) Error of virtual spindle synchronization control strategy before
improvement. (b) Error of virtual spindle synchronization control strategy after improvement.

speed of motor 2 decreased. Therefore, the descent amplitude
of motor 3 was greater than that of motor 2. As shown in Fig-
ure 11(b), in the unimproved virtual spindle SC method, when
a load was applied to motor 1, its speed rapidly decreased, driv-
ing the other motors to decrease together, but the decrease was
not significant. From Figure 11(c), the improved virtual spindle
SC method had a greater response to load changes and would
drive the speed of other motors to rapidly decrease following
motor 1, reducing the synchronization error between each mo-
tor. Overall, the improved virtual spindle SC method had better
SC effect.
Further research was conducted to verify the synchronization

errors of each motor in the virtual spindle SC strategy before
and after improvement, as shown in Figure 12. In Figure 12(a),
in the unimproved virtual spindle SC strategy, the synchroniza-
tion error between motor 1 and motor 2, as well as motor 1 and
motor 3 was as high as 24.6 r/min. According to Figure 12(b),
in the improved virtual spindle SC strategy, the synchronization
error between motor 1 and motor 2, as well as motor 1 and mo-
tor 3 was only 14.2 r/min, which was significantly better than
the original control strategy.

4. DISCUSSION AND CONCLUSION
To achieve high-precision and high-efficiency multi-
synchronous motor control, a fuzzy internal model PID
control algorithm with integral detachment and an improved
virtual spindle SC strategy were proposed. The results showed
that in single-motor control, compared with the fuzzy internal
model PID control algorithm without integral separation, the
control algorithm with integral separation could effectively
suppress system overshoot. The double CLF PI control system
had a large overshoot when being disturbed. The improved
fuzzy internal model PID control algorithm could effectively
avoid this phenomenon. The reason is that the integral separa-
tion mechanism can adjust the integral action promptly when
the system is disturbed, avoiding the overshoot phenomenon
caused by excessive integral action. In multi-motor SC, the
master-slave SC strategy suffered from time delay and over-
shoot accumulation. In the deviation coupling control method,
when a load was applied to motor 1, motor 1 compensated
for the coupled motor 3, resulting in a significant decrease
in motor 3’s speed. In the unimproved virtual spindle SC
method, when a load was applied to motor 1, its speed rapidly
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decreased, but the synchronization error with other motors
was relatively large. The improved virtual spindle SC method
had a greater response to load changes and would drive the
speed of other motors to rapidly decrease following motor 1,
reducing the synchronization error between one motor and
another motor. The single-motor and multi-motor SC strate-
gies had significant advantages, ensuring control accuracy
while also quickly responding to load changes. There are still
two potential research directions for the study. Firstly, in the
virtual spindle synchronization control strategy, the various
parameters of the virtual spindle can be flexibly adjusted to
achieve better control performance of the synchronization
system. However, the research used the empirical trial and
error method when adjusting parameters, which has insuffi-
cient accuracy. Future research can explore the application of
heuristic optimization algorithms to parameter optimization
to achieve higher precision SC. Secondly, the analysis was
mainly conducted in the Simulink simulation environment.
Although the control platform was built, experiments have not
yet been carried out. Subsequent research needs to explore the
control effectiveness of the proposed multi-motor SC strategy
in practical applications.
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