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Abstract: In order to enhance the synchronization of welding robot arms and improve welding
quality, this study proposes a fuzzy PID-based improved deviation coupling multi-axis synchronous
control method. Firstly, in response to the intricacies inherent in the compensation mechanism of
the deviation coupling control structure and the substantial volume of system computation, the
integration of average speed and sub-average speed is proposed to optimize the speed compensator.
This integration aims to mitigate speed synchronization errors, minimize synchronization adjustment
time, and elevate overall system synchronization performance. Moreover, the fuzzy PID algorithm is
employed to design the controller to realize the single-motor adaptive control, leading to improve-
ment in both system stability and dynamic response performance. Finally, a simulation model for
six-axis synchronization control and an experimental platform were developed. Both simulation and
experimental results demonstrate that the improved deviation coupling control method exhibits supe-
rior synchronization performance. The proposed multi-axis synchronous control method effectively
heightens the synchronous performance of the six-degrees-of-freedom robotic arm.

Keywords: robot arm; multi-axis synchronization; deviation coupling; fuzzy PID

1. Introduction

In recent years, propelled by the rapid advancements in intelligent manufacturing, the
demand for welding robot arms has surged. They are extensively applied in aerospace,
shipbuilding, automotive manufacturing, and other sectors due to their capability to
operate in challenging and intricate environments, delivering high welding efficiency and
consistent weld quality [1–5]. However, during welding operations, the synchronization of
multiple axes within the robot arm can significantly impact welding quality. Consequently,
achieving high-precision welding necessitates a heightened focus on synchronous joint
control of robot arm movements.

The synchronization control of multiple axes in welding robot arms is commonly
categorized into several approaches, including master command control, master–slave
control, cross-coupling control, virtual shaft control, adjacent cross-coupling control, and
deviation coupling control [6–8]. Among these, the master–slave control method stands
out due to its simplicity and ease of implementation. Additionally, it employs a parallel
processing strategy where each axis receives identical signals, thus eliminating delays in
signal transmission caused by inter-axis factors. In the master–slave control strategy, one
motor is designated as the master motor while the other motor acts as the slave motor.
The output speed signal from the master motor is utilized as the input speed signal for
the slave motor. Both master command control and master–slave control fall under the
category of uncoupled control, meaning there is no coupling relationship between the axes
during motion, leading to significant synchronization errors [9]. The cross-coupling control
strategy, initially introduced by Koren [10], offers an effective resolution to the challenge of
two-axis synchronous motion coupling. This strategy involves utilizing the speed disparity
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between two motors as a compensatory signal fed into the controller. Gao [11] presented a
friction-compensated multi-motor cross-coupling synchronous control method to achieve
synchronous control of multi-servo motors. This method relied on friction compensation
and incorporated a virtual shaft as its primary strategy, along with the design of a fuzzy
PID compensation controller. By implementing this approach, a significant reduction in
multi-servo motor synchronization error was achieved, resulting in high synchronization
control accuracy. Nonetheless, it is imperative to note that while effective for certain applica-
tions, the cross-coupling control strategy may not be universally applicable to multi-motor
systems. The concept of virtual shaft control was originally introduced by K. Payette [12],
aiming to emulate the traction properties of mechanical shafts for achieving synchronous
control across multiple motors. This approach involves providing feedback on the actual
operating torque from the multiple motors to the virtual shaft, which then adjusts its output
to drive the slave shafts back to a synchronized state. Han et al. [13] adopted a non-singular
terminal sliding-mode control technique to refine the virtual shaft control strategy. They
integrated this with the dynamic sliding film control method specific to switched reluc-
tance motors (SRMs) to enhance speed synchronization in dual SRM systems. However,
challenges persist with this method, including inherent signal delays and the complexity
of determining virtual shaft inertia. The concept of adjacent cross-coupling strategy was
introduced by Shih et al. [14], facilitating synchronous control of more than three motors.
Fang et al. [15] augmented this approach by integrating adjacent cross-coupling control
with master–slave control. Their devised controller, employing a convergence law algo-
rithm and global sliding mode control, notably enhances the synchronicity of multi-motor
oscillating systems. Nonetheless, owing to inherent structural limitations, this configura-
tion proves suboptimal as the number of motors increases gradually, with adjustment times
extending excessively, thereby constraining its broader applicability. Perez-Pinal et al. [16]
introduced a deviation coupling control strategy. This approach compensates for the
speed of each motor based on the relationship between the speed difference and the speed
deviation, resulting in improved synchronous performance and faster response speed.
This synchronous structure not only capitalizes on the high synchronous accuracy of cross-
coupling dual axes but also overcomes the limitation of the cross-coupling structure in
multi-axis conditions. The deviation coupling control strategy exhibits excellent overall
performance. To further enhance synchronization, researchers have integrated various
synchronization control algorithms to make substantial improvements in multiple aspects.
Chen et al. [17] enhanced the speed compensator by integrating sliding mode control
with a coupling matrix, thus advancing both the synchronization and robustness of the
system. Zhao et al. [18] introduced a radial basis function (RBF) neural network into the
conventional PID algorithm and utilized the gradient descent algorithm to mitigate errors,
thereby enhancing the system’s anti-interference capability and robustness. Jiang et al. [19]
employed the space vector pulse width modulation (SVPWM) control technique as the
inner loop, complemented by PI and sliding mode controllers serving as the outer loop
within a four-motor control system. Their approach, augmented by a deviation coupling
control strategy, ensured robust tracking performance in the face of sudden load varia-
tions. Lan et al. [20] introduced a novel non-singular fast terminal sliding mode control
(NSTSMC) method, integrating it with an improved deviation coupling control structure.
This innovation bolstered the interconnection between multiple motors, thereby achieving
precise position synchronization across the motor array. Zhang et al. [21] harnessed sliding
mode control to enhance the dynamic response of motors within the deviation coupling
control framework. Their proposed nonlinear function amalgamated various strategies to
bolster synchronization and anti-interference capabilities within a four-motor control sys-
tem, particularly in an independently driven electric vehicle setting. Hao et al. [22] devised
a self-adaptive integral sliding mode control (SAISMC) scheme alongside an improved
sliding mode disturbance observer (SMDO). By integrating SAISMC and SMDO into the
deviation coupling control framework for multiple permanent magnet synchronous motors
(MPMSMs), their methodology substantially elevated the stability and control precision
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of the multi-motor system. Zou et al. [23] proposed a tracking and synchronous control
strategy for a vehicle two-motor SBW system using super-twisted second-order sliding
mode control (SOSMC) and a mean deviation coupling structure (MDCS). This approach
aimed to enhance the reliability and safety of conventional multi-motor systems. Mean-
while, Wu et al. [24] adopted particle swarm optimization and an improved variable-speed
integral, based on the mean coupled control (MCC) structure term, to optimize the regular
compensation factors and parameters of the PI controller. This optimization was geared
towards improving the tracking accuracy and stability of multi-motor systems.

While the aforementioned method effectively optimizes the control system’s perfor-
mance, its complex structure leads to a significant increase in system arithmetic, particularly
when dealing with additional control axes. To address these challenges, this study pro-
poses an improved deviation coupling synchronous control approach. By incorporating
average speed compensation, the structure of the multi-motor system is simplified, re-
ducing system overhead during axis adjustments. Moreover, the integration of a fuzzy
PID design controller allows for adaptive correction of control parameters to fulfill the
demands for tracking accuracy amidst load disturbances. A simulation model for six-axis
motor synchronous control is developed to assess the feasibility of the proposed structure
and algorithm. Finally, the improved deviation coupling multi-axis synchronous control
algorithm is implemented into the motion controller of a six-degrees-of-freedom robotic
arm to validate its effectiveness.

2. Research Methods
2.1. Deviation Coupling Control Strategy

The structure of the deviation coupling control structure is illustrated in Figure 1.
The deviation coupling synchronization control strategy enables synchronous control
among multiple motors through a speed compensator. By calculating the deviation between
the states of each motor and using the speed deviation as an input to the compensator, each
axis can be controlled based on the deviation coupling synchronous control strategy for
motion control. This approach facilitates synchronous motion across multiple axes, where
ωref represents the reference input speed of the ith motor after the speed compensator,
ωi is the actual speed of the ith motor, ei denotes the compensated speed error of the ith
motor after the speed compensator, TLi stands for the load torque of the ith motor (i = 1, 2,
. . ., n), Gi(s) signifies the transfer function of the ith motor, and Kij is the synchronization
coefficient of the system. The value of Kij equals the ratio between the torques of each
motor as follows:

Kij = Ji/Jj (1)

where Ji is the rotational inertia of the ith motor (kg·m2), and Jj is the rotational inertia of
the jth motor with the difference in speed of the ith motor (kg·m2).

The output deviation ei of the speed compensator is obtained by summing the
weighted speed differences between the ith motor and the other motors. This can be
expressed using the following equation:

ei = ∑n
j=1,j ̸=i Kij(ωi − ωj) (2)

Further, the controller input is

Ei = ωre f − ωi − ei (3)

The controller dynamically adjusts parameters based on real-time speed deviations
among each motor to achieve system precision control. To attain synchronous control across
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multiple motors, it is imperative for the deviations among them to converge, satisfying the
subsequent control conditions as follows:

lim
t→∞

ei1(t) = lim
t→∞

[ωi(t)− ω1(t)] = 0

lim
t→∞

ei2(t) = lim
t→∞

[ωi(t)− ω2(t)] = 0
...

lim
t→∞

ein(t) = lim
t→∞

[ωi(t)− ωn(t)] = 0

(4)

where eij (j = 1, 2, . . ., n) represents the speed deviation between the ith motor and the jth
motor, and n denotes the total number of motors in the system.
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Figure 1. Deviation coupling control structure.

2.2. Improved Deviation Coupling Control Strategy

The deviation coupling control strategy exhibits escalated computational demands
with an increasing number of motors, resulting in prolonged control durations and di-
minished synchronization accuracy of the speed compensator. In pursuit of enhancing
synchronization, this study introduces an improved deviation coupling control strategy.
The schematic diagram of the improved deviation coupling control structure is presented
in Figure 2. The conceptual framework of this control methodology draws primarily from
the principles of average deviation coupling control [25]. Initially, it computes the average
speeds of all motors and generates the compensation signal 1 by computing the devia-
tion between the speed of the ith motor and the overall average speed. Subsequently,
it calculates the average speeds of all motors, excluding the ith motor, generating the
compensation signal 2 by assessing the deviation between the speed of the ith motor and
the sub-average speed. Both signals, 1 and 2, collectively formulate a speed compensator
structure, where ωavg signifies the total average speed and ωavgi represents the sub-average
speed of the multi-motor synchronous control systems. These values can be mathematically
expressed as 

ωavg =
n
∑

i=1
(ωi/n)

ωavgi =
n
∑

j=1,j ̸=i
(ωj/(n − 1))

(5)
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The compensation speed error ei can be expressed as

ei =
n

∑
j=1,j ̸=i

Kij(ωi − ωavg) +
n

∑
j=1,j ̸=i

Kij(ωi − ωavgi) (6)

Correspondingly, the control conditions are lim
t→∞

[ωi(t)− ω1(t)+···+ωi(t)+···+ωn(t)
n ] = 0

lim
t→∞

[ωi(t)−
ω1(t)+···+ωi−1(t)+ωi+1(t)···+ωn(t)

n−1 ] = 0
(7)

In comparison with the conventional speed compensator, the average speed compen-
sator structure proposed in this study notably diminishes system arithmetic complexity
and abbreviates system response time. Furthermore, contrasting with mean deviation cou-
pling control, the incorporation of sub-average speed compensation mitigates the impact
of residual motor disturbances on the system, consequently enhancing the synchronous
performance of the multi-motor system.
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Figure 2. Improved deviation coupling control structure.

2.3. Controller Based on Fuzzy Control Algorithm

To uphold the comprehensive performance of multi-axis synchronization, beyond
the adoption of an appropriate multi-axis synchronization control strategy, integration
with suitable synchronization algorithms becomes imperative to ensure the precision of
individual motor control. The controllers depicted in Figure 2 typically employ PID control
algorithms. Nevertheless, conventional PID algorithms are limited to linear systems and
may fail to accomplish dynamic regulation while exhibiting synchronization deficiencies.
Among various algorithms, fuzzy control, devoid of reliance on exact mathematical mod-
els of the controlled entity, exhibits superior robustness and adaptability, rendering it
highly suitable for deployment within the vector control system of permanent magnet
synchronous motors (PMSMs). Consequently, this study amalgamates the fuzzy control
algorithm with a conventional PID controller to formulate a fuzzy PID controller capa-
ble of autonomously adjusting parameters in response to external condition variations.
This integration effectively enhances system stability and dynamic response performance.
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The configuration of the fuzzy PID controller is illustrated in Figure 3. Initially, the
system deviation e between the reference input and feedback, along with the rate of change
ec of the deviation, are fed as inputs into the fuzzy controller, the appropriate quantization
factors λe, λec, λP, λI, and fuzzy theory domain are selected for fuzzification. Subsequently,
fuzzy rules are formulated, and the fuzzified quantity is determined utilizing the fuzzy
inference table. Finally, the centroid method is employed for defuzzification, yielding an
output of precisely ∆KP, ∆KI , and ∆KD to the PID controller. This process enables online
adaptive adjustment of the PID parameters through the fuzzy controller [26].
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The traditional PID control formula is as follows:

UPID = KP(e(t) +
1
TI

t∫
0

e(t)dt +
TDde(t)

dt
) = KPe(t) + KIe(t) + KDe(t) (8)

where e(t) represents the variance between the set speed and the actual speed, TI signifies
the integral time constant, and TD represents the differential time constant.

Leveraging fuzzy control theory, the output of the fuzzy PID control depicted in
Figure 3 is derived as follows:

UPID = K′
Pe(t) + K′

Ie(t) + K′
De(t) (9)

where K′
P = KP + ∆KP, K′

I = KI + ∆KI , and K′
D = KD + ∆KD correspond to the values of

the PID controller parameters set by fuzzy control, respectively.

3. Simulation Experiment and Result Analysis
3.1. Model Construction

To evaluate the efficacy of the proposed improved synchronous control architecture,
a six-axis motor synchronous control model is developed within the MATLAB/Simulink
(R2021a) environment. The six AC permanent magnet synchronous motors (PMSMs)
share identical parameters as delineated in Table 1. The simulation model, depicted in
Figure 4, encompasses six single-axis control modules and synchronous compensator
modules. Each single-axis control module comprises controllers and motors, as illustrated
in Figure 5, where the PMSM adopts a vector control strategy with id = 0. Within the
controller part, based on relevant studies [27–29] and combined with several simulation
results, the parameters KP, KI, and KD are configured as 2.5, 0.3, and 0, respectively.
The fuzzy theory domain of deviation e and the deviation rate of change ec are specified as
[–10, 10], while the fuzzy theory domain of ∆KP and ∆KI are set to [–1, 1]. Furthermore, the
quantization factors λe, λec, λP, and λI are established at 0.01, 0.0001, 7, and 3.5, respectively.
In the synchronous compensator module, without synchronization control, deviation
coupling control and improved deviation coupling control are separately implemented.
The efficacy of these strategies is compared by real-time monitoring of speed variations
across each axis.
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Table 1. Motor parameters in the simulation.

Parameters Values

Rated torque T 15 Nm
Rated speed v 3000 rpm

Pole logarithm Pn 4
Moment of inertia J 0.003 kg·m2

Stator resistance R 0.958 Ω
Magnetic chain amplitude ψf 0.1827 Wb

Friction coefficient B 0.003 N·m·s
Cross-axis inductance Ld 0.00525 H

Straight-axis inductance Lq 0.012 H
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The initial system speed is configured at 1000 rpm, with a simulation duration of 0.1 s
and a sampling time of 0.00001 s utilizing fixed steps. Initially, all six motors commence
operation under no load conditions. At 0.05 s, a load of 13 Nm is applied to motor 1 and
10 Nm to motor 2, while the remaining motors remain unloaded. By introducing loads
to axes 1 and 2, motor 1 experiences multiple disturbances, thereby ensuring that the
simulation conditions are in line with the actual situation and effectively demonstrates the
efficacy of the synchronous control strategy.

3.2. Analysis of Simulation Results

Utilizing the established simulation model, the synchronization of the method is
confirmed by evaluating motor speeds, speed synchronization errors between adjacent
axes, and the adjustment time for synchronization errors when various control strategies
are implemented. The simulation outcomes employing the PID controller are depicted in
Figure 6, while the results utilizing the fuzzy PID controller are illustrated in Figure 7.
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Figure 6. Simulation results of the six-axis synchronous control model with PID.
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Figure 7. Simulation results of the six-axis synchronous control model with fuzzy PID.

Table 2 presents a comparative analysis of different control strategies under the PID
controller. Notably, the improved deviation coupling control strategy exhibits superior
synchronization efficacy. The maximum synchronization error decreases from 28.82 rpm to
11.71 rpm, marking a significant 59% reduction compared to the without synchronization
control strategy. Additionally, the synchronization error adjustment time decreases from
5.94 ms to 4.74 ms, reflecting a 20% improvement. During the initial phase, the motor
achieves a steady state at 0.02773 s due to speed overshoot oscillation. Upon the abrupt
load application at 0.05 s, motors 1 and 2 manifest noticeable speed fluctuations. With the
incorporation of the deviation coupling control strategy, motor speeds interact, leading to
more pronounced speed fluctuations in the remaining motors and an increase in synchro-
nization error adjustment time. However, the maximum synchronization error diminishes
significantly. On the contrary, the improved deviation coupling control strategy better
facilitates synchronous motion among multiple motors. Post sudden load application,
minor speed fluctuations occur in motors 1 and 2 with the improved deviation coupling
control strategy, while the impact on other motors remains minimal, resulting in almost
negligible speed fluctuations. The speed adjustment time for each motor shortens, and
the maximum synchronization error experiences a notable reduction. Compared to the
deviation coupling control strategy, the maximum synchronization error decreases from
19.19 rpm to 11.71 rpm, marking a 39% improvement, while the synchronization adjustment
time decreases from 8.92 ms to 4.74 ms, signifying a 49% enhancement.

Table 2. Comparison of simulation data with PID.

Without Deviation Coupling Improved Compare

Maximum synchronization error 28.82 rpm 19.19 rpm 11.71 rpm −59%
Synchronization error adjustment time 5.94 ms 8.92 ms 4.74 ms −20%

Upon integrating fuzzy PID, depicted in Figure 7, it is evident that the phenomenon
of speed overshoot oscillation during motor startup is notably mitigated. The motor
achieves a steady state in a mere 0.01365 s, representing a remarkable 51% reduction in time.
Additionally, under fuzzy PID control, the motor attains a steady state faster following a
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sudden load addition. Table 3 illustrates that compared to the deviation coupling control
strategy, the improved deviation coupling control strategy can decrease the maximum
synchronization error by 48%, from 18.88 rpm to 9.81 rpm, and reduce the synchronization
error adjustment time by 32%, from 5.59 ms to 3.78 ms.

Table 3. Comparison of simulation data with fuzzy PID.

Deviation Coupling Improved Compare

Maximum synchronization error 18.88 rpm 9.81 rpm −48%
Synchronization error adjustment time 5.59 ms 3.78 ms −32%

In summary, the improved deviation coupling control method incorporating fuzzy
PID, as proposed in this study, exhibits distinct advantages in reducing synchronization
error and enhancing dynamic adjustment performance. Compared to without synchro-
nization control, the maximum synchronization error can be reduced by 66%, and the
synchronization error adjustment time can be diminished by 37% after implementing the
improved deviation coupling control method. This method significantly improves the
synchronous performance of the multi-axis control system.

4. System Testing

In order to verify the effect of the multi-axis synchronous control method, a six-axis
control platform is built for experimental testing. As shown in Figure 8, the experimental
platform consists of a PC, a motion controller (self-developed in the laboratory, using ARM
+ FPGA architecture), six servo drives (Invt SV-DA200 series, Shenzhen INVT Electric Co.,
Ltd., Shenzhen, China), and six servo motors (Invt SV-ML06-0R4G-2-1A0, Shenzhen INVT
Electric Co., Ltd., Shenzhen, China).
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Figure 8. Six-axis synchronous control experimental platform.

All six motors are commanded to run at 600 rpm. An oscilloscope (GDS-2202A, Good
Will Instrument Co., Ltd., Suzhou, China) is used to observe the running status of the
motors, recording the waveforms between each of two adjacent axes and measuring the
time difference ∆T between the initial rising edges of two signals within a complete cycle,
as well as the running cycle Ti of each motor. The experiment employs the EtherCAT
bus for signal transmission between the motion controller and individual motors. Due to
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the distributed clock mechanism, the system-generated jitter is markedly below 1 µs,
rendering transmission delays during time measurements negligible. The time difference
∆T between the two adjacent axes is used to reflect the system’s synchronization under
different control methodologies. The actual motor speed can be calculated from the pulse
period and pulse/revolution of the motor. The pulse period refers to the time required
for the motor to generate a pulse, which is the period Ti measured by the oscilloscope.
The pulses/revolutions represent the number of pulses required for each revolution of the
motor. In this experiment, the motor employed has a pulse/revolution value of 2500 P/R,
yielding the motor speed ni as follows:

ni = (60 × f )/2500 = 3/(125 × Ti) (10)

where f is the motor frequency, which is inversely related to the period.
The measurement results of the waveforms after implementing different control al-

gorithms are presented in Figure 9. It is evident that the improved deviation coupling
control algorithm significantly reduces the time difference between each pair of adjacent
axes, leading to a remarkable improvement in axis synchronization. When compared to
the without synchronization control algorithm, as depicted in Figure 10a, the average time
difference between axes is shortened from 9.23 ms to 5.42 ms, marking a 41% reduction.
Moreover, it demonstrates a 12% improvement over the deviation coupling control algo-
rithm. Furthermore, the speed variation between multiple axes is analyzed, as shown in
Figure 10b. After incorporating the improved deviation coupling control algorithm based
on fuzzy PID, the speed synchronization error between axes is greatly diminished. In com-
parison to the control algorithm without synchronization implementation, the average
rotational speed synchronization error between axes is reduced by 33%, from 64.07 rpm
to 42.37 rpm. Similarly, when compared to the deviation coupling control algorithm, it
also achieves a 16% enhancement. Overall, the fuzzy PID improved deviation coupling
control method optimizes the system’s synchronization performance, thereby improving
the welding accuracy of the six-degrees-of-freedom robotic arm.
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Figure 9. Experimental waveforms of adjacent two axes with different methods. (a) Without syn-
chronization control; (b) deviation coupling control; (c) improved deviation coupling control. In the
figure, the red dotted line illustrates the time difference ∆T between two adjacent axes.
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Figure 10. Experimental results of six-axis synchronous control with different methods. (a) Time
difference between two adjacent axes; (b) speed difference between two adjacent axes.

5. Conclusions

To enhance the synchronization performance of welding robotic arms and improve
welding quality, this study presents an improved deviation coupling synchronization
control method based on fuzzy PID. The improvement in the deviation coupling control
strategy involves the design of an average speed compensator, effectively mitigating syn-
chronization errors and reducing adjustment time in multi-axis control systems, thereby
refining system synchronization. Furthermore, integrating the fuzzy PID algorithm into
the controller promotes the adaptivity and stability of single-axis motors, leading to further
suppression of synchronization errors and shorter adjustment times. Finally, without syn-
chronization control, deviation coupling control and improved deviation coupling control
are compared and analyzed. Simulation results reveal that, compared to without synchro-
nization control, the improved deviation coupling control method reduces the maximum
synchronization error of the system by 66% and decreases synchronization error adjust-
ment time by 36%. Furthermore, compared to deviation coupling control, the improved
method decreases the maximum synchronization error by 48% and reduces synchronization
error adjustment time by 32%. Experimental findings demonstrate that embedding the
improved deviation coupling control algorithm fosters cooperative motion among system
axes and diminishes speed synchronization errors. These results comprehensively validate
the effectiveness of the proposed method, offering a viable solution for the synchronization
control of a six-degrees-of-freedom robotic arm with promising application prospects in
the multi-axis synchronization control field.

In forthcoming research, an in-depth analysis will be conducted on positional synchro-
nization subsequent to the implementation of a multi-axis synchronous control algorithm,
targeting enhanced positioning accuracy of welding robotic arms. Furthermore, refinement
of the deviation coupling synchronization control compensator is envisaged to cater to
environments necessitating heightened welding precision.
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