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Abstract: To address the speed synchronization error in the dual permanent magnet synchronous motor (PMSM) control
system for mining electric locomotives, this paper proposes an improved synchronous control method based on multi -strategy
optimized cross-coupling control. The synchronization error characteristics are analyzed, and the dual-motor system model is
established under the cross-coupling structure. A double exponential decay prescribed performance function is designed to
achieve fast error convergence combined with Lyapunov stability analysis. Meanwhile, a disturbance observer is constructed to
estimate and compensate for the lumped disturbance, thus improving control accuracy. Furthermore, a non-singular integral
terminal sliding mode controller is designed to satisfy error constraints and enhance system stability. Experimental results
demonstrate that compared with traditional cross-coupling control, the proposed method shortens the settling time by 25% and
restricts the overshoot within 20 r/min under no-load conditions. Under sudden load impact, the speed recovery time is reduced
by 28%, and the synchronization error is significantly reduced.

Keywords: Mining electric locomotive, permanent magnet synchronous motor (PMSM), dual-motor synchronous control,
multi-strategy improved cross-coupling.

neural network control [24] have been widely integrated into

1. Introduction system design.

From this section, input the body of your manuscript Nevertheless, existing approaches exhibit inherent
according to the constitution that you had. For detailed limitations in complex mining scenarios. For instance, the
information for authors, please refer to [1]. neural network-based parallel control strategy proposed in

As a core component of the global energy structure, the [25] relies heavily on the quantity and quality of training
coal industry confronts unprecedented challenges and samples, leading to suboptimal performance under complex
opportunities amid the ongoing energy transition [1-5]. conditions. The multi-motor coordination scheme for road-
Mining electric locomotives, critical for long-distance rail dual-purpose vehicles [26] focuses on ground operations
transportation in mine roadways and on the ground [6], rely and.requlres further reﬁpemegt for undergrgunq appllcgthns.
heavily on operational stability to ensure transportation Whﬂe. the fuzzy active disturbance rejection deviation
efficiency and workplace safety. The dual permanent magnet coupling control in [27] improves synchronization for fixed
synchronous motor (PMSM) drive system has become the belt conveyors, it lacks robustness against dynamic vibrations
preferred choice for mining electric locomotives due to its and sudden loads of mobile locomotives, as well as real-time
high efficiency, energy-saving benefits, and superior dynamic adaptgblllty for dual-motqr dynamlc coordination. For cross-
performance [7, 8]. However, synchronous control of dual coupling control, strategies in [28-30] have demonstrated
motors is prone to synchronization errors under complex effectiveness in industrial high-power transmission or servo
underground conditions, such as sudden load changes and systems but fail to cope with uncertain external disturbances
parameter perturbations. Excessive synchronization errors n unde_rgro‘und mining environments, limiting  their
not only accelerate transmission component wear and synchronization performance. )
increase energy consumption but also induce power system . To address these issues, thlsletterprop.osesa multi-strategy
degradation and even equipment failures, posing severe improved cross-coupling controller. Firstly, a dual-motor
threats to underground operational safety. Thus, suppressing system model is establ}shed using a cross—couphng structure
synchronization errors within a preset precision range is based on the analysis of spegd synchronization CIToTS.
essential for the safe and long-term operation of dual-motor Secondly, a dou.ble. exp.onentla¥ decay-type prescnt?ed
systems in mining electric locomotives [9]. performance function is designed with the Lyapunov function

The synchronization performance of dual-motor systems is to achieve rapid error convergence. Thirdly, a disturbance
predominantly determined by control algorithms and observer is constructed to estimate lumped disturbances for
structures. Current mainstream control structures include feedforward. compensation, enhancing error compensation
master command control [10], master-slave control [11], accuracy. Finally, a sliding mode controller is developed
cross-coupling control [12-14], and deviation coupling using a non-singular integral terminal sliding mode surface
control [15]. Among them, cross-coupling systems are and ter.mmal Sl.ldmg mode reachlgg la\y to meet error
commonly employed in dual-motor synchronous control [16- cor%stramts and improve system stablhty. Simulation results
19]. To enhance synchronization accuracy and anti- validate the feasibility and superior performance of the
disturbance capability, modemn control algorithms such as proposed control structure and algorithm.

sliding mode control [20, 21], fuzzy control [22, 23], and
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2. Materials and Methods

This paper adopts the cross-coupling control method to
realize the speed synchronous control of dual PMSMs. Motor
1 and Motor 2 adopt the same control strategy of Field
Oriented Control (FOC).

The PMSM based on FOC consists of three parts: speed
loop, current loop and Pulse Width Modulation (PWM). he
control structure diagram is shown in Fig.1. The speed loop is
regulated by a specific controller, the d-axis current reference
command is zero, and the q-axis current reference command
is the output of the speed loop. The PWM part adopts the
Space Vector Pulse Width Modulation (SVPWM) control
algorithm with good dynamic performance and anti-
disturbance capability, which is more suitable for digital
control systems. The actual operating speeds of Motor | and
Motor 2 are ®: and 2, respectively. The difference between
o1 and 2 is taken as the output speed compensation signal,
which is compensated to the input ends of the speed loops of
Motor 1 and Motor 2 respectively, so as realize the
synchronous operation of the two motors.

To simplify the analysis, the following assumptions are
made in the process of PMSM modeling and analysis:

(1) Ignore the harmonic effect, the rotor permanent magnet
magnetic field is distributed as a sine wave in the air gap space,
and the induced electromotive force in the stator armature
winding is a sine wave.

(2) Ignore the saturation of the stator core, regard the
magnetic circuit as linear, and the inductance parameters are

constant.

(3) Neglect the core hysteresis and eddy current losses.

(4) Do not consider the influence of frequency and
temperature changes on motor parameters.

(5) There is no damp wind on the rotor, and the permanent
magnet has no damping effect.

Under the above assumptions, the voltage equation of
PMSM established in the d-q axis is:

., d
Uy =Rld+al//d_a)ey/q
y 1)
uq :qu+al//q _a)el//d

Where, uq and uq are the stator voltage components of the
d-q axis respectively; id and iq are the d-q axiscomponents of
the stator current respectively; R is the stator resistance of the
motor; ®. is the electrical angular velocity of the motor; w4
and yq are the flux linkage components of the motor.

The electromagnetic torque of PMSM in the d-q axis
coordinate system can be ex-pressed as:

r,=3

> pP i,

@
Where, Te is the electromagnetic torque of the PMSM; p is

the pole pair number of the motor.
The motion equation of PMSM is:
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Figure 1. Vector control structure diagram of PMSM with i4=0

J%vLBa)i =T+ f(i=1,2)
t

3)
Where, wi is the mechanical angular velocity of motori, J
is the moment of inertia of the motor, B is the friction
coefficient of the motor,f; is the lumped disturbance of motor
i (including load disturbance and parameter error), and Ty is
the load torque.
To simplify the operation, the formula is rewritten as:
1L.5p® i
@ = P
J
Where, bi=1.5pfi/J, di=fi-Bwi/J

B, .
—7’+fl.:bl.zq+dl. “)

123

2.1. Design of Prescribed Performance
Function
Ai-ming at the dynamic constraint of dual PMSM
synchronization error and to break the limitation of delayed
convergence boundary of traditional prescribed performance

functions, a double exponential decay-type time-varying
prescribed performance constraint function is designed:

t

e(t) = (& —5T)a7ﬁ +&.,05t<T
&t 2T

)

Where a>1 is the convergence rate adjustment parameter;
€ and er are the initial and steady-state values ofthe function,
satisfying go>er>0.

The synchronization error es(t)=w1-02 must satisfy:



—&(t)<e (1) <e&(?) (©6)

The tracking error e, can converge to Q={exER| |en(t)|<er}
within preset time T, and T, €T can be set according to actual
working conditions. The prescribed performance function
must be positive definite and strictly monotonically
decreasing in the time domain and satisfy |e«(0)|<e(0).

To realize the constraint of Formula (6), an auxiliaty
function is defined:

k=& (t)—e (1) (7)

Based on this, 5(t) is constructed to map « to the interval (0,

1]:

Ln<xk
K 2n
O(k)=<1-(—-D",0<x<n ®)
n
Lx<0
Where: 1 is the maximum safe distance, 77 6(0 5,2] , NEN*,
and N* is a positive integer.
The synchronization error is transformed as:
j— eS
5() €))
The boundedness of the transformed error 9 ensures
eo(t)<e(t), and 9=0& e,=0; when >n, 9= eo;, when
eo(t)—e(t), 39—, forcing ew(t) to be within the preset
boundary.
The derivative of the transformed error is:
§=2é,+h (10)
Where:
0,n<x
2n-1
Unes
h= ngies[f—lj ,O<K'£77
né~ \n
0,x<0
Lnp<k
2 2n-1
= l——4”e§ E—1 ,0<k<n
o no”\n
Lk<0
And satisfy 2>0.

2.2. Design of Disturbance Observer

To improve synchronization control precision, weaken the
influence of uncertain factors on system stability, and
suppress the estimation peak problem, a time-varying
disturbance observer is designed to estimate the lumped
disturbance d(t) in real time for feedforward compensation.

Assume that d(t) and its first derivative are bounded, i.e,
|d(t)|<D, D is a positive unknown constant, and d(t)#0.

Define the speed estimation error as e, =, (& isthe
estimated value of mechanical angular velocity m), the time-
varying disturbance observer is:
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C‘A)i = biqi +dAi +L,(1)sig" (€,)

x (D)
d, = LZi(t)Sigr2 ,)

Where, @ isthe estimated value of angularvelocity, c;’,. is

the estimated value of disturbance, €, 260,-—6?)1- is the

angular velocity estimation error, sigf(x)=|x|'sign(x), Lii(t)
and Loi(t) are time-varying gains, defined as:
Lii(t)=(1;i0—l)e—pit+ji, j=1, 2;

1ji0 isthe initial gain, lj; is the steady-state gain, and pj isthe
attenuation coefficient.

2.3. Design of Sliding Mode Controller

Define the non-singular integral terminal sliding mode
surface:
t A
s, =8+p],|9] sign(9)dr+k.9, (12)
Where: Bi>0, 0<Ai<l are the adjustable parameters of the
sliding mode surface. Kc is the cross-coupling coefficient to

enhance synchronization performance.
Derive the sliding mode surface:

5, =9+ B,|8] sign(8)dr + k.9,

(13)
= 4é,+h+ B9 sign(9)
Select the terminal sliding mode reaching law:
§;, =k, |Si|ri sign(s;) —ky;s, (14)

When deducing the control input i4i* according to the above
formulas, it is necessary to include the disturbance observer

compensation term d,
feedback:

and the synchronization error

i :%[A@i +h,+ B[ sign()

it

(15)

+hys,

+h,, |s,[ sign(s,) -Ad, —kﬂé}

2.4. Stability Analysis

To prove that the prescribed performance sliding mode
controller can ensure that the dual-motor synchronization
error converges to 0 under the prescribed performance index,
the stability of the system needs to be analyzed. We select the
Lyapunov function V as:

1,
V==s
> (16)
Derive V with respect to time t:
V=ss (17)

The derivative expression of the sliding mode surface and
the terminal sliding mode reaching law have been obtained
above. Substitute the above Formula (14) into it, we get:

V:S(—k1 |S|r sign(s)—kzs) (18)
According to the function property, sls|'sign(s)=Is|™*!, then:

V= —k, |s|r+l —k252 (19)



Since k1>0, k2>0 and r+1>0, for any non-zero s, |s|"*'>0 and
§*>0. Therefore:
When s#£0,

V=—k |s|r+1 —kys* <0

When s=0,
V=0
According to the Lyapunov stability theory, if there exists
a positive definite Lyapunov function V and its derivative V
is negative semi-definite, the system is stable. Moreover,

since V' is strictly less than zero (except for s=0), the system

is asymptotically stable.
To further prove the finite-time convergence ofthe system,
consider the following lemma:

Lemma: For a continuous-time system X = f(X), if there

exists a continuously differentiable positive definite function
V(x) and positive constants a, b and 0<y<l, such that

V(x)<—aVy(x)—bV(x) is satisfied for all x£0, then the

system state x will converge to zero within a finite time To,
where Ty satisfies:

152 h 1 )
=3 ,then |s|=(2V)z, so:

BV (x(0))+a

a

(20)
For the system, because V

. r+l
V=-k((2V)2 —2kV (1)

r+l r+1
Let g=Fk22,b=2k2, 7 :T . Since 0<r<I, then 0<y<I.

Then,
V<—aV’ (x)—bV(x) (22)

According to the above lemma, the sliding mode surface s
will converge to zero within a finite time To.

3. Simulation Verification of the New
Motor Synchronous System

To verify the effectiveness of the cross-coupling controller

designed in this paper, modeling and simulation analysis are
carried out by using MATLAB/Simulink.

Table 1. PMSM Simulation Parameters

Parameter (Unit) Motor 1 Motor 2
Rated speed (r'min ") 1500 1500
Rs () 2.875 2.700
Li=Lq (H) 0.0085 0.0080
e (WD) 0.175 0.170
J(kg-m2) 0.008 0.008
B (N'm's) 0.003 0.003
Pole pair number P, 2 2

Dual motors for traction of mining electric locomotives
generally use two motors with consistent parameters, but in
practice, there are slight errors in motor parameters. The
parameters of thetwo PMSMs in the simulation are shown in
Table 1. In the simulation model of the new dual-motor
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synchronous control system, the parameters of the prescribed
performance sliding mode cross-coupling controller are:
B=10, 2=0.5, k1=5, k2=2, 10=10, 1=100, p=1, kc=2, n=0.6,
n=I.

3.1. No-Load Speed Regulation Condition
Simulation

This section verifies the performance comparison between
the proposed cross-coupling control method based on multi-
strategy improvements and the traditional cross-coupling
control under the condition of speed up and down. The
starting speed is set to 800 r/min; the given speed value is
increased to 1000 r/min at 0.1 s; the given speed value is
increased to 1200 r/min at 0.2 s; the given speed value is
decreased to 800 r/min at 0.3 s. During the simulation test, no
load disturbance isadded to the two PMSMs during operation.
Fig. 2 shows the no-load speed response curves under the
traditional method and the cross-coupling control respectively,
and Fig. 3 shows the synchronization error, which represents
the output speed difference between the two motors.
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Figure 2. No-load speed regulation experiment of traditional
method

It can be seen from Fig. 2 that under the traditional cross-
coupling control method, the overshoot of the dual-motor
speed in the steady-state process is 2.5%, there are obvious
oscillations and many oscillation times in the transient
process, the speed adjustment time is 0.02 s, and the
synchronization error fluctuates greatly.

It can be seen from Fig. 3 that under the multi-strategy
improved cross-coupling control, the dual motors can track
the given speed quickly and accurately, the adjustment time is
shortened to 0.015 s, the overshoot is controlled within 2%,
there is no oscillation in the transient process, and the speed



tracking consistency is stronger.

In summary, undernormal operating conditions, compared
with the traditional cross-coupling control, the multi-strategy
improved cross-coupling control method reduces the
adjustment time by 25% under the no-load speed regulation
condition, controls the overshoot more accurately, has better
transient stability, and achieves a better control effect on the
synchronization error.

3.2. Sudden Load Condition Simulation

This section verifies the performance This section verifies
the performance comparison between the proposed method
and the cross-coupling control under the sudden load
condition. The motor starts at 1200 r/min, and different load
disturbances are suddenly applied to the two motors during
stable operation. Among them, a load of 10 N'm is suddenly
appliedto Motor 1 at 0.2 s, and a load of 10 N'm is suddenly
applied to Motor 2 at 0.4 s. Fig.4 and Fig. 5 show the load
disturbance speed response curves under the traditional
method and the cross-coupling control respectively.

It can be seen from Fig.4 that under the traditional cross-
coupling control, the dynamic drop of the dual-motor speed
reaches 55 r/min

When the load is suddenly applied, the minimum speed
change is 5 t/min, the time required for the speed to recover
to a stable state is about 0.07 s, the synchronization error
increases significantly underload disturbance, and the system
has weak anti-disturbance capability.
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Figure 3. No-load speed regulation experiment of the proposed
method

It can be seen from Fig. 5 that under the multi-strategy
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improved cross-coupling control, the dynamic drop of the
dual-motor speed is only 5 r/min after the sudden load
application, the minimum speed change is reduced to 1 r/min,
the speed quickly recovers to the synchronous state with a
recovery time of about 0.05 s, the synchronization error is
always maintained in a small range, and the influence of load
disturbance on the system synchronization performance is
extremely small.

In summary, undernormal operating conditions, compared
with the traditional cross-coupling control, the multi-strategy
improved cross-coupling control method shortens the speed
recovery time by 28% under the sudden load condition,
reduces the speed fluctuation range by more than 90%, has
highersynchronization error control precision, and the system
robustness is significantly enhanced.

4. Conclusion

Based on the research and experimental simulation
verification of this paper, the conclusions are as follows:

(1) Aiming at the problems of strong coupling, nonlinearity
and time-varying disturbance of the dual PMSM system of
mining electric locomotives, the proposed multi-strategy
improved prescribed performance sliding mode cross-
coupling control strategy can constrain the convergence rate
and steady-state precision of the synchronization error
through the prescribed performance function, and
significantly improve the anti-disturbance capability of the
system.
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Figure 4. Load mutation experiment of traditional method
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Figure 5. Load mutation experiment of the proposed method

(2) The no-load speed regulation simulation results show
that this strategy reduces the adjustment time by 25%
compared with the traditional cross-coupling control, controls
the overshoot within 2%, has no oscillation in the transient
process, and has better tracking performance.

(3) The sudden load simulation results show that this
strategy shortens the speed recovery time by 28% compared
with the traditional method, reduces the speed fluctuation
range by more than 90%, the synchronization error is always
kept in a small range, and the robustness is significantly
enhanced.
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