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�is paper investigates a virtual line sha�ing-based total-amount coordinated control method of multi-motor traction power to solve 
the traffic safety problem caused by train traction power loss. �is method considers the total amount instead of the synchronous 
control amongst single motors in a multi-motor control system. Firstly, a block diagram of the proposed method is built. Secondly, 
on the basis of this diagram, an accurate system model with parameter perturbations is constructed. �irdly, a virtual controller is 
designed to quickly adjust the output torque of the virtual motor and to realise a tracking control of the reference torque. A total-
amount coordinated control strategy based on the integral sliding mode is also designed to keep the total traction power of the 
multi-motor system constant under uncertain and unknown disturbances. Lyapunov stability theory is used to prove the system 
stability. �e simulation and experiment results verify the effectiveness of the virtual controller and the total-amount coordinated 
control strategy in guaranteeing system robustness under disturbances and parameter perturbations.

1. Introduction

Train safety is an important issue in transportation systems 
[1]. One key feature of train control technologies is traction 
system control [2–5]. Previous studies have transformed the 
traction system into a multi-agent system and identified 
consensus problem as the basis and core of maintaining a 
coordinated control of this system [6, 7]. Consensus algo-
rithm has been widely studied by experts through system-lo-
cal information exchange and a simple controller structure 
to ensure that each state in a large and complex multi-agent 
system is progressively constant [8–15]. In recent years, 
studies on consensus issues have yielded important results. 
For instance, Bai et al. used graph theory and performed a 
fractional stability analysis to study the consensus of the 
fractional multi-agent system (quality) in a reference state 
[16]. Yang designed a robust controller to solve the distrib-
uted consensus tracking control problem of high-order 
uncertain nonlinear systems on directed graphs [17]. Wu 
and Su investigated the positive relationship of edges with 
multi-input and multi-output positive dynamics for directed 
and undirected networks [18]. However, these studies have 

only focused on the consensus amongst individuals within 
the system. In some engineering situations, individuals do 
not need to synchronise with one another but must keep the 
total output traction power constant [19]. For example, 
when a train wheel set has an idling failure, the traction 
power of the wheel set will be lost, which in turn leads to a 
total traction power loss for the train. To ensure a safe oper-
ation of the train, its total traction power must stay 
unchanged. To address this problem, Zhang et al. used the 
terminal sliding mode control method to transform the total 
traction power problem into an error system convergence 
problem [19] and then designed a consensus-based total-
amount cooperative tracking control protocol based on the 
disturbance observer [7].

Electronic virtual line-sha�ing (ELS) has been widely used 
in multi-motor synchronic control systems. Lin et al. proposed 
ELS control based on the nonlinear reaching law observer [20]. 
Zhang et al. proposed a new ELS control method of equivalent 
load torque observer based on observer technology [21]. 
Andert et al. investigated an ELS algorithm for dynamic syn-
chronic motion control in a dynamic test [22]. However, these 
studies do not consider the feedback mechanism of ELS in the 
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consensus problem to guarantee the dynamic tracking effect 
of the system.

Following previous research, this study proposes a virtual 
line sha�ing-based total-amount coordinated control (TACC) 
method for controlling multi-motor traction power. �e con-
tributions of this work are twofold. Firstly, a block diagram of 
the proposed method is built and a virtual controller is used 
to quickly adjust the output torque of the virtual motor and 
to speed up the system tracking. Secondly, a TACC strategy 
for traction power is designed based on the proposed integral 
sliding mode to guarantee that the total traction power is kept 
constant.

�e rest of this paper is organised as follows. Section 2 
describes the system and the system target design. Section 3 
establishes the multi-traction motor model. Section 4 presents 
the virtual controller and the TACC strategy. Section 5 pre-
sents the simulation results. Section 6 concludes the paper.

2. System Description

�is paper designs a virtual line sha�ing-based TACC method 
for controlling multi-motor traction power. When a motor 
loses traction power, this method senses the situation through 
the total feedback of system, and then the controller is used 
to maintain the system total traction power. Figure 1 presents 
a block diagram of the proposed method.

As shown in Figure 1, closed-loop system comprises a 
given torque ��, virtual line-sha�ing, TACC strategy, motors 
and their drive systems. ���� is the output torque of the virtual 

motor, � is the output of the virtual controller, �� is the output 
of TACC and ��� is the external disturbance in the multi-mo-
tor system (�푗 = 1, 2, . . . , �푛). When losing traction power, the 
voltage of a motor can change. �e feedback loop feedbacks 
the total voltage of all motors to the virtual line-sha�ing, 
which in turn adjusts the total traction torque of the motor 
by adjusting the sum of the voltages, thereby ensuring that 
the total traction torque of all motors dynamically tracks the 
given torque of the system and keeps the total-amount of 
traction power constant. �e goal of this paper can be sum-
marised as follows. A�er a motor loses traction power, the 
multi-motor system can keep the total-amount of traction 
power constant. In other words, a�er a motor is affected by 
a disturbance, the controller can keep the output of total 
rotation constant.

3. System Model

Given a multi-motor system that comprises multiple perma-
nent magnet traction motors, where motor 0 is a virtual motor 
and motors 1 ⋅ ⋅ ⋅ �푛 are the follower motors, the following math-
ematical model of the � th motor is established [7]:

Each symbol in the above formula is defined in Table 1.

(1)

�퐿 �푗
�푑�푖�푗
�푑�푡 = −�푅�푗�푖�푗 − �푘�푒�푗�푘�푡�푗�휔�푗 + �푢�푗

(�퐽1�푗 + �푘2�푡�푗�퐽0�푗)�̇휔�푗 = −(�푏1�푗 + �푘2�푡�푗�푏0�푗)�휔�푗 + �푇�푒�푗 − �푇�퐿�푗

�푇�푒�푗 = �푘�푡�푗�푘�푚�푗�푖�푗,
(�푗 = 1, 2, . . . , �푛),
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Figure 1: Block diagram of the virtual line sha�ing-based TACC method for controlling multi-motor traction power.
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Given that the output angular velocity is differentially flat, 
all variables and control inputs can be expressed by their out-
put angular velocity [23]. Taking the angular acceleration as 
the state variable, i.e. �푥1�푗 = �휔�푗, �푥2�푗 = �̇푥1�푗,  �푥3�푗 = �푇�푒�푗, the equa-
tion in the ideal system state is [7, 24]

where �퐽�푒�푞�푗 = �퐽1�푗 + �푘2�푡�푗�퐽0�푗, �푏�푒�푞�푗 = �푏1�푗 + �푘2�푡�푗�푏0�푗, �푎0�푗 = (�푘2�푡�푗�푘�푚�푗�푘�푒�푗+
�푅��푏���)/�퐽����퐿 �, �푎1�푗 = �푏�푒�푞�푗/�퐽�푒�푞�푗 + �푅�푗/�퐿 �푗, �푏� = �푘���푘��/�퐽����퐿 �, 
�푓� = (−�푅�/�퐽����퐿 �)�푇��

− (1/�퐽���)�̇푇��
.

Given that the parameters of the motor during the actual 
operation, including starting and braking, are time-varying 
[7], �푎0�푗 = �푎0�푗 + Δ�푎0�푗, �푎1�푗 = �푎1�푗 + Δ�푎1�푗, �푏��� = �푏��� + Δ�푏��� and 
�푏� = �푏� + Δ�푏�, where �0�푗, �1�푗, ���� and �� represent the nominal 
values of �0�푗, �1�푗, ���� and ��, respectively, and Δ�푎0�푗, Δ�푎1�푗, Δ�푏��� 
and Δ�푏� represent the uncertain perturbation values. �erefore, 
the closeness to the actual system model of the project can be 
formulated as

where �푑1�푗 = −Δ�푎0�푗�푥1�푗 − Δ�푎1�푗�푥2�푗 + Δ�푏�푗�푢�푗 + �푓�푗, �푑2�푗 = −�퐽�푒�푞�푗Δ�푎0�푗�푥1�푗+
(Δ�푏�푒�푞�푗 − �퐽�푒�푞�푗Δ�푎1�푗)�푥2�푗 + �퐽�푒�푞�푗Δ�푏�푗�푢�푗 + �퐽�푒�푞�푗�푓�푗 + �̇푇�퐿�푗. �e parameter 
perturbation values, Δ�푎0�푗, Δ�푎1�푗, Δ�푏���, Δ�푏� and state variables 
are bounded in engineering practice.

To simplify this model, Equation 3 should be

where 

(2)

�̇푥1�푗 = �푥2�푗
�̇푥2�푗 = −�푎0�푗�푥1�푗 − �푎1�푗�푥2�푗 + �푏�푗�푢�푗 + �푓�푗
�̇푥3�푗 = −�퐽�푒�푞�푗�푎0�푗�푥1�푗 + (�푏�푒�푞�푗 − �퐽�푒�푞�푗�푎1�푗)�푥2�푗 + �퐽�푒�푞�푗�푏�푗�푢�푗 + �퐽�푒�푞�푗�푓�푗 + �̇푇�퐿�푗
(�푗 = 1, 2, . . . , �푛),

(3)

�̇푥1�푗 = �푥2�푗

�̇푥2�푗 = −�푎0�푗�푥1�푗 − �푎1�푗�푥2�푗 + �푏�푗�푢�푗 + �푑1�푗

�̇푥3�푗 = −�퐽�푒�푞�푗�푎0�푗�푥1�푗 + (�푏�푒�푞�푗 − �퐽�푒�푞�푗�푎1�푗)�푥2�푗 + �퐽�푒�푞�푗�푏�푗�푢�푗 + �푑2�푗
(�푗 = 1, 2, . . . , �푛),

(4)�̇� = ����+���푢� + ��,

(5)��푗 = [�푥1�푗, �푥2�푗, �푥3�푗]
T,

 is the time-varying compound disturbance.
�e control objectives of this paper for multi-motor sys-

tems can be expressed as

where � denotes time.

4. Controller Design

�e proposed method can be divided into two parts, namely, 
the tracking control of virtual line-sha�ing and the TACC of 
follower motors. In the first part, the control target is to design 
a tracking control algorithm for the virtual motor in order for 
the error between the output torque of the virtual motor and 
the given torque of the system to converge to zero, that is, 
lim�푡→∞

�儩�儩�儩�儩�儩�푇�푑 − �푇�푟�푒�푓
�儩�儩�儩�儩�儩 = 0. In the second part, the control target 

is to design a tracking control algorithm for the multi-motor 
system to guarantee that the error between the output torque 
of the virtual motor and the total traction torque of the mul-
ti-motor system converges to zero, that is, 
lim�푡→∞

�儩�儩�儩�儩�儩�푇�푟�푒�푓 −∑�푛
�푗=1�푇�푒�푗

�儩�儩�儩�儩�儩 = 0.

4.1. Virtual Controller Design.  In the ELS control strategy, the 
virtual electronic-sha� functions the same as the physical line 
sha� in the traditional mechanical sha� and can drive the 
other slave sha�s by transmitting the control signal [21, 23]. 
�e control strategy of virtual line-sha�ing lies in its feedback 
mechanism [20]. In this paper, the feedback characteristics of 
the control strategy of virtual line-sha�ing are used. When the 
motor is disturbed, the virtual line-sha�ing perceives the total 
voltage value through the total feedback of the system and then 
adjusts the total output torque until reaching a steady state 
whilst ensuring that the output value dynamically tracks the 
reference value given by the system.

As shown in Figure 1, virtual line sha�ing consists of a 
virtual controller and a virtual motor. �e virtual motor is 
virtually set, and its parameters are known and invariable. �e 
PI controller � is then designed to achieve the control target, 
where �푢 = �푘�(�푇� − �푇���) + �푘� ∫ (�푇� − �푇���)�푑�푡, �� and �� are the 
positive constants to be designed [25].

4.2. TACC Design.  �e multi-motor traction power system 
requires a high-precision TACC and the highly complicated 
model of the actual motor. A sliding mode controller is 
designed. Given its simplicity, high real-time performance and 

(6)��푗 = (
0 1 0

−�푎0�푗 −�푎1�푗 0
−�퐽�푒�푞�푗�푎0�푗 �푏�푒�푞�푗 − �퐽�푒�푞�푗�푎1�푗 0

),

(7)�� = [ 0 �푏� �퐽����푏� ]
T,

(8)��푗 = [ 0 �푑1�푗 �푑2�푗 ]
T

(9)lim
�푡→∞

(
�푛
∑
�푗=1

�푥3�푗 − �푇�푑) = 0,

Table 1: Definition of each symbol in the mathematical model.

Symbols Definition
�� Resistance of armature circuit
�� Inductance of armature circuit
�� Motor current
�� Output angular velocity of gearbox of �th motor

��
�e voltage applied to the input terminals of the 

armature circuit
��� Back electromotive force constant
��� Speed reduction ratio of the gearhead
�0�푗 Inertia moments of the motor
�1�푗 Inertia moments of the gearhead
�0�푗 Viscous damping coefficients of the motor
�1�푗 Viscous damping coefficients of the gearhead
��� Motor torque constant
��� �e bounded load torque
��� Motor output torque
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Substituting Equation (9) into Equation (11) yields

Both the sliding mode arrival condition and Lyapunov stability 
theory indicate that the error � can asymptotically converge 
to zero [28, 29]. �e �푠/(�훿 + |�푠|) function is typically used 
instead of the switching function sgn(�푠), which can effectively 
suppress the chattering aroused by the sliding mode variable 
structure switching action to the control system [23, 30]. 
Amongst them, � is a positive constant with a small value.

5. Simulation and Experiment

To verify the proposed control algorithm, a mathematical 
simulation and a semi-physical simulation experiment are 
performed. Table 2 shows the motor parameters used in the 
simulation and experiment and the parameter settings of 
resistance R, inductance L, equivalent viscous friction coef-
ficient ���, equivalent motor rotation inertia ���, motor 
torque coefficient ��, back electromotive force constant �� 
and gearbox ratio ��. Motor 1, which has the smallest rota-
tion inertia, is chosen as the virtual motor. �e corresponding 
control system parameters are �푐 = 700, �휀� = 760, �훿 = 0.01, 
�퐷� = 10.

5.1. Simulation.  �e following system time-varying reference 
command signal is designed [7] to verify the control 
performance of the multi-motor system under acceleration, 
uniform speed and deceleration:

�e multi-motor system starts and enters an accelerated state 
at �푡 < 0.3s, maintains constant speed at 0.3s ≤ �푡 ≤ 0.7s and 
enters a deceleration state at 0.7s < �푡 ≤ 1s. �e motor is 
assumed to start with parameter perturbation, that is, the sys-
tem compound interference �푑2�푗 ̸= 0. A pulse interference sig-
nal (Figure 2) is applied to motor 2 at 0.2 s, and a high-frequency 

(16)

�̇푉 = �푠[�푑 21 + ⋅ ⋅ ⋅ + �푑2�푗 + ⋅ ⋅ ⋅ + �푑2�푛

− (�퐷1 + �휀1)�푠�푔�푛(�푠)
− ⋅ ⋅ ⋅ − (�퐷�푗 + �휀�푗)�푠�푔�푛(�푠) − ⋅ ⋅ ⋅ − (�퐷�푛 + �휀�푛)�푠�푔�푛(�푠)]

≤ �푠[−�휀1�푠�푔�푛(�푠) − ⋅ ⋅ ⋅ − �휀�푗�푠�푔�푛(�푠) − ⋅ ⋅ ⋅ − �휀�푛�푠�푔�푛(�푠)]
= −(�휀1 + ⋅ ⋅ ⋅ + �휀�푗 + ⋅ ⋅ ⋅ + �휀�푛)|�푠|
≤ 0.

(17)�푇� =
{{{{
{{{{
{

10
3 �푡 �푡 < 0.3 s
1 0.3 s ≤ �푡 ≤ 0.7 s
−103 (�푡 − 0.7) + 1 0.7 s < �푡 ≤ 1 s.

strong robustness, this controller has been widely used in high-
precision tracking control [21, 26, 27]. To guarantee that the total 
traction torque of the multi-motor system dynamically tracks 
the output torque of the virtual motor, the error between these 
two is denoted by �. �e total-amount coordinated tracking 
error of the traction power of the system can be formulated as

Take the derivative of Equation (6)

Select the integral sliding surface

where � is a positive constant.
Design the TACC protocol as

where �휀�(�푗 = 1, 2, . . . , �푛) is a positive constant, sgn(�푠) is a sign 
function, �� is a known non-negative value and �퐷�푗 ≥

������푑2�푗
�����.

�eorem 1. Consider the multi-motor system described in 
Equation (4). If the integral sliding mode controller of Equation 
(9) is devised, then this controller can guarantee that the total 
traction output torque of the multi-motor system dynamically 
tracks the virtual motor output torque, that is, error�can asymp-
totically converge to zero.

Proof of �eorem 1. Select the Lyapunov function

Take the derivative of Equation (10)

(10)

�푒 =
�푛
∑
�푗=1

�푇�푒�푗 − �푇�푟�푒�푓

= �푇�푒1 + ⋅ ⋅ ⋅ + �푇�푒�푗 + ⋅ ⋅ ⋅ + �푇�푒�푛 − �푇�푟�푒�푓

= �푥31 + ⋅ ⋅ ⋅ + �푥3�푗 + ⋅ ⋅ ⋅ + �푥3�푛 − �푇�푟�푒�푓.

(11)

̇�푒 = �̇푇�푒1 + ⋅ ⋅ ⋅ + �̇푇�푒�푗 + ⋅ ⋅ ⋅ + �̇푇�푒�푛 − �̇푇�푟�푒�푓

= −�퐽�푒�푞1�푎01�푥11 + (�푏�푒�푞1 − �퐽�푒�푞1�푎11)�푥21 + �퐽�푒�푞1�푏1�푢1 + �푑21

+ ⋅ ⋅ ⋅
+ (−�퐽�푒�푞�푗�푎0�푗�푥1�푗 + (�푏�푒�푞�푗 − �퐽�푒�푞�푗�푎1�푗)�푥2�푗 + �퐽�푒�푞�푗�푏�푗�푢�푗 + �푑2�푗)
+ ⋅ ⋅ ⋅
+ (−�퐽�푒�푞�푛�푎0�푛�푥1�푛 + (�푏�푒�푞�푛 − �퐽�푒�푞�푛�푎1�푛)�푥2�푛 + �퐽�푒�푞�푛�푏�푛�푢�푛 + �푑2�푛) − �̇푇�푟�푒�푓.

(12)�푠 = �푐∫
�푡

0
�푒(�푡)�푑�푡 + �푒(�푡),

(13)

�푢�푗 = −�퐽−1�푒�푞�푗�푏−1�푗 [−�퐽�푒�푞�푗�푎0�푗�푥1�푗 + (�푏�푒�푞�푗 − �퐽�푒�푞�푗�푎1�푗)�푥2�푗 + �푐�푥3�푗

− 1
�푛�̇푇�푟�푒�푓 −

�푐
�푛�푇�푟�푒�푓 + (�퐷�푗 + �휀�푗)�푠�푔�푛(�푠)],

(�푗 = 1, 2, . . . , �푛),

(14)�푉 = 1
2�푠

2.

(15)

�̇푉 = �푠 ̇�푠
= �푠[�푐(�푥31 + ⋅ ⋅ ⋅ + �푥3�푗 + ⋅ ⋅ ⋅ + �푥3�푛 − �푇�푟�푒�푓)
+ (−�퐽�푒�푞1�푎01�푥11 + (�푏�푒�푞1 − �퐽�푒�푞1�푎11)�푥21 + �퐽�푒�푞1�푏1�푢1 + �푑21)
+ ⋅ ⋅ ⋅
+ (−�퐽�푒�푞�푗�푎0�푗�푥1�푗 + (�푏�푒�푞�푗 − �퐽�푒�푞�푗�푎1�푗)�푥2�푗 + �퐽�푒�푞�푗�푏�푗�푢�푗 + �푑2�푗)
+ ⋅ ⋅ ⋅
+ (−�퐽�푒�푞�푛�푎0�푛�푥1�푛 + (�푏�푒�푞�푛 − �퐽�푒�푞�푛�푎1�푛)�푥2�푛 + �퐽�푒�푞�푛�푏�푛�푢�푛 + �푑2�푛)−�̇푇�푟�푒�푓].

Table 2: Parameters of motors [7].

Parameters Motor 1 Motor 2 Motor 3 Motor 4
�푅(Ω) 2.4 2.5 2.3 2.2
�퐿(�퐻) 0.58 0.612 0.6 0.55
�푏��(�푁 ⋅ �푚 ⋅ �푠) 0.075 0.08 0.07 0.06
�퐽�푒�푞(�푘g ⋅ �푚2) 2.15 2.4 2.35 2.3
�푘�(�푚�푁 ⋅ �푚/�퐴) 82 82.2 81.8 81.5
�푘�(�푚v/�푟�푎�푑/�푠) 82.31 82.322 82.3 82.2
�� 7.95 8 7.9 7.89
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tracking effect of the virtual controller and its tracking error. 
Figures 6 and 7 show the tracking effect of the TACC and its 
tracking error. Figure 8 shows the output torque and the trac-
tion torques of each motor. Figure 9 shows the total-amount 

interference signal (Figure 3) is applied to motor 3 at 0.5 s. 
A�er the motor is disturbed, the control effect of the system 
occurs, as shown in Figures 4–10. Figures 4 and 5 show the 

r1

1.00.80.6

Time (s)

0.40.20.0

0.0

0.5

1.0

Figure 2: Pulse interference signal.

r2

1.00.80.6

Time (s)

0.40.20.0

–0.5

–1.0

0.5

0.0

1.0

Figure 3: High-frequency interference signal.

1.0

0.680

1.008

1.000

0.992

0.672

0.664

0.500 0.5020.200 0.202

0.5

0.0

0.20.0 0.4 0.6 0.8 1.0

Time (s)

To
rq

ue

Figure 4: Virtual controller tracking effect.

0.0

0.004

–0.004

0.000

V
irt

ua
l c

on
tr

ol
le

r t
ra

ck
in

g 
er

ro
r

–0.2

–0.4

0.200 0.202 0.204

0.004

–0.004

0.000

0.500 0.502

0.0 0.2 0.4 0.6 0.8 1.0

Time (s)

Figure 5: Virtual controller tracking error.

0.0 0.2 0.4 0.6 0.8 1.0

Time (s)

1.0

0.5 0.668

0.667

0.666

0.665

1.000

0.998

1.002

0.0 0.20000.1999 0.2001 0.5000 0.5002

To
rq

ue

Figure 6: TACC tracking effect.

0.0 0.2 0.4 0.6 0.8 1.0

Time (s)

0.000

0.001

–0.001

0.000

0.001

–0.001

0.2000 0.2002 0.5000 0.5002

0.0

–0.5

–1.0

TA
C

C
 tr

ac
ki

ng
 er

ro
r

Figure 7: TACC tracking error.



Journal of Advanced Transportation6

2 and 3 increase. When motor 2 is disturbed by the high-fre-
quency signal at 0.5 s, the output torque of motor 2 decreases, 
and the output torques of motors 1 and 3 increase. Restricted 
by the braking command and influenced by the disturbance 
signal, the output torques of motors 1 to 3 demonstrate a 
downward trend a�er 0.8 s. A�er 0.97 s, the output torques of 
motors 1 and 2 are equal to 0, and motor 3 adjusts the output 
torque to achieve a given torque value and to maintain the 
consensus of the total traction power. Figure 9 shows that 
under different signal interferences, the tracking error value 
does not exceed 0.2%, and the tracking time does not exceed 
0.002 s.

�e given torque of the system, the output torque of the 
virtual line-sha� and the output torques of the three motors 
are plotted on a 3D bar chart in Figure 10(a) and a 3D colour 
surface map in Figure 10(b). In Figure 10(a), the sum of the 
cylindrical areas with the same colour in �푇�� (�푗 = 1, 2, 3) is 
equal to the corresponding area in �� and ����. Meanwhile, in 
Figure 10(b), different colours correspond to different values. 
�e sum of the output torques of the three motors is equal to 
the virtual line sha� output torque and the given torque of the 
system. Simulation results indicate that with parameter per-
turbation, the system still maintains good robustness and 
convergence performance.  

To simulate actual working conditions, a sudden load sce-
nario where a locomotive runs stably is designed. In this sim-
ulation, the locomotive is set to run steadily in the constant 
speed section shown in Figure 8. When t = 0.5 s, the original 
load increases by 50% and the duration is 0.2 s. Figure 11 pre-
sents the waveform diagram of the given torque and the total 
output torque of the motors when the proposed virtual line 
sha�ing-based TACC method is applied. Figure 12 presents 
the error value between these two torques. When sudden load 
is applied, the total output torque of the motors decreases and 
rapidly increases to the value of the given torque, with the 
error value not exceeding 2%, and the adjusting time of the 
controller not exceeding 0.004 s. In sum, the proposed virtual 
line sha�ing-based TACC method ensures the strong anti-load 
interference ability of the system.

5.2. Experiment.  To ensure that the system simulation reflects 
the actual engineering environment as close as possible, a 
semi-physical simulation experiment is performed.

�e apparatus used in this experiment is an RT-lab exper-
imental platform comprising a DSP controller, an OP56000 
simulation motor, related connection lines and an upper com-
puter monitoring interface. During the experiment, the system 
model under the Simulink environment is imported into the 
RT-lab experimental platform and run in OP56000. 
A�erwards, the TACC model is imported into the DSP con-
troller, and the results are obtained. �e experiment selects 
the same parameters and conditions described in Section 5.1. 
Figure 13 shows the RT-Lab experimental platform.

Figure 14 presents the tracking effect of the virtual con-
troller. As shown in this figure, the designed virtual controller 
can make the virtual line-sha�ing output torque ���� accurately 
track the given torque of the system ��. Figure 15 shows the 
effect diagram of TACC. As shown in this figure, the designed 
TACC can make the total output torque of the multi-motor 

coordinated tracking error. Figure 10 shows the given torque 
of the system, the output torque of virtual line-sha�ing and 
the output torque of each motor.

Figures 4 and 5 show the given reference torques (denoted 
by the dashed line) and the output torque of the virtual motor 
(denoted by the solid line). �e tracking error between these 
two torques is observed at 0.2 s and 0.5 s. When the system is 
disturbed uncertainly, the error value does not exceed 0.2% 
and the virtual controller adjustment time is less than 0.002 s. 
In Figures 6 and 7, the output torque of the virtual motor is 
denoted by the dashed line, whereas the total output torque is 
denoted by the solid line. When the system is disturbed, the 
system tracking error value does not exceed 0.02%, and the 
TACC adjustment time is less than 0.0002 s.

In Figure 8, the output torques of motors 1 to 3 are denoted 
by the dotted line, the dotted–dashed line and the double-dot-
ted–dashed line, respectively. When motor 1 is disturbed by 
a pulse signal at 0.2 s, its output torque decreases. To guarantee 
a constant total traction power, the output torques of motors 

0.0 0.2 0.4 0.6 0.8 1.0

Time (s)

1.5 0.680 1.008

1.000

0.992

0.672

0.664
0.198 0.200 0.202 0.500 0.5021.0

0.5

0.0

To
rq

ue
 (

)

Figure 8: Output torque and traction torques of each motor.
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Figure 13: RT-Lab experimental platform.
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