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Multimotors traction is a common driving mode for electric locomotives. *e complexity and variability of the operating
environment often cause difficulties for one or some traction motors to output the distributed traction torque, which requires the
redistribution of the torque output of multimotors to maintain the total traction torque of all motors at a given constant. To this
end, a multimotors coordination control method was proposed for consistent total traction torque of electric locomotives.
*rough this approach, a traction torque-coordinated control structure was constructed on the basis of energy minimisation with
an optimal dynamic adjustment mode. *e sliding mode tracking control was developed for each independent motor to improve
its dynamic response performance. A simulation verification of motors fault types in two different cases was conducted. *e
results showed that the proposed method could track the total traction torque in a short time, and the system fluctuations in
independent motor coordination process were very small.

1. Introduction

Most of the existing electric locomotives use multiple motors
together to provide traction torque [1]. For example, the
traction power of the SS8-type electric locomotive is pro-
vided by four motors together. When the locomotive is
under traction condition, the microcomputer control system
calculates the total traction torque required according to the
driver’s handling instruction and then distributes it to
multimotors mounted on the bogie according to the present
coordination strategy [2–5].

*e locomotive can be safely and smoothly operated only
when the sum of all the traction torque provided by mul-
timotors is consistent with the total traction torque required
[6]. However, the complexity and variability of the operating
environment often cause one or some tractionmotors to lose
traction performance. For example, when the locomotive
suddenly enters the rail covered with ice and snow from the
normal rail surface, some power wheels often lose traction
due to slippage [7–9], resulting in the decrease of the total
traction torque. Especially for locomotive on uphill slopes,

the backward failure may occur if the required total traction
torque cannot be maintained [10]. *is phenomenon needs
to solve two problems: one is to coordinate the output
traction torque among multimotors ensuring that the vector
sum of all the traction torque provided by multimotors is
consistent with the total traction torque required, and an-
other is to achieve the optimal dynamic performance for
independent motors.

In the field of multimotors coordination control
methods, scholars at home and abroad have conducted
considerable research work regarding decentralised coor-
dination, adaptive robust, and circular cross-coupling
control methods [11–13]. In [14], the multimotors coordi-
nation control system was considered as an integrated
system with multiple dynamic interval subsystems, and a
decentralised coordination control strategy was established
to solve the system uncertainty. In [15], a coordinated self-
adaptive robust control method was proposed to weaken the
influence of load variation and system uncertainty. In [16], a
consistency algorithm was introduced into the multiaxis
synchronous control system to achieve the high-
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performance synchronous control of the multimotors
system. In [17], a multimotors synchronous process cou-
pling control system was designed to improve the syn-
chronisation performance by changing the synchronisation
and tracking coefficients in real time in speed feedback and
synchronisation compensation. However, according to the
latest information mastered by the author, the existing
multimotors coordination control method is mostly used
to ensure the coordination of a certain state variable, such
as position or/and speed. For the problem of consistent
total traction torque, although the author and his colleges
have made an innovative attempt, many significant sci-
entific problems must be solved because a detailed allo-
cation algorithm of the torque output of the traction system
is unavailable in [18].

*e dynamic response performance of an independent
motor is directly related to the overall performance of the
multimotors coordination process. In [19], a suitable qua-
sisliding mode observer with low sampling frequency was
designed to estimate the rotor position and stator flux; then
the tracking control of the maximum power point of wind
turbine was realised. In [20], a fault reconstruction method
based on sliding mode variable structure was proposed. In
[21], the direct torque and flux control without the beat was
introduced into the motor control, which realised the
minimisation control of rapid torque and dynamic loss of
the motor. In [22], a feedback linearization direct torque
control method based on space vector modulation was
proposed to reduce the influence of electromagnetic torque
and stator flux pulsation.

For electric locomotives, the traction torque of all motors
is in the same direction; when one or some motors lose
traction performance, there are an infinite number of ad-
justment methods to coordinate the torque output of the
remaining motors, such that the total traction torque is
constant. But the optimal dynamic adjustment procedure is
minimizing the energy function composed of the traction
torques [23–25]. For this purpose, the SS8-type electric lo-
comotive with four motors that provide traction torque was
taken as the research object in this work; a multimotors
coordination control framework with consistent total
traction torque was constructed. A multimotors coordina-
tion control model based on energy minimisation was
proposed to ensure the minimum energy of the multimotors
dynamic adjustment process through the optimisation of the
weight matrix. Meanwhile, the traction torque control based
on sliding mode variable structure was constructed to im-
prove the dynamic response performance of each inde-
pendent motor.

*e structure of this paper is as follows. In Section 2, the
SS8-type electric locomotive is taken as the research object,
and a multimotor coordination control strategy for con-
sistent total traction torque is proposed. Section 3 elucidates
the traction torque output coordination method based on
energy minimisation. Section 4 designs the sliding mode
variable structure controller for each independent motor.
Section 5 includes the experimental and data analysis and
Section 6 is the conclusion.

2. Multimotors Coordination Control Strategy

*e SS8-type electric locomotive is an AC/DC transmission
phase-controlled electric locomotive [26]. *e locomotive
adopts B0–B0 axis structure, which belongs to the four-axis
passenger locomotive, and uses AC–DC traction mode, with
each motor equipped with four traction motors and
transmits traction torque through a flat pull rod [27]. When
the locomotive is running, the locomotive traction control
initially calculates the required total traction power after
receiving the driver’s handle command and then assigns it to
the four motors mounted on the bogie according to a
predetermined strategy. In fact, the effect of output traction
torque on drive shaft is to provide longitudinal force; this
means that the output traction torque of each motor acts in
the same direction, so the basic condition for the safe and
stable operation of electric locomotives indicates that the
sum of all the traction torque provided by all motors should
be consistent with the total traction torque required for the
locomotive to operate; that is,


4

j�1
Tej � T

∗
e , (1)

where Tej is the output traction torque of motor j and T∗e is
the required total traction torque according to the handle
command.

So, a multimotors coordination control strategy is
constructed to ensure that the total traction torque is
consistent when one or some motors lose traction torque
output; meanwhile, the dynamic response performance of
each independent motor is improved (see Figure 1).

Figure 1 shows that the coordination controller inte-
grates the traction torque output of eachmotor to compare it
with the given total traction torque required. Based on the
principle of minimized energy function, the real-time
traction torque output state of each motor is redistributed to
ensure that the sum of the traction torque of each motor


4
j�1 Tej is consistent with the total traction torque T∗e . At

the same time, a sliding mode controller (SMC) is proposed
to ensure that each direct-current motor (DCM) has pref-
erable dynamic response performance.

*emathematical model of permanent magnet brushless
DCM can be expressed as [28]

Lj

dij

dt
� − Rjij − kejktjωj + uj,

J1j + k
2
tjJ0j ω

.

j � − b1j + k
2
tjb0j ωj + Tej

− TLj
,

Tej
� ktjkmjij,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(2)

where Rj and Lj represent the resistance and inductance of
the armature circuit, respectively; ij is the motor current; ωj

is the output angular velocity of motor gearbox j; uj is the
voltage of the input port of the armature circuit; kej is the
back electromotive force constant; ktj is the gear ratio of the
gearbox; J0j and J1j are the moments of inertia of the motor
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and gearbox; b0j and b1j are the viscous friction coefficients
of the motor and the gearbox; kmj is the motor torque
constant; TLj is the load torque; and Tej is the output torque
of the motor.

Set x1j � ωj, x2j � ω
.

j, and x3j � Tej; the state equation
of (2) can be expressed as

x
.

1j � −
beqj

Jeqj

x1j +
x3j

Jeqj

+ d1j,

x
.

2j � − a0jx1j − a1jx2j + bjuj + d2j,

x
.

3j � − Jeqja0jx1j + beqj − Jeqja1j x2j + Jeqjbjuj + d3j,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(3)

where Jeqj � J1j + k2
tjJ0j is the equivalent moment of inertia;

beqj � b1j + k2
tjb0j is the equivalent viscous damping con-

stant; and bj � (ktjkmj)/JeqjLj, a0j � (k2
tjkmjkej + Rjbeqj)

/Jeqj Lj, and a1j � (beqj/Jeqj) + Rj/Lj; besides, dj � [d1j, d2j,

d3j] � [− (TLj/Jeqj), − (Rj/JeqjLj)TLj − (1/Jeqj)T
.

Lj, − (Rj/Lj)

TLj] are the time-varying disturbances.
*e load torque of the motor cannot be infinitely large;

that is, |TLj|≤ βj. *e axis end of the motor is mechanically
connected to the wheel-set through the gearbox. Moreover,
the load torque can be considered slow, time-varying, or
substantially constant; that is, |T

.

Lj|≤ λj. *erefore, the time-
varying disturbance dj is bounded; that is, ‖dj(t)‖≤ ξi,
where βj, λj, ξi are all positive constants.

3. Multimotors Coordination Based on
Energy Minimization

*e multimotors coordination procedure is the dynamic
change procedure of multimotors output traction torque, in
which the energy function is composed of each traction

torque reaching the minimum, which indicates the optimal
dynamic adjustment process [29]. *e energy function of
traction torque can be expressed as

J �
1
2
T

T
PT �

1
2
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(4)

where J is the energy function that is composed of each
traction torque; T is the traction torque matrix; and P is the
weight matrix, and P ∈ R4×4. *e main diagonal element
corresponds to the weight coefficient aj of each torque, and
aj > 0.

For the electric locomotive traction system that multiple
motors provide power together, due to the different axle
weights of the driving wheels, the traction torque provided
by corresponding motor may have different effects on
traction performance. *e purpose of using the weight
coefficient aj is to reduce the traction fluctuation amplitude
of motor that will cause greater degree of influence and, at
the same time, to increase the traction adjustment amplitude
of motor with a smaller degree of influence. So, the mul-
timotors traction torque coordination method based on
energy minimisation can be expressed as a constrained
optimisation problem; that is,

min J � min 
4

j�1

1
2
ajT

2
ej

s.t.

4

j�1
Tej � T

∗
e ,

0≤Tej ≤ b,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(5)

where b is a positive constant.
Formula (5) can be solved by using the Kar-

ush–Kuhn–Tucker (KKT) conditions. *e equality constraint
of (5) can be expressed as h(Tej) � 

4
j�1 Tej − T∗e � 0; the

inequality constraints of it can be expressed as g1j(Tej) �

0 − Tej ≤ 0 and g2j(Tej) � Tej − b≤ 0, respectively. More-
over, the inequality constraint of (5) can be transferred to
equality constraint by introducing slack variables,

h1j Tej, a1j  � g1j Tej  + a
2
1j � 0 − Tej + a

2
1j � 0,

h2j Tej, b1j  � g2j Tej  + b
2
1j � Tej − b + b

2
1j � 0,

(6)

where a1j and b1j are the slack variables, respectively.
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Figure 1: Multimotors coordination control strategy for consistent
total traction torque.
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So the Lagrange equation is [30]

F Tej, ε, a1j, b1j, μ1j, μ2j  � f Tej  + εh Tej  + μ1jh1j Tej, a1j  + μ2jh2j Tej, b1j 

� 
4

j�1

1
2
ajT

2
ej + ε 

4

j�1
Tej − T

∗
e

⎛⎝ ⎞⎠ + μ1j − Tej + a
2
1j  + μ2j Tej − b + b

2
1j ,

(7)

where ε is the Lagrange multiplier and μ1j ≥ 0 and μ2j ≥ 0 are
the KKT multipliers.

After the derivation of partial derivatives
Te1, Te2, Te3, Te4, ε, a1j, b1j, μ1j, and μ2j in (7),

zF

zTej

� ajTej + ε − μ1j + μ2j,

zF

zε
� 

4

j�1
Tej − T

∗
e ,

zF

za1j

� 2μ1ja1j,

zF
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� 2μ2jb1j,

zF

zμ1j

� h1j Tej, a1j  � g1j Tej  + a
2
1j,

zF

zμ2j

� h2j Tej, b1j  � g2j Tej  + b
2
1j.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(8)

*e KKT condition indicates that the energy function
must be satisfied when it reaches the minimum, and the
derivations of partial derivatives in (8) are 0. Setting
μ1j � μ2j ≥ 0, that is,

a1Te1 � a2Te2 � a3Te3 � a4Te4,


4

j�1
Tej � T

∗
e ,

μ1ja1j � μ2jb1j � 0,

g1j Tej  + a
2
1j � 0,

g2j Tej  + b
2
1j � 0,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(9)

where the detailed explanation can be found in [31]; thus,

a1Te1 � a2Te2 � a3Te3 � a4Te4. (10)

Also, with the p percentage traction torque loss of the
fourth motor, each traction torque matrix T � [Te1, Te2,

Te3, Te4]
T in (4) becomes Tc � [Te1, Te2, Te3, (1 − p)Te4]

T,
andTc is the changed traction torquematrix. At the same time,
by changing the initial weight matrix P, let it becomes the

changed weight matrix
Pc � diag((1 − p)a1, (1 − p)a2, (1 − p)a3, a4). Finally, (10)
can still be established.

*erefore, when the traction torque changes, the total
traction is maintained at a constant under the constraint
condition and the energy function value can be minimized
by changing the weight coefficient matrix P.

4. Sliding Mode Tracking Controller for
Independent Motors

In a variable structure control system, the motion of the
system can be divided into two stages. *e first stage is the
stage of reaching motion, that is, the approaching process in
the sliding mode control in which the reaching condition
ensures that the system state trajectory reaches the switching
surface from any initial state within a finite time. *e second
stage is that the error converges to zero under the influence
of control law. *is control method makes the system state
slide along the sliding surface by switching the control
quantity, thereby making the system invariant when sub-
jected to parameter perturbation and external disturbance;
thus, it has the advantages of rapid dynamic response and
strong robustness in multimotors system coordination
control, aircraft motion control, and other fields [32]. For
this purpose, a variable structure control was introduced for
improving the dynamic response performance of each in-
dependent motor.

*e tracking error between the output torque of motor j
and the setting command is to be ej; that is,

ej � Tej − T
∗
ej . (11)

After the derivation of (11),

e
.

� T
.

ej − T
. ∗

ej. (12)

Formula (3) is substituted into (12); that is,

e
.

� − Jeqja0jx1j + beqj − Jeqja1j x2j

+ Jeqjbjuj + d3j − T
. ∗

ej.
(13)

Integral sliding surface is defined as

s � ej(t) + c 
t

0
sgn ej(τ) dτ, (14)

where c is the positive constant to be designed and sgn(·) is a
sign function.

*e integral sliding mode control law is designed
based on the nonlinear system shown in (3) and the
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integral sliding surface shown in (14), which can be
expressed as follows:

uj � −
1

Jeqjbj

− Jeqja0jx1j + beqj − Jeqja1j x2j − T
. ∗

ej

+ csgn ej  − ηjsgn(s),

(15)

where j � 1, 2, 3, and 4 and ηj is the positive constant to be
designed.

*e controller contains unknown interference dj. *us,
the influence of dj can be offset by selecting a sufficiently
large switching gain ηj to converge the error ej to 0 in a finite
time.

Proof. Lyapunov function is defined as

V �
1
2
s
2
. (16)

After the derivation of s,

s
.
� e

.

j +csgn ej  � − Jeqja0jx1j + beqj − Jeqja1j x2j

+Jeqjbjuj +d3j − T
. ∗

ej +csgn ej .
(17)

*en,

V
.

� ss
.

� s − Jeqja0jx1j + beqj − Jeqja1j x2j + Jeqjbjuj + d3j − T
. ∗

ej + csgn ej  

� s(− Jeqja0jx1j + beqj − Jeqja1j x2j + Jeqjbj −
1

Jeqjbj

− Jeqja0jx1j + beqj − Jeqja1j x2j − T
. ∗

ej + csgn ej  + ηjsgn(s)  

+ d3j − T
. ∗

ej + csgn ej  � s · − ηj · sgn(s) + d3j  � − ηj|s| + sd3j ≤ − ηj|s| +|s| d3j



 � |s| d3j



 − ηj .

(18)

Set ηj; if ηj ≥ |d3j| is met, then

|s| d3j



 − ηj ≤ 0. (19)

Accordingly,

V
.

≤ 0. (20)

Meanwhile, the error ej gradually converges to 0 from
the initial state, such that the output torque of each inde-
pendent motor can be tracked to the reference state T∗ej in a
limited time.

*is completes the proof. □

5. Simulation Analysis

*e traction system that consists of four motors was taken as
the object, and the parameters are shown in Table 1.

*e initial weight coefficient in (4) is selected as
aj � diag[0.7, 0.6, 0.5, 0.4]. *e parameter to be designed on
the switching function in (15) is selected as c � 2, and the
parameter to be designed in (15) is selected as
ηj � [45, 35, 25, 30]T.

In order to reflect three processes including the accel-
eration, uniform speed, and braking, the corresponding
reference command is set as

T
∗
e � 

4

j�1
T
∗
ej �

10t, t< 10, acceleration,

100, 10≤ t≤ 20, uniform speed,

− 10(t − 20) + 100, 20< t≤ 30, braking.

⎧⎪⎪⎨

⎪⎪⎩
(21)

Four types of noise signals with high frequency, mutation,
slow-varying, and uniformity are superimposed on the four
traction motors, respectively, at 12 s to verify the dynamic
response performance and noise interference suppression
performance of the proposed method (see Figure 2).

*e simulation is conducted on the system, that is, at
15 s, 100% loss and 30% loss of traction torque for a motor.

5.1. 100% Traction Torque Loss of a Motor. When the fourth
motor loses 100% traction torque, the changing curve of the
total traction torque and each motor traction torque are
shown in Figure 3. *e solid black line indicates the total

given traction torque T∗e , the red dotted line indicates the
sum of the traction torque of the four motors Te_total, and
the lower coloured short line indicates each traction torque
Tej(j � 1, 2, 3, 4), respectively.

Figure 3 shows that, in the system acceleration phase of
0–10 s, the proportional coefficient assigned to the four
motors is unchanged, and the sum of the output traction
torques of the four motors is consistent with the total
traction torque required. At 12 s, the total traction torque
fluctuates with the maximum error of 0.12%. At 15 s, the
traction torque output of the fourthmotor is 0 due to the loss
of traction, and the required traction torque is distributed to
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the other three motors. *e maximum tracking error during
the tracking of total quantity is 6%, and the tracking time is
0.3 s.*us, the system can achieve total traction torque when
a motor loses 100% traction torque.

To reflect the tracking performance of each independent
motor more clearly, the traction torque change curve of the

four motors in Figure 3 is shown in Figure 4. *e solid black
line indicates the assigned command signal, and the red
dotted line indicates the output torque of each independent
motor.

Figure 4 shows that, under the given noise signal in-
terference at 12 s, each motor has different degrees of
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Figure 2: Four types of noise signal superimposed on four motors. (a) Interference signal 1. (b) Interference signal 2. (c) Interference signal
3. (d) Interference signal 4.

Table 1: Parameters of each motor.

Symbol Motor 1 Motor 2 Motor 3 Motor 4
Motor resistance R 2.5 2.2 2.3 2.4
Motor inductance L 0.612 0.55 0.6 0.58
Equivalent viscous friction coefficient beq 0.08 0.06 0.07 0.075
Equivalent motor moment of inertia Jeq 2.4 2.3 2.35 2.15
Motor torque coefficient km 82.2 81.5 81.8 82
Back electromotive force constant ke 82.32 82.2 82.3 82.31
Gearbox transmission ratio kt 8 7.888 7.9 7.95
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fluctuation, and the fluctuation quantities are 0.03%, 0.05%,
0.01%, and 0.1% with tracking time of 0.15, 0.3, 2.8, and 0.2 s,
respectively. At 15 s, the traction torques of the three
remaining motors show different degrees of overshoot
during the transition to the torque required for redistri-
bution due to the complete loss of traction of the fourth
motor, and the overshoot is 10.7%, 11.6%, and 10.6% with
stability time of 0.04 s, 0.15 s, and 0.15 s, respectively. No-
tably, after the fourth motor loses traction torque, the torque
does not immediately become 0 and the fluctuation existed

due to the influence of slidingmode.*us, when noise exists,
the motor torque output has high tracking performance
using the proposed method.

5.2. 30% Traction Torque Loss of a Motor. When the fourth
motor loses 30% of traction torque, the changing curve of the
total traction torque and the each motor traction torque is
shown in Figure 5. *e solid black line indicates the given
total traction T∗e , the red dotted line indicates the sum of the
traction torque of the four motors Te_total, and the lower
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Figure 4: Output torque change curve of the four motors when the fourth motor loses 100% traction. (a) Output torque change curve of
motor 1. (b) Output torque change curve of motor 2. (c) Output torque change curve of motor 3. (d) Output torque change curve of motor 4.
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Figure 5: *e changing curve of the total traction torque and each motor traction torque output when the fourth motor loses 30% traction
torque.

8 Journal of Advanced Transportation



coloured short line indicates each traction torque
Tej(j � 1, 2, 3, 4).

Figure 5 shows that, at 15 s, the maximum tracking error
during the tracking process of total traction torque is 1.3%
due to the 30% traction loss of the fourth motor, and the
tracking time is 0.1 s. *us, the system can achieve total
traction torque when a motor loses 30% traction torque.

*e torque change curve of the four motors in Figure 5 is
shown in Figure 6.*e solid black line indicates the assigned
command signal, and the red dotted line indicates the output
torque of each independent motor.

Figure 6 shows that when the fourth motor loses 30%
traction torque at 15 s, the output torque of the fourth motor is
set to 70% of the original output torque, and the required
traction torque is mainly compensated by the remaining
motors. In the process of output torque coordination, the
output torque fluctuations of the four motors are 3.21%, 3.24%,

3.29%, and 9.43%with tracking time of 0.04, 0.15, 0.2, and 0.2 s,
respectively. *us, when the motor loses part of the traction,
the system still has preferable dynamic response performance.

6. Conclusions

*e consistent total traction torque in the operation of
electric locomotives is the premise of safe and stable op-
eration of locomotives. A multimotors coordination control
method for consistent total traction torques is proposed to
ensure that the sum of multimotors output traction torque of
electric locomotives is consistent with the total traction
torque required. *e main innovations of this study are as
follows: firstly, a multimotors coordination control frame-
work is constructed for consistent total traction torque.
Secondly, a multimotors allocation control strategy, which
provides an idea for optimising the multimotors dynamic
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Figure 6: Output torque change curve of the four motors when the fourth motor loses 30% traction. (a) Output torque change curve of
motor 1. (b) Output torque change curve of motor 2. (c) Output torque change curve of motor 3. (d) Output torque change curve of motor 4.
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adjustment process, is proposed based on minimisation of
energy function. *irdly, a traction torque control strategy
based on sliding mode variable structure is constructed for
each independent motor. Finally, the simulation environ-
ments under two different conditions are constructed to
verify the proposed method. *e results show that the
proposed method shows good performance in terms of
consistency of total traction torque, as well as dynamic
response performance of an independent motor.
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