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Aiming at the problems of parameter disturbance and coupling disturbance in a vehicle
drive axle loading test-bed, this paper used the adaptive backstepping sliding mode control
(ABSMC) strategy to design the controller for the speed and torque system. The effectiveness
of the controller has been verified by simulation and an experiment. The results show that
the equivalent moment of inertia is increased by 5 times, and the step response overshoot of
the speed system is 4.1%. By adding a random disturbance, the sinusoidal tracking errors
of the speed and torque systems are 0.05 r/min and 0.09 Nm, respectively.
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1.

Introduction

With the continuous improvement of people’s requirements for vehicle reliability and operation
performance, the research on simulated loading tests of vehicle key components has attracted
more and more attention (Peng et al., 2013). The performance of the vehicle largely depends
on working characteristics of the vehicle engine and wheel axle, and the engine is often an
established on-demand product. Therefore, it is particularly important to carry out simulated
loading tests on the vehicle drive axle under various complex working conditions (Han et al.,
2009). The working environment of engineering vehicles is mostly poor, as a key component of
the vehicle, the working performance of the drive axle determines the reliability and stability of
the vehicle (Zhai et al., 2016). Using a loading test bench to carry out the loading test on the
drive axle indoors can evaluate the quality and reduce the development cost (Lauwerys et al.,
2005). In the recent years, due to the society’s high promotion of energy conservation, emission
reduction and efficient utilization, the development of low-carbon and energy-saving vehicles
has attracted more and more attention (Fajri et al., 2016). Because of its unique advantages,
secondary regulation technology is more and more used in vehicle drive axle loading test-beds.
Compared with the traditional hydrostatic transmission and electric transmission, the loading
test equipment based on the secondary regulation technology has the advantages of better control
performance, higher system efficiency and less power consumption (Shen et al., 2017).
The precision control of the secondary regulation system has also received extensive attention.
Ding et al. (2006) proposed a method combining dynamic matrix predictive control and PID.
The inner loop is used to overcome the random interference, and the outer loop uses predictive
control to obtain excellent tracking performance and robustness. Su and Wang (2006) based
their research on the state space method. The control problem of a class of dual input single
output speed system was studied, and a PID control strategy adjusted by a genetic algorithm was
given. Hu et al. (2008), based on the principle of structural invariance, designed a feedforward
compensation loop device for the speed control system to suppress the load interference. Zang
et al. (2014) proposed a control method combining fuzzy logic and neural network. Zang et
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al. (2016) also studied a robust control problem of the secondary regulation speed system by
using the Hamiltonian function method. However, the speed and torque systems simulated by
the wheel bridge loading test-bed are rigidly coupled through the loading object (Li et al.,
2014). In addition, there are many parameters and large changes in the system, resulting in
a serious external coupling interference and internal parameter disturbance in the speed and
torque systems (Li and Jia, 2017). Therefore, in order to improve the control accuracy of the
loading test-bed, this paper combines an adaptive, backstepping and sliding mode algorithm to
design the controller of the speed and torque systems. The internal uncertainty of the system
is eliminated by sliding mode control (Song and Yu, 2020). Based on the backstepping sliding
mode algorithm, the compensation control of the adaptive law is introduced to eliminate the
influence of the external interference from the system through estimation (Huang and Yang,
2015).

2.

System principle

As shown in Fig. 1, the vehicle drive axle loading test system based on the secondary regulation
technology is shown. Four sets of secondary elements are connected in parallel in a constant
voltage network by pressure coupling. The other end is connected in one by mechanical coupling
through speed and torque sensors, transmission and the wheel bridge. Secondary element 1
works under the motor condition and constitutes the driving speed control system with the
speed sensor and controller 1. Secondary elements 2, 3 and 4 work under the pump condition,
they form the secondary output loading the torque control system and the wheel side loading
torque control system together with corresponding torque sensors and controllers 2, 3 and 4,
respectively. Secondary element 1 (motor) converts hydraulic energy into mechanical energy to
drive the loading object (wheel bridge) and secondary elements 2, 3 and 4 (pump) to realize
simulated loading. Secondary elements 2, 3, 4 (pump) convert mechanical energy to hydraulic
pressure and give back to the constant pressure network. Therefore, the loading system can
realize energy recovery. Since the settings of the four sets of the secondary regulation systems
are the same, any one of them can be set as the driving unit and the other one, two or three
sets as the loading unit to form a 2-axis, 3-axis or 4-axis composite loading system.
Because the structure, components and parameters of the secondary output loading torque
control system and the left and right wheel side loading torque control systems are the same, for
the sake of simplification, this paper only studies the secondary output loading torque control
system and the drive speed control system, hereinafter referred to as the torque system and the
speed system.
According to the loading system shown in Fig. 1 and the system equation proposed by Wang
et al. (2018), the state space equation of the speed system can be obtained as
ẋ1 = x2

ẋ2 = x3

ẋ3 = x4

ẋ4 = a1 x1 + a2 x2 + a3 x3 + a4 x4 + a5 u + F1
Y = x1
where Y represents the speed output of the speed system, u is the control input
 ω2K K
ωv2 Kv (Ky Rq Ymax + Kn Vmax PL )
ω 2 Rq 
v y
a2 = − v
+ v
Jq AYmax
A
Jq
2




2ωv ζv
Rq
ω Kv Vmax PL
a3 = − ωv2 +
a4 = − 2ωv ζv +
a5 = v
Jq
Jq
AYmax

a1 = −

(2.1)
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Fig. 1. Principle diagram of the simulation loading system

The state space equation of the torque system is
ẋ1 = x2

ẋ2 = x3

ẋ3 = b1 x1 + b2 x2 + b3 x3 + b4 u + F2

Y = x1

(2.2)

where Y represents the torque output of the torque system, u is the control input
ωv2 Kv (Ky Ymax + Km Vmax PL )
AYmax
ω 2 Kv Vmax PL )
b3 = −2ωv ζv
b4 = v
AYmax
b1 = −

b2 = −ωv2

and F1 , F2 are the uncertainty parameter and the coupling interference of the speed and torque
systems, respectively. Other parameters in equations (2.1) and (2.2) are shown in Table 1.
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Table 1. Main parameters of the system
Symbol
Jq [kg m2 ]
Rq [N m/(rad/s)]
Kv [(m3 /s)/v]
ωv [rad/s]
ζv [–]
A [m2 ]
Ymax [m]
PL [N/m2 ]
Vmax [m3 /rad]
ky [–]
kn , km [–]
3.

Description
Equivalent moment of inertia of loading
mechanical system
Viscous damping coefficient of drive axle
Flow gain of electro-hydraulic servo valve
Natural frequency of electro-hydraulic servo valve
Damping ratio of electro-hydraulic servo valve
Effective area of variable pressure cylinder
Maximum displacement of piston of variable
hydraulic cylinder
Load pressure of variable hydraulic cylinder
Maximum displacement of secondary element
Transformation coefficient of displacement sensor
Speed and torque sensor coefficients

Figure
1.13
0.22
1.1 · 10−4
560
0.5
1.41 · 10−3
2.63 · 10−2
20.0 · 106
250.00 · 10−6
10
0.01

Controller design of the speed and torque systems

According to equation (2.1), assuming that the control target is the speed output Y of the speed
system, the tracking command is xd and the first, second, third and fourth derivatives of xd are
derivable, the tracking error is
z1 = Y − xd

ż1 = Ẏ − ẋd = x2 − ẋd

(3.1)

Define the first Lyapunov function
1
v1 = z12
2

v̇1 = z1 ż1

ż1 = z1 (x2 − ẋd )

(3.2)

where
x2 = −c1 z1 + ẋd + z2

z2 = x2 + c1 z1 − ẋd

(3.3)

z2 is the virtual control term, c1 is a positive constant (Pang et al., 2021)
v̇1 = −c1 z12 + z1 z2

(3.4)

If z2 = 0, then v̇1 ¬ 0. And so on until the third Lyapunov function is defined as
1
v3 = v2 + z32
2
...
v̇3 = v̇2 + z3 ż3 = −c1 z12 − c2 z22 + z2 z3 + z3 (x4 + c1 z̈1 − x d + c2 ż2 + ż1 )

(3.5)

where
...
z4 = x4 + c3 z3 + z2 + c1 z̈1 − x d + c2 ż2 + ż1

(3.6)

c3 is a positive constant, z4 is a virtual control term
v̇3 = −c1 z12 − c2 z22 − c3 z32 + z3 z4

(3.7)

Define the sliding mode switching function
δn = k1 z1 + k2 z2 + k3 z3 + z4

(3.8)
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The Lyapunov function is defined as follows
1
v4 = v3 + δn2
2
v̇4 = v̇3 + δn δ̇n = −c1 z12 − c2 z22 − c3 z32 + z3 z4 + δn (k1 ż1 + k2 ż2 + k3 ż3 + ż4 )

(3.9)

= −c1 z12 − c2 z22 − c3 z32 + z3 z4 + δn (k1 ż1 + k2 ż2 + k3 ż3 + a1 x1 + a2 x2 + a3 x3
....
...
+ a4 x4 + a5 un + F1 + c3 ż3 + ż2 + c1 z 1 − x d + c2 z̈2 + z̈1 )
The backstepping sliding mode control rate of the speed system can be obtained as
1n
−k1 ż1 − k2 ż2 − k3 ż3 − a1 x1 − a2 x2 − a3 x3 − a4 x4 − F 1 sgn (δn )
a5
o
...
....
− c3 ż3 − ż2 − c1 z 1 + x d − c2 z̈2 − z̈1 − hn [δn + βn sgn (δn )]

un =

(3.10)

where hn and βn are positive constants. By introducing equation (3.10) into equation (3.9) we
can find
v̇4 = −c1 z12 − c2 z22 − c3 z32 + z3 z4 − hn δn2 − hn βn |δn | + F1 δn − F 1 |δn |
¬ −c1 z12 − c2 z22 − c3 z32 + z3 z4 − hn δn2 − hn βn |δn | + |δn |(|F1 | − F 1 )

(3.11)

¬ −c1 z12 − c2 z22 − c3 z32 + z3 z4 − hn δn2 − hn βn |δn |
Define a positive definite matrix Qn as follows


c1 + hn k12
hn k1 k2
hn k1 k3
hn k1
 h k k
2
c2 + hn k2
hn k2 k3
hn k2

Qn =  n 1 2
 hn k1 k3
hn k2 k3
c3 + hn k32 hn k3 −
hn k1
hn k2
hn k3 − 12
hn





1
2

(3.12)

Because
ZT Qn Z = c1 z12 + c2 z22 + c3 z32 − z3 z4 + hn δn2

(3.13)

v̇4 ¬ −ZT Qn Z − hn βn |δn |

(3.14)

and

where
|Qn | = hn c1 c2 (c3 + k3 ) −

c1 c2 + hn (c2 k12 + c1 k22 )
4

(3.15)

By taking appropriate values of hn , c1 , c2 , c3 , k1 , k2 , k3 , one can make |Qn | > 0.
Define an equation


w(t) = ZT Qn Z + hn βn |δn | ¬ −v̇4 z1 (t)z2 (t)z3 (t)z4 (t)

(3.16)

Integrate both sides of equation (3.16) at the same time
Zt

w(τ ) dτ ¬ −

0

Zt
0



v̇4 z1 (τ )z2 (τ )z3 (τ )z4 (τ ) dτ


(3.17)


= v4 z1 (0)z2 (0)z3 (0)z4 (0) − v4 z1 (t)z2 (t)z3 (t)z4 (t)
limt→∞

Rt
0

w(τ ) dτ exists and is limited. According to the Barbarat lemma limt→∞ w(t) = 0.

232

H. Yu et al.

So t → ∞, z → 0, δn → 0 and Y → xd . That is, the system still tends to be stable in the
presence of the disturbance.
Because the upper bound of F1 is uncertain, adaptive control can be used to estimate F1
(Esmaeili et al., 2019). Let the estimated error be Fe1 , the estimate Fb1 , then we can obtain
Fe1 = F1 − Fb1

(3.18)

Define a Lyapunov function
v5 = v4 +

1 e2
F
2γn 1

(3.19)

where γn is a positive constant
v̇5 = v̇4 −

1 e ḃ
1
F1 F 1 = v̇4 − Fe1 (Fḃ 1 − γn δn )
γn
γn

(3.20)

The ABSMC controller of the speed system can be obtained
1n
−k1 ż1 − k2 ż2 − k3 ż3 − a1 x1 − a2 x2 − a3 x3 − a4 x4 − Fb1 − c3 ż3 − ż2
a5
o
...
....
− c1 z 1 + x d − c2 z̈2 − z̈1 − hn [δn + βn sgn (δn )]

un =

(3.21)

where
Fḃ 1 = γn δn

(3.22)

Bring equations (3.21) and (3.22) into equation (3.20)
v̇5 = −c1 z12 −c2 z22 −c3 z32 +z3 z4 −hn δn2 −hn βn |δn | = −ZT Qn Z−hn βn |δn | = −w(t) ¬ 0 (3.23)
where |Qn | > 0. According to the Barbarat lemma limt→∞ w(t) = 0. t → ∞, z → 0 so as to
ensure the stability of the speed system.
From equation (2.2), it can be obtained that the adaptive backstepping sliding mode controller of the torque system is
um =

o
1n
...
−l1 ε̇1 −l2 ε̇2 −b1 x1 −b2 x2 −b3 x3 − Fb2 −r2 ε̇2 −r1 ε̈1 − ε̇1 + x d −hm [δm +βm sgn (δm )]
b4
(3.24)

where l1 , l2 , r1 , r2 , hm , βm are positive constants.
4.

Simulation research

The simulation model of the system is established by Matlab Simulink, and the effectiveness
of the ABSMC control strategy is verified by comparing the adaptive control strategy. System
parameters are shown in Table 1.
After repeated debugging and ensuring that the Qn and Qm matrices are positive definite,
the controller parameters of the speed system are obtained as follows c1 = 100, c2 = 50, c3 = 20,
k1 = 100, k2 = 50, k3 = 20, hn = 30, βn = 10, γn = 600. The controller parameters of the torque
system are l1 = 300, l2 = 40, r1 = 300, r2 = 40, hm = 200, βm = 20, γm = 2000.
First, verify the performance of the two systems when the internal parameters of the system
change. According to the expression of the speed system, the equivalent moment of inertia mainly
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Fig. 2. Step response of: (a) speed system, (b) torque system

affects the speed system. When Jq increases by 5 times, verify the step response of the speed
system controlled by ABSMC, as shown in Fig. 2a. Since the torque system is greatly affected
by the natural frequency of the electro-hydraulic servo valve, when it is reduced by 50%, verify
the step response of the torque system controlled by ABSMC, as shown in Fig. 2b.
It can be seen in Fig. 2a, curve 1 shows a step response of the speed system when
Jq = 1.13 kg m2 , and the overshoot is 1.8%. Curves 2 and 3 show the step response when the
system parameters change Jq = 5.65 kg m2 . When the moment of inertia increases by 5 times,
the step response of the speed system is overshoot. Under the adaptive strategy, the system
overshoot is 10% and the adajustment time is 0.7 s. Under the control of ABSMC strategy, the
system overshoot is 4.1%, the adjustment time is 0.3 s, the speed system overshoot increases
slightly, and a change in the steady-state error is small. As shown in Fig. 2b, curve 1 shows
the step response of the torque system when ωv = 560 rad/s, and curves 2 and 3 show the
step response when ωv = 280 rad/s. The natural frequency of the electro-hydraulic servo valve
decreases by 50%, the response of the system becomes faster and the stability becomes worse.
In adaptive strategy control, the overshoot of the step response is 5%, the adjustment time is
0.15 s, and there is chattering in the convergence process. For the system controlled by ABSMC,
the overshoot of the step response is only 1%, the adjustment time is 0.08 s, and the chattering
in the convergence process is small.
Secondly, the performance of the two systems is verified when there is an external coupling
interference. The sinusoidal signal with an amplitude of 1 is taken as the reference signal, and the
random signal is taken as the external coupling interference of the system. Verify the estimation
of random interference by ABSMC strategy, sinusoidal tracking response and tracking error of
the two systems. As can be seen in Fig. 3, it shows the response of the speed system.
As shown in Fig. 3a, the random disturbance suddenly changes at 4 s and 8 s. There are
errors in the disturbance estimation of adaptive control. The estimation of random disturbance
by ABSMC control is fast and accurate. As shown in Fig. 3b and 3c, in adaptive control, the
maximum tracking errors are 0.09 r/min and 0.05 r/min, respectively, and the convergence time
is 0.4 s. The tracking errors of the system controlled by ABSMC are 0.05 r/min and 0.025 r/min,
respectively, the convergence time is only 0.1 s, and the convergence is stable.
As shown in Fig. 4, it is the sinusoidal response of the torque system, and the random
disturbance amplitude is greater than that of the speed system.
In the loading experiment, the external force interference of the torque system is greater
than that of the speed system. Therefore, the disturbance amplitude of the torque system is
greater than that of the speed system. As can be seen in Fig. 4a, the estimation of disturbance
by ABSMC control is still accurate. At 4s and 8s, the maximum tracking error of the system controlled by ABSMC is 0.09 Nm and 0.04 Nm, respectively, and the convergence time is only 0.1 s.
The ABSMC controller shows good robustness. For small disturbances, the ABSMC controller
controls fully and the system runs smoothly, so this paper will not repeat it.
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Fig. 3. Speed system simulation curve: (a) disturbance estimation, (b) sinusoidal tracking,
(c) tracking error

Fig. 4. Torque system simulation curve: (a) disturbance estimation, (b) sinusoidal tracking,
(c) tracking error

5.

Experimental research

The vehicle drive axle loading test-bed is composed of a drive speed control system, secondary
output loading torque control system and left and right wheel side loading torque control systems.
As shown in Fig. 5, the four systems can be adjusted by a controller, respectively.
The computer control system is shown in Fig. 6. The function of the upper computer is to set
the test parameters and store the data. The lower computer is composed of an industrial control
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Fig. 5. Photo of the vehicle drive axle loading test bench

computer, data I/O interface board and an AD/DA data acquisition board, which is responsible
for measurement of the test parameters and logic control of the test bench. Four HNC-100
controllers are used to realize the internal and external loop control of the four systems. NI-PXI
unit is responsible for collecting the parameters of each secondary element and sending them
to the lower computer. PLC mainly completes the gear switching of each transmission. The
upper computer communicates with the lower computer through Ethernet. The upper computer
communicates with PLC through PCI-1602E RS422/RS485 communication card.

Fig. 6. Computer control system

Because the secondary output loading torque control system has the same performance as
the left and right wheel side loading torque control systems, this experiment only studies the
drive speed and secondary output loading torque control system. The purpose of the test is to
test the anti-interference ability of the drive speed and secondary output loading torque control
system by using the designed ABSMC controller.
The wheel axle simulation loading system adjusts the load of the loading object (wheel
axle) by driving the transmission (four gears), secondary output transmission (three gears) and
the left and right wheel side transmission (three gears). In order to analyze the influence of
the equivalent moment of inertia on the performance of the speed system, four different gear
combinations are taken for the test, as shown in Table 2.
Figures 7a, 7b, 7c and 7d correspond to working conditions I, II, III and IV, respectively,
and the equivalent moment of inertia from small to large is 0.99, 1.13, 1.95 and 5.65 kgm2 ,
respectively.
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Table 2. Influence of rotational inertia on system performance
Working Drive Secondary Left wheel Right wheel
condi- transmis- transmis- transmis- transmistion
sion gear sion gear sion gear sion gear
I
1
1
2
2
II
1
1
1
1
III
2
2
1
1
IV
3
2
2
2

Speed
Speed steady
Jq
overshoot
state error
[kg m2 ]
amount [%]
[%]
0.99
1.1
0.9
1.13
1.8
0.6
1.95
2.7
0.8
5.65
4.1
1.1

Fig. 7. Step response test curve of the speed system

Curves 1 and 2 in the figure are the step input and test output, respectively. It can be seen
in Fig. 7 and Table 2 that when Jq = 1.13 kg m2 , the overshoot is 1.8% and the steady-state
error is 0.6%; when Jq = 5.66 kg m2 , the overshoot is 4.1% and the steady-state error is 1.1%.
The overshoot and steady-state error of the speed system increase slightly, which is basically
consistent with the simulation results obtained in Fig. 2.
In the computer control system, a random disturbance is input to the speed and torque
system, and a sudden change occurs at 10 s to verify the sinusoidal response of the speed and
torque systems, as shown in Figs. 8a and 8b. Curves 1 and 2 in the figure are the sinusoidal input
and test output, respectively. The amplitude of the sinusoidal signal of input speed and torque
systems is 55 r/min and 50 Nm, respectively, and the frequency is 0.1. The random disturbance
suddenly changes at 10 s, the maximum tracking error of the speed control system is 0.05 r/min,
and the convergence time is 0.1 s.The maximum tracking error of the torque control system is
0.09 Nm, and the convergence time is 0.15 s. This is basically consistent with the conclusion of
simulation analysis in Figs. 3 and 4. The ABSMC controller shows good robustness.
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Fig. 8. Experimental curve of: (a) speed system, (b) torque system

6.

Conclusions

There are parameter disturbances and coupling disturbances in the vehicle drive axle loading
test-bed, which have a great impact on the control performance of the system. In this paper, the
controller of the test-bed is designed by using the adaptive backstepping sliding mode control
strategy, and the performance of the controller is verified by simulation and an experiment.
The results show that under the condition of a large parameter disturbance and a random
disturbance, the ABSMC controller shows good control performance, and the loading test-bed
can still run smoothly. Therefore, the controller designed in this paper provides a good solution
for the accuracy control of the vehicle drive axle loading test-bed.
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