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Abstract: Due to the advantages of high energy efficiency and environmental friendliness, the 

electro-hydraulic actuator (EHA) plays a vital role in fluid power control. One variant of EHA, 

double pump direct driven hydraulics (DDH), was proposed, which consists of double fixed-

displacement pumps, a servo motor, an asymmetric cylinder, and auxiliary components. This paper 

proposed an adaptive backstepping sliding mode control (ABSMC) strategy for DDH to eliminate 

the adverse effect produced by parametric uncertainty, nonlinear characteristics and the uncertain 

external disturbance. Based on theoretical analysis, the nonlinear system model was built and 

transformed. Further, by defining the sliding manifold and selecting a proper Lyapunov 

function， the nesting problems (of the designed variable and adaptive law) caused by uncertain 

coefficients were solved. Moreover, the adaptive backstepping control and the sliding mode control 

were combined to boost system robustness. At the same time, the controller parameter adaptive law 

is derived from Lyapunov analysis to guarantee the stability of the system. Simulations of the DDH 

were performed with the proposed control strategy and proportional-integral-differential (PID), 

respectively. The results show that the proposed control strategy can achieve better position 

tracking and stronger robustness in parameter changing compared with PID．  

Keywords: Adaptive backstepping; Sliding mode control; Electro- hydraulic actuator (EHA); Direct 

driven hydraulics (DDH); Position tracking; proportional-integral-differential (PID).  

 

1. Introduction 

The hydraulic system is widely used in robots, automobiles, aerospace and defence industries 

due to its advantages, such as fast response， high force and power density, reliability, and 

robustness [1]. The system can be divided into two categories: the valve-controlled system and the 

pump-controlled system. Owning to the high accuracy and low-cost, the valve-controlled system is 

adopted more. However, with the energy crisis and pollution issue, the pump-controlled system has 

attracted rising attention because of higher energy efficiency. In terms of energy, the pump-controlled 

system eliminates significant throttling loss, which accounts for 44% of the energy loss of the valve-

controlled system [2, 3]. 

One division of pump-controlled system, the electro-hydraulic actuator (EHA), is usually 

referred to a compact and reliable self-contained unit composed of the electric motor, pump/motors,  

hydraulic cylinder and auxiliary components. EHA can be divided into three classifications: (1) fixed 
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displacement pump and variable speed electric motor, (2)variable displacement pump and fixed 

speed motor, and (3) variable displacement pump and variable speed electric motor. The third 

configuration can provide the highest energy efficiency, but it costs more and requires more complex 

control systems to achieve maximum efficiency[4, 5]. Compared to the other two classifications, the 

first scheme has a slow dynamic response, but it has the properties of low -cost, simplicity, and high-

efficiency [5-8]. Hence, it attracts more and more attention. However, there are strong nonlinearities 

and uncertainties in EHA, such as nonlinear friction, parameter uncertainty and unknown external 

disturbances. Therefore, the controller design of the EHA faces significant challenges[9]. 

Due to the uncertainty and disturbance in the whole system, the control performance can’t be 

guaranteed by applying the proportional-integral-derivative (PID) control method [10]. Hence, many 

studies related to the position control of the EHA are conducted. Among them, some control 

strategies have achieved high-performance in position control, including adaptive control [11, 12], 

sliding mode variable structure control [13, 14], fuzzy control [15] and neural network PID [16]. 

Furthermore, then in order to solve the problem of load disturbance, nonlinear and parameter 

uncertainty in the position control of closed pump control system, the design of a fuzzy logic 

controller [17], the design of robust model predictive controller  [18] and sliding mode control [19] are 

studied. Although the sliding mode control can reduce the influence of parameters and complex 

changes on the system, the sliding mode control has significant jitter, and the design process of the 

control system is relatively complex. Sliding mode variable structure control requires higher 

switching gain and stronger chattering. Adaptive backstepping control can improve the control 

performance of nonlinear systems. 

The pump-controlled system can also be divided into pump-controlled symmetric cylinder and 

pump-controlled asymmetric cylinder. Among them, the pump-controlled symmetric cylinder 

technology started earlier and has been mature. However, the asymmetry of the flow between the 

two chambers of the differential cylinder becomes the primary problem that must be solved to realize 

the pump controlled differential cylinder technology. References [5, 20] proposed an evolutionary 

form of EHA, double-pump direct driven hydraulics (DDH), which can solve the problem of 

hydraulic cylinder flow mismatch. In order to improve the position control accuracy of the double-

pump DDH, an adaptive backstepping slide mode control (ABSMC) method is proposed. The 

proposed method uses the backstepping design to get a sliding mode controller which guarantees 

the stability of the control system. The controller requires neither the accurate system model 

parameters nor uncertainty boundary of the uncertain parameters. The ABSMC uses a simplified 

linearized model with unknown parameters，which is superior to the existing sliding mode 

controller. 

In this paper, sections 2 introduces the DDH system, sections 3 creates the linear math ematical 

model, sections 4 gives the design procedure of the ABSMC controller and proves the stability of it, 

sections 5 gives the simulation and analysis, and sections 6 draws the conclusions . 

2. DDH and Modelling 

2.1. DDH 

 Double-pump DDH uses double fixed displacement pump driven by one variable speed electric 

motor to control a differential cylinder [5]. The schematics of the DDH system is shown in Figure 1. 

Parameters of the main components in the simulation are shown in Table 1 [5]. 
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Figure 1. Schematics of DDH. 1: Servo motor, 2: A-side pump, 3: B-side pump, 4: Hydraulic 

accumulator, 5: Cylinder, 6: Check valve , 7: Relief valve  

 Table 1. Main parameters of the components 

NO. Component Parameters Value 

1 
Synchronous Torque 

Motor 

Rated Torque [Nm] 4.5 

Rated Speed [rpm] 2500 

2 A-Side Pump 
Volumetric Displacement (DA) 

[cm3/rev] 
13.03 

3 B-Side Pump 
Volumetric Displacement (DB) 

[cm3/rev] 
9.35 

4 
Hydraulic 

Accumulator 
Volume  [L] 0.7 

5 Cylinder Dimensions [mm] 60/30*400 

2.2. Modelling of DDH 

This section describes the mathematical model of DDH. Compared to the pump-controlled 

system, the frequency of the electric motor is much higher. Hence, the dynamics of the electric 

motor is omitted. 

The hydraulic cylinder flow continuity equation can be expressed by:  

 𝑞A = 𝐴A𝑥̇ + 𝑐i
(𝑝A − 𝑝B

) + 𝑐e𝑝A +
𝑉A

𝛽𝑒
�̇�A , (1) 

 𝑞B = −𝐴B𝑥̇ + 𝑐i(𝑝A − 𝑝B ) − 𝑐e𝑝B −
𝑉B

𝛽𝑒
�̇�B, (2) 

 𝑉A = 𝑉0A + 𝐴A𝑥 , (3) 

 𝑉B = 𝑉0B − 𝐴B𝑥, (4) 
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where qA and qB are the flow rates into A and B chambers, AA and AB the effective cross-section areas 

of piston side and rod side, x the current position, ci and ce the internal and external leakage 

coefficients, VA and VB are the total volumes of the chamber A and chamber B, pA and pB are the 

pressures of the chamber A and chamber B, βe is the effective bulk modulus. V0A and V0B are the dead 

volumes of A and B chambers. 

The output flow of the pump is 

 
𝑞VA = 𝑛𝐷A𝜂A, (5) 

 𝑞VA = 𝑛𝐷A𝜂A, (6) 

where qVA and qVB are the flow rates of pump A and B, n is the motor speed; DA and DB are the flow 

rates of A-side and B-side pumps; ηA and ηB represent the efficiency of pump A and B. 

The force balance equation of the piston is 

 𝑝A𝐴A − 𝑝B𝐴B = 𝑀𝑥̈ + 𝐵𝑥̇ + 𝑘𝑥 + 𝐹 , (7) 

where M is the total mass of piston and load; F is the load force and disturbance acting on the piston; 

B viscous damping coefficient of the piston; k is the spring stiffness coefficient. 

For the convenience of calculation, the leakage part of the hydraulic cylinder is classified as 

disturbance and k=0 , define the state vectors as 𝒙0 = [𝑥1 ,𝑥2,𝑥3
]𝑇 = [𝑥, 𝑥̇, 𝑥̈]𝑇. 

The state space equation can be obtained from the double-pump DDH model:  

 {
𝑥̇1 = 𝑥2

𝑥̇2 = 𝑥3

𝑥̇3 = 𝑟1𝑥3 + 𝑟2𝑥2 + 𝑏0𝑢 + 𝑓

 

(8) 

𝑟1 = −
𝐵

𝑀
, 𝑟2 = −

𝛽𝑒

𝑀
(

𝐴A
2

𝑉A
−

𝐴B
2

𝑉B
) , 𝑏0 =

𝛽𝑒

𝑀
(

𝐴A𝐷A𝜂A

𝑉A
−

𝐴B𝐷B 𝜂B

𝑉B
) , 𝑓 = −

�̇�

𝑀
 , 

where u is the DDH system input, ηA=ηB=85% . 

According to the reference [5], mechanical parameters were shown as follows: M=100kg，

βe=1.4×109(Pa)，B=100N·s/m, hydraulic cylinder parameters V0A=55.8×10-6m3，V0B=18.2×10-6m3. 

In actual conditions, there may be certain uncertainties in the load mass, leakage coefficient, bulk 

modulus, spring elastic coefficient, external load force, etc. The aim of this study is to design the 

controller to obtain an accurate position tracking under the condition of uncertain parameters being 

constant or slow time-varying. 

3 Design of ABSMC controller 

Backstepping design method, usually combined with Lyapunov-type adaptive law, 

comprehensively considers control law and adaptive law, so that the entire closed-loop system meets 

the expected dynamic and static performance indicators. 

A single backstepping control law requires accurate modelling information of the controlled 

object and unable to overcome the disturbance. However, the ABSMC requires neither the exact 

system model parameters nor certainty boundary of the uncertain parameters.  

According to the system simplified model in sections 3, the DDH system can be expressed as a 

third-order linear system. Therefore, an adaptive controller is designed for the third-order linear 

system. The third-order linear system can be expressed as follows: 

 

{
𝑥̇1 = 𝑥2

𝑥̇2 = 𝑥3

𝑥̇3 = 𝑎1𝑥1 + 𝑎2𝑥2 + 𝑎3𝑥3 + 𝑏𝑢 + 𝑑
 .

 

(9) 

where, a1, a2, a3 and b are the unknown parameters, and d is an unknown disturbance. 
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The flowchart of the ABSMC is shown in Figure 2. 
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Figure 2. The flowchart of the ABSMC 

3.1. Design of ABSMC and the adaptive law of unknown parameters  

The ABSMC is designed for the system , and the adaptive law of unknown parameters is given 

by Lyapunov stability theorem, including the following steps. 

Step 1: define the position tracking error . 

All errors are defined as 

 

{

𝑒1 = 𝑥1 − 𝑦d

𝑒2 = 𝑥2 − 𝑦1

𝑒3 = 𝑥3 − 𝑦2

.

 

(10) 

where, yd is the desired position, y1 and y2 are virtual control variables.  

The derivative of equation (10) gives 

 {
�̇�1 = 𝑒2 + 𝑦1 − �̇�d

�̇�2 = 𝑒2 + 𝑦2 − �̇�1

�̇�3 = 𝑎1𝑥1 + 𝑎2𝑥2 + 𝑎3𝑥3 + 𝑏𝑢 + 𝑑 − �̇�2

. (11) 

The Lyapunov function is chosen as 

 𝑉1 =
1

2
𝑒1

2. (12) 

The derivative of equation (12) gives 

 
�̇�1 = 𝑒1�̇�1 = 𝑒1

(𝑒2 + 𝑦1 − �̇�d
).

 
(13) 

The first virtual control is as follows 
 

 
𝑦1 = −𝑘1𝑒1 + �̇�d ,

 
(14) 

where k1>0 is a design parameter.  

Substituting equation (14) into equation (13) obtains 
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�̇�1 = −𝑘1𝑒1

2 + 𝑒1𝑒2. 
(15) 

If 𝑒2 = 0, then there have �̇�1 ≤ 0. Therefore, the backstepping algorithm is used again for the 

next step design. 

Step 2: the Lyapunov function is chosen as 

 

𝑉2 = 𝑉1 +
1

2
𝑒2

2.

 

(16) 

The derivative of equation (16) gives 

 
�̇�2 = �̇�1 + 𝑒2�̇�2 = −𝑘1𝑒1

2 + 𝑒1𝑒2 + 𝑒2
(𝑒3 + 𝑦2 − �̇�1

).
 

(17) 

The second virtual control is as follows  

 
𝑦2 = −𝑘2𝑒2 + �̇�1 − 𝑒1,

 
(18) 

where k1>0 is a design parameter. 

Substituting equation (18) into equation (17) obtains 

 
�̇�2 = −𝑘1𝑒1

2 − 𝑘2𝑒2
2 + 𝑒2𝑒3. 

(19) 

If 𝑒3 = 0, then there have �̇�2 ≤ 0 . Therefore, the first two subsystems are stable. 

Step 3: Combined with sliding model control. 

Sliding mode control is used and the sliding manifold is defined as  

 
𝑠 = 𝑐1𝑒1 + 𝑐2𝑒2 + 𝑒3 

(20) 

where, c1 and c2 are the normal number 

The derivative of equation (20) gives 

 

�̇�2 = 𝑐1�̇�1+ 𝑐2�̇�2 + �̇�3 = 𝑐1
(𝑥2 − �̇�𝑑

) + 𝑐2
(𝑥3 − �̇�1

) + 𝑎1𝑥1 + 𝑎2𝑥2 + 𝑎3𝑥3 + 𝑏𝑢 + 𝑑 − �̇�2 (21) 

Step 4: In order to avoid including the control variable u in the parameter adaptive law 𝜏̂4 

designed below, that is, to avoid loop nesting, the Lyapunov function is chosen as  

 
𝑉3 = 𝑉2 +

1

2𝑏
𝑠2 ≥ 0.

 
(22) 

The derivative of equation (22) gives 

 

�̇�3 = −𝑘1𝑒1
2 − 𝑘2𝑒2

2 + 𝑒2𝑒3 + 𝑠 [
𝑐1

𝑏
(𝑥2 − �̇�d

) +
𝑐2

𝑏
(𝑥3 − �̇�1

)] + 𝑠 [
𝑎1

𝑏
𝑥1 +

𝑐2

𝑏
𝑥2 +

𝑐2

𝑏
𝑥3 + 𝑢 +

𝑑

𝑏
−

1

𝑏
�̇�2 ]. 

 

 

(23) 

Define 𝜏1 =
𝑎1

𝑏
，𝜏2 =

𝑎2

𝑏
，𝜏3 =

𝑎3

𝑏
，𝜏4 =

𝑑

𝑏
, equation (23) can be simplified as 

�̇�3 = −𝑘1𝑒1
2 − 𝑘2𝑒2

2 + 𝑒2𝑒3 + 𝑠 [
𝑐1

𝑏
(𝑥2 − �̇�d

) +
𝑐2

𝑏
(𝑥3 − �̇�1

) + 𝜏1𝑥1 + 𝜏2𝑥2+ 𝜏3𝑥3 + 𝑢 + 𝜏4 −
1

𝑏
�̇�2 ]. 

 

 

(24) 

Define 𝜏̃1 = 𝜏1 − 𝜏̂1, 𝜏̃2 = 𝜏2 − 𝜏̂2, 𝜏̃3 = 𝜏3 − 𝜏̂3, 𝜏̃4 = 𝜏4 − 𝜏̂4，𝑎4 = 𝑎4 − 𝑎4

 where, 𝜏̂1，𝜏̂2，𝜏̂3，𝜏̂4 
and 𝑎4 

are the estimated values of 𝜏1, 𝜏2 , 𝜏3, 𝜏4 and 𝑎4. 𝜏̃1，𝜏̃2，𝜏̃3，𝜏̃4 

and 𝑎4 
are the parameters estimation errors. 

The Lyapunov function is chosen as 

 
𝑉 = 𝑉3 +

1

2
𝜆1�̃�1

2 +
1

2
𝜆2�̃�2

2 +
1

2
𝜆3𝜏̃3

2 +
1

2
𝜆4�̃�4

2 +
1

2
𝜆5�̃�4

2 ≥ 0,
 

(25) 

where 𝜆i > 0(𝑖 = 1,2,3,4,5) is adaptive gain. 

The derivative of equation (25) gives 
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�̇� = −𝑘1𝑒1
2 − 𝑘2𝑒2

2 + 𝑒2𝑒3 + 𝑠[𝑐1𝑎4
(𝑥2 − �̇�d

) + 𝑐2𝑎4
(𝑥3 − �̇�1

)] + 𝑠[𝜏1𝑥1 + 𝜏2𝑥2 + 𝜏3𝑥3 + 𝑢 + 𝜏4 −

𝑎4�̇�2
] + 𝜆1�̃�1(−𝜏̂̇1)+ 𝜆2�̃�2(−�̇̂�2)+ 𝜆3�̃�3(−�̇̂�3)+ 𝜆4𝜏̃4(−𝜏̂̇4)+ 𝜆5�̃�4(−�̇�4).

 

(26) 

The ABSMC is designed as follows  

 
𝑢 = −𝑐1𝑎4

(𝑥2 − �̇�d
)− 𝑐2𝑎4

(𝑥3 − �̇�1
) − 𝜏̂1𝑥1 − 𝜏̂2𝑥2 − 𝜏̂3𝑥3 − 𝜏̂4 + 𝑎4�̇�2 − ℎ1𝑠 − ℎ2 𝑠𝑔𝑛(𝑠) ,

 
(27) 

where, h1 and h2 are design parameters.

 
Substituting equation (27) into equation (26) obtains 

 

�̇� = −𝑘1𝑒1
2 − 𝑘2𝑒2

2 + 𝑒2𝑒3 − ℎ2 𝑠2 − ℎ2 𝑠𝑔𝑛(𝑠)𝑠 + 𝜏̃1(𝑠𝑥1 − 𝜆1 �̇̂�1)+ 𝜏̃2(𝑠𝑥2− 𝜆2𝜏̂̇2)+ 𝜏̃3(𝑠𝑥3 − 𝜆3𝜏̂̇3)+

𝜏̃4(𝑠 − 𝜆4𝜏̂̇4)+ 𝑎4[𝑐1𝑠(𝑥2 − �̇�d
)+ 𝑐2𝑠(𝑥3 − �̇�1

) − 𝑠�̇�2 − 𝜆5�̇�4].

 

(28) 

The adaptive law of parameter variation is  

 

{
𝜏̂̇1 =

1

𝜆1
𝑠𝑥1，𝜏̂̇2 =

1

𝜆2
𝑠𝑥2，𝜏̂̇3 =

1

𝜆3
𝑠𝑥3，𝜏̂̇4 =

1

𝜆4
𝑠

�̇�4 =
1

𝜆5
𝑠(𝑐1

(𝑥2 − �̇�d
)+ 𝑐2

(𝑥3 − �̇�1
) − �̇�2

)
.

 

(29) 

3.2. Stability verification 

The stability condition of the system can be obtained by analyzing the Lyapunov function.   

The derivative of the Lapunov function of the system. 

 
�̇� = −𝑘1𝑒1

2 − 𝑘2𝑒2
2 + 𝑒2𝑒3 − ℎ1𝑠

2 − ℎ2
|𝑠| = −𝑬𝑇𝑸𝑬 − ℎ2

|𝑠| ,
 

(30)
 

 

where,  

 
𝑬 = [𝑒1 𝑒2 𝑒3]𝑇

  

𝑸 =

[
 
 
 
ℎ1𝑐1

2 + 𝑘1 ℎ1𝑐1𝑐2 ℎ1𝑐1

ℎ1𝑐1𝑐2 ℎ1𝑐2
2 + 𝑘2 ℎ1𝑐2 −

1

2

ℎ1𝑐1 ℎ1𝑐2 −
1

2
ℎ1 ]

 
 
 

.
 

For the DDH system, the controller (27) is designed, and its parameter adaptive law (29) is 

obtained. If appropriate controller parameters are selected, that should satisfy the following 

inequality 

 

{

𝑘1 > 0，𝑘2 > 0，ℎ1 > 0，ℎ2 > 0，𝑐1 > 0，𝑐2 > 0

𝑘1𝑘2 + 𝑘1ℎ1𝑐2
2 + 𝑘2ℎ1𝑐1

2 > 0

𝑘1𝑘2ℎ1 + 𝑘1ℎ1𝑐2 − (𝑘1 + ℎ1𝑐1
2)/4 > 0

.

 

(31) 

Then Q is a positive definite matrix, and then 

 
�̇� = −𝑬𝑇𝑸𝑬 − ℎ2

|𝑠| ≤ 0.
 

(32) 

Define 𝑮 = 𝑬𝑇𝑸𝑬, that 

 
�̇� = −𝑬𝑇𝑸𝑬 − ℎ2

|𝑠| ≤ −𝐺.
 

(33)

 
lim
𝑡→∞

∫ 𝑮𝑑𝑡
𝑡

0 ≤ [𝑉(𝑒1
(0), 𝑒2

(0) ,𝑒3
(0)) − 𝑉(𝑒1

(∞), 𝑒2
(∞) , 𝑒3

(∞))].
 

(34) 

Then the position tracking error of the system is convergent, and the whole system is 

asymptotically stable. 

According to Barbalat's theorem, 

 
lim
𝑡→∞

𝑮 = 0.
 

(35) 

Thus, it can be obtained that: 

 
lim
𝑡→∞

𝑒i = 0(𝑖 = 1,2,3).
 

(36) 
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The position tracking error of the system is convergent. Similarly, it can be obtained that  

 

lim
𝑡→∞

𝑠 = 0.
 

(37) 

Therefore, it can be concluded that the entire hydraulic position servo system is asymptotically 

stable, tends to the sliding surface within a limited period and moves along the desired trajectory. 

4. Simulation and Analysis 

4.1. Simulation model 

The theory from the preceding sections in this chapter is used for creating a Matlab/Simulink 

model of DDH system, as shown in Figure 3. 

 

Figure 3. The schematic diagram of the Simulation model of the DDH control system 

4.2. Load and disturbance 

In order to detect the anti-disturbance ability of the controller, the sum of the load and 

disturbance force is set as F1=10,000-4000cos(5t), as shown in Figure 4(a). F2 is a triangular signal, as 

shown in Figure 4(b). 

 

 
(a) 

 
(b) 

Figure 4. Signal diagram of the sum of load and disturbance  F: (a) load and disturbance  F1; (b) load 

and disturbance F2. 

4.3. Simulation analysis   
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A simple sinusoidal signal and a multi-frequency sinusoidal signal were created as reference 

inputs to the model. Under the condition that Q is a positive definite matrix, appropriate parameters 

of controller are selected as k1=200, k2=200, k3=0.01, k4=0.01, c1=0.5, c2=0.5, λ1=1, λ2=1, λ3=0.5, λ4=0.3, 

λ5=100. 

4.3.1. Simple sinusoidal signal 

A simple sinusoidal single, 𝑦d = 0.15 𝑠𝑖𝑛(
𝜋

5
𝑡 −

𝜋

2
) + 0.15, is used as the reference signal, and the 

tracking performances of the ABSMC and the general PID system are compared through simulation . 

Without disturbance, the position tracking is shown in Figure 5(a), and the position tracking 

error is shown in Figure 5(b). 

 
(a) 

 
(b) 

Figure 5. Simple sinusoidal responses of double-pump DDH using ABSMC and PID without 

disturbance: (a) position tracking without disturbance ; (b) tracking error without disturbance. 

The simple sinusoidal curve was taken as the target displacement input the DDH system, and 

the output displacement and error were observed by adding different disturbance. The simulation 

responses of the DDH position tracking with F1 is shown in Figure 6(a), and the position tracking 

error is shown in Figure 6(b). Similarly, the simulation response of position tracking with F2 is shown 

in Figure 6(c), and the position tracking error results is shown in Figure 6(d). 

 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Figure 6. Simple sinusoidal response of DDH using ABSMC and PID with disturbance: (a) position 

tracking with F1; (b) tracking error with F1; (c) position tracking with F2; (d) tracking error with F2. 

From the simulation results, the ABSMC position tracking error is much smaller compared with 

the traditional PID control. Moreover, the response speed is faster than that of traditional PID control. 

With or without disturbance, the position tracking error of ABSMC basically remain unchanged, the 

error is small, and have strong anti-disturbance capability, good robustness. 

4.3.2. Multi-frequency sinusoidal signal 

Then, taking 𝑦d = 0.05 [𝑠𝑖𝑛 (
2𝜋

5
𝑡 −

𝜋

2
) + 𝑠𝑖𝑛 (

𝜋

5
𝑡 −

𝜋

2
) + 𝑠𝑖𝑛 (

𝜋

10
𝑡 −

𝜋

2
) + 𝑠𝑖𝑛 (

2𝜋

25
𝑡 −

𝜋

2
) + 4] as the 

reference signal, and the tracking performances of the ABSMC and the general PID system are 

compared through simulation. 

Without disturbance, the simulation responses of position tracking are shown in Figure 7(a). The 

position tracking error is shown in Figure 7(b). 

 

 

 
(a)   

 
(b)  

Figure 7. Multi-frequency sinusoidal response of DDH using ABSMC and PID without disturbance: 

(a) position tracking without disturbance ; (b) tracking error without disturbance. 

The multi-frequency sinusoidal curve was taken as the target displacement input the DDH 

system, and the output displacement and error were observed by adding different disturbance. The 

simulation responses of DDH position tracking with F1 is shown in Figure 8(a), and the position 

tracking error is shown in Figure 8(b). Similarly, the simulation response of position tracking with F2 

is shown in Figure 8(c), and the position tracking error results is shown in Figure 8(d). 

The simulation results show that when the system is uncertain, with or without disturbance, the 

ABSMC is stable in the position tracking of the DDH, and the system output can track the position 
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reference faster. Compared with the PID controller, the designed controller has small tracking error, 

fast response speed, better tracking performance, and good robustness. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 8. Multi-frequency sinusoidal response of the DDH using ABSMC and PID with disturbance: (a) 

position tracking with F1; (b) tracking error with F1; (c) position tracking with F2; (d) tracking error with F2. 

5 Conclusions  

In this paper, a controller adopting ABSMC was proposed for the double-pump DDH with 

unknown parameters, using an adaptive backstepping algorithm based on a linearized system model. 

According to the Lyapunov analysis and design, the ABSMC employs the appropriate parameters 

adaptive law to ensure the stability of the closed-loop system and the boundness of the parameters, 

which is supported by a theoretical proving. The proposed controller can address the problems of 

nonlinear characteristics, parameter uncertainty and uncertainty coefficient ahead of control input. 

A model was built, including the DDH, and ABSMC controller. Simulations were performed using 

two types of reference signal. The simulation results show that ABSMC can track the position 

accurately under varying load disturbances, no matter with simple or complex position reference. 

This control method can effectively address the problem that the designed control quantity and 

adaptive law are nested with each other due to the uncertainty coefficient  ahead of the control input. 

It can effectively overcome the influence of the system's nonlinearity and parameter uncertainty, fast 

and accurate tracking and has strong robustness to parameter changes. 

Although the simulation results show that ABSMC method can improve the position control 

accuracy of double-pump DDH, it lacks experimental data for comparison and verification. Therefore, 

the following research should establish a test bench and conduct experiment to validate the 

simulation results. In addition, the ABSMC method designed in this paper adopts the conventional 
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design process, that is, the first two steps are backstepping control, and then combined with sliding 

mode control, and an adaptive law is given. Next, the design process can be innovated. 
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The following abbreviations are used in this manuscript: 

EHA: Electro-hydraulic actuator. 

DDH: Direct driven hydraulics. 

ABSMC: Adaptive backstepping sliding mode control. 

PID: Proportional-integral-differential. 
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