
actuators

Article

A Sliding Mode Control Strategy for an ElectroHydrostatic
Actuator with Damping Variable Sliding Surface

Mingkang Wang 1,2, Yan Wang 1,3, Rongrong Yang 4 , Yongling Fu 1,2 and Deming Zhu 1,2,*

����������
�������

Citation: Wang, M.; Wang, Y.; Yang,

R.; Fu, Y.; Zhu, D. A Sliding Mode

Control Strategy for an

ElectroHydrostatic Actuator with

Damping Variable Sliding Surface.

Actuators 2021, 10, 3.

https://doi.org/10.3390/act10010003

Received: 16 November 2020

Accepted: 22 December 2020

Published: 25 December 2020

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional claims

in published maps and institutional

affiliations.

Copyright: © 2020 by the authors. Li-

censee MDPI, Basel, Switzerland. This

article is an open access article distributed

under the terms and conditions of the

Creative Commons Attribution (CC BY)

license (https://creativecommons.org/

licenses/by/4.0/).

1 Laboratory of Aerospace Servo Actuation and Transmission, Beihang University, Beijing 100191, China;
wmk_buaa@163.com (M.W.); wybuaa@buaa.edu.cn (Y.W.); 13901397185@126.com (Y.F.)

2 School of Mechanical Engineering and Automation, Beihang University, Beijing 100191, China
3 School of Transportation Science and Engineering, Beihang University, Beijing 100191, China
4 School of Mechanical and Electrical Engineering, Lanzhou University of Technology, Lanzhou 730050, China;

yr13236@163.com
* Correspondence: zdm-87@163.com; Tel.: +86-15811578186

Abstract: Electro-hydrostatic actuator (EHA) has significance in a variety of industrial tasks. For
the purpose of elevating the working performance, we put forward a sliding mode control strategy
for EHA operation with a damping variable sliding surface. To start with, a novel sliding mode
controller and an extended state observer (ESO) are established to perform the proposed control
strategy. Furthermore, based on the modeling of the EHA, simulations are carried out to analyze the
working properties of the controller. More importantly, experiments are conducted for performance
evaluation based on the simulation results. In comparison to the widely used control strategies, the
experimental results establish strong evidence of both overshoot suppression and system rapidity.

Keywords: sliding mode control; damping variable; electro-hydrostatic actuator; overshoot suppres-
sion

1. Introduction

Electro-hydrostatic actuator (EHA) is considered a good solution in a wide range
of industrial applications such as spacecraft [1], aircraft [2], robotics [3–6], vehicles [7],
and heavy-duty suspension [8]. As a highly integrated power transmission system, EHA
outperforms traditional hydraulic systems by decreasing the weight and increasing the
working efficiency [9]. Typically, an electro-hydrostatic actuator (EHA) is a self-contained,
pump-controlled system that is composed of a motor, a pump, a supercharged fuel tank,
and a hydraulic cylinder (for simplification, the “hydraulic cylinder” is referred to as a
“cylinder” in the rest of the paper) [10]. As such, by removing the hydraulic lines and
servo valves, the system weight associated with the hydraulic tubing and the fluid is
eliminated [11], while the system maintainability and reliability is improved [12]. As
reported in [13], “The last level of individualization is the separate assignment of the EHA
systems to each actuator. This configuration combines the best features of both hydraulic
and electric technologies.”

Advances are ongoing to improve the working performance of hydraulic servo actua-
tors. In the actuating domain, the nonlinearity and time variation of EHA have an impact
on the dynamics as well as the servo control accuracy [14]. Research is still in progress
to mitigate the deficiencies. Control strategy is one such field, with recent publications
highlighting the significance of adaptive control (AC) [15], fuzzy control (FC) [16], feedback
linearization control (FLC) [17], sliding mode control (SMC), and its improved extension,
e.g., merging with proportion integration differentiation (PID) control [18,19], cascade
control (CC) [20], etc.

In an effort to address dynamic properties, current controlling applications mainly
focus on exploring the potential of resolving the system uncertainties [21]. Encouragingly,
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the sliding mode controller, due to its simple, robust, and accurate method of action, has
attracted a great deal of interest as one of the best controllers. The integration of related
algorithms, such the New Adaptive Reaching Law (NARL) [19] against chattering and
the extended state observer (ESO) [22] for working condition estimation, is verified. State
observers are commonly applied to control systems for the tasks of system uncertainties
estimation and compensation [23–25]. In addition, Gao et al. constructed a two-stage
sliding mode control to retain its rapidity and employed an improved Lyapunov function
to reduce system chattering [26]. Ren and Zhou presented a sliding mode controller with
a fuzzy logic reasoning strategy, which provides faster adjustment time and higher accu-
racy [27]. Notwithstanding, the problem of system overshoot caused by the large inertia
arises in heavy-duty operating applications where the stable actuating of EHA under load
has important performance implications. Specifically, the contradiction between system
rapidity and overshooting, as the main concern, is most pronounced when establishing a
control strategy [28]. Previous works used to take a smooth curve as an alternative of the
step signal in SMC [19,22]. In other words, an intact step input will cause the signal jump
in SMC, in which case a slow-settling output is formed to get a smaller overshoot [21].

For establishing an optimal control strategy for EHA operation, we propose a novel
sliding mode control with damping variable sliding surface (DV-SMC) strategy. On the
one hand, this control strategy aims at tackling the contradiction between settling time and
the overshoot with high robustness. On the other hand, the tuning of sliding mode surface
parameters for DV-SMC is put forward. Together with the controller, an extended state
observer is also designed to estimate and compensate for the control strategy. In line with
EHA controlling, our controller, as a competitive alternative, can give rise to even better
working performance. The contributions of this paper are as follows:

(1) To alleviate the conflict between the overshoot and rapidity of the EHA system, a
control strategy based on SMC is proposed. Compared to the classical SMC method,
the overshoot is suppressed without undermining the speed, which is in line with
both simulative and experimental results.

(2) For parameter adjustment, a parameter-tuning method for SMC is established. For
the controller, damping-ratio-based parameter tuning is optimized, which further
improves the industrial applications of our controller.

Following the introduction, this research introduces background knowledge on EHA
in Section 2, describes the proposed DV-SMC strategy in Section 3, shows the modeling and
simulating outcomes in Section 4, provides experimental results and analysis in Section 5,
and finally presents conclusions and future research directions in Section 6.

2. Prerequisite

Figure 1 presents the working principle of the EHA. As mentioned above, the main
components of an EHA are a motor, a bidirectional pump, and an oil cylinder connected by
meter-in and meter-out valves. Specifically, a motor-driven pump without power trans-
mission being hindered is employed; therefore, inefficient servo valves are eliminated [29].
As a rule, the EHA performs flow rate control by a pump coupled to a motor. In Figure 1,
the bold arrows indicate the flow of hydraulic oil. The control command, which drives the
motor to rotate forward, is sent via the power drive electronics. Thus, oil is pumped into
the right chamber of the cylinder, which generates pressure and makes the cylinder move
to the left. Likewise, the reverse rotation of the motor leads to the left-to-right movement
of the cylinder. That is, the load is driven by the moving of the cylinder for manipulating
an individual actuator. Accordingly, a closed control loop can be formed.
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Figure 1. Schematic diagram of an electro-hydrostatic actuator (EHA). 

The modeling of the motor and the cylinder is presented as follows. 

2.1. Brushless DC Motor (BLDCM) Model 
We employ a brushless DC motor (BLDCM), which is of high reliability, to drive the 

pump in this research. Supposing the BLDCM is of Y-connection, the winding can be 
mathematically described as follows: 

m e L m

e

J T T B
U Li Ri K

ω ω
ω

= + −
 = + +


  (1)

where U,L, i and R represent the equivalent voltage, inductance, current, and resistance; 
Ke is the back-electromotive force (EMF) coefficient; Te is the corresponding 
electromagnetic torque of the motor; Jm is the moment of inertia of the motor; Tl is the 
equivalent external load; and Bm is the viscous friction coefficient. 

2.2. Pump-Controlled Cylinder Model 
Let Qi and Qo be the inlet and outlet flow of plunger pump. The working flow of the 

EHA can be modeled as follows: 

( ) ( )

( ) ( )

˙

˙

in
i p i i o o i a i

e

out
o p i i o o i a o

e

V
Q D L p p L p p p

V
Q D L p p L p p p

ω
β

ω
β

 = − − − − −

 = − − − − −


 (2)

where Dp is the pump displacement; Li and Lo represent the internal and external leakage 
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where the subscripts l and r indicate the left- and right-hand sides of the cylinder 
chambers, respectively; A is the effective area of the piston rod; x is its displacement; and 
Lc stands for the internal leakage.  

Due to the short flow passage inside the valve, the pressure loss within it is negligible. 
Notably, based on the flow continuity theorem, we have: 
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Figure 1. Schematic diagram of an electro-hydrostatic actuator (EHA).

The modeling of the motor and the cylinder is presented as follows.

2.1. Brushless DC Motor (BLDCM) Model

We employ a brushless DC motor (BLDCM), which is of high reliability, to drive the
pump in this research. Supposing the BLDCM is of Y-connection, the winding can be
mathematically described as follows:{

Jm
.

ω = Te + TL − Bmω

U = L
.
i + Ri + Keω

(1)

where U,L,
.
i and R represent the equivalent voltage, inductance, current, and resistance; Ke

is the back-electromotive force (EMF) coefficient; Te is the corresponding electromagnetic
torque of the motor; Jm is the moment of inertia of the motor; Tl is the equivalent external
load; and Bm is the viscous friction coefficient.

2.2. Pump-Controlled Cylinder Model

Let Qi and Qo be the inlet and outlet flow of plunger pump. The working flow of the
EHA can be modeled as follows:{

Qi = ωDp − Li(pi − po)− Lo(pi − pa)− Vin
βe

.
pi

Qo = ωDp − Li(pi − po)− Lo(pi − pa)− Vout
βe

.
po

(2)

where Dp is the pump displacement; Li and Lo represent the internal and external leakage
coefficients; pi, po, and pa are the inlet pressure, outlet pressure, and back pressure of the oil
tank pump; Vin and Vout are the equivalent inlet and outlet volume; and βe is the elastic
modulus of the fluid.

Similarly, the dynamic model of the pump-controlled cylinder is denoted as follows:{
Ql = A

.
x + Vin

βe

dpl
dt + Lc(pl − pr)

Qr = A
.
x− Vout

βe

dpr
dt − Lc(pl − pr)

(3)

where the subscripts l and r indicate the left- and right-hand sides of the cylinder chambers,
respectively; A is the effective area of the piston rod; x is its displacement; and Lc stands for
the internal leakage.

Due to the short flow passage inside the valve, the pressure loss within it is negligible.
Notably, based on the flow continuity theorem, we have:

Ql = Qi, Qr = Qo, pl = pi, pr = po. (4)



Actuators 2021, 10, 3 4 of 17

Thus, the model of the cylinder, by combining Equations (4) and (5), is defined
as follows: {

Dpω = A
.
x + V0

4βe
∆

.
p + La∆p + Qa

A∆p = M
..
x + Bc

.
x + Ksx + Ff + FL

. (5)

In Equation (5), Vo represents the effective volume of the chamber; La is proportional
to the pressure difference ∆p is the total leakage coefficient of the pump and the cylinder;
Qa is the unconsidered flow loss; M stands for the total equivalent mass of the cylinder and
the load; Bc is the viscous friction coefficient of the cylinder; Ks is the elastic load coefficient;
Ff stands for the static friction; and FL is the load.

Based on Equations (1) and (5), X = [x1 x2 x3 x4 x5]
T =

[
x

.
x ∆p ω ip

]T is established
to characterize the system state, from which the EHA model can be written as follows:

.
x1 = x2
.
x2 = A

M x3 − Ks
M x1 − Bc

M x2 −
Ff +FL

M.
x3 = 4βe

V0
Dpx4 − 4Aβe

V0
x2 − 4Lc βe

V0
x3 + Qun

.
x4 = 1

Ja

(
Ktx5 − Bmx4 − Dpx3 − Tf

)
.
x5 = 1

L (U − Rx5 − Kex4)

(6)

where Ja stands for the total rotational inertia of the motor and the pump.

2.3. Problem Formulation

According to Equation (6), x4 is a virtual control input with respect to the EHA
model, based on which a three-order subsystem is formed by the first three equations.
It can be observed that this high-order system contains both matched disturbances and
mismatched disturbances. SMC is used to guarantee the robustness but is insensitive to
mismatched disturbances [30,31]. Specifically, the control with mismatched disturbances is
more challenging than that with only matched disturbances, and only a few related results
have been proposed [32].

In this way, we now redefine the state variables as Z = [z1 z2 z3 ]
T =

[
x1 x2

.
x2
]T .

Apparently, z1 z2 and z3 represent the position, velocity, and acceleration of the cylinder,
respectively. Hence, the first three terms from Equation (6) can be elaborated on by
Equation (7): 

.
z1 = z2.
z2 = z3.
z3 = g3u + A3z3 + A2z2 + A1z1 + fd(t)

(7)

where
g3 = AβeDp(MV0)

−1 (8)
A1 = −KsβeLc(MV0)

−1 − KsBc M−2

A2 = −βeLc(MV0)
−1 − A2βe(MV0)

−1 − Ks M−1

A3 = −βeLcV0
−1 − Bc M−1

(9)

and

fd(t) = Aβe(MV0)
−1Qun + M−1

(
−

.
F f −

.
FL

)
+ βeLc(MV0)

−1
(
−

.
F f −

.
FL

)
(10)

such that Qun stands for the flow loss that has not been considered.

3. Methodology

The proposed DV-SMC consists of two parts, i.e., a novel sliding mode controller
design and an extended state observer design. A stability analysis is presented as well.
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3.1. Sliding Mode Controller with Damping Variable Sliding Surface

Originally, SMC was an approach for nonlinear controlling [33,34]. As pointed out in
Section 1, the basic SMC shows great robustness against parameter uncertainties despite
its failure to deal with perturbations. Seeing as methods for attenuating the perturbations
are both productive and effective, we employed the exponential approach law to remove
the perturbations and invoke the robustness of SMC [35,36].

On this occasion, a molded sliding mode controller is developed first. The system
errors together with the derivatives are:

e = z1 − xd.
e =

.
z1 −

.
xd..

e =
..
z1 −

..
xd

(11)

Then, we choose the sliding surface σ as follows:

σ = c1
.
e + c2e +

..
e (12)

where c1 and c2 are positive, which meets the requirements of the Routh-Hurwitz stability
criterion [37]. The error e, as such, approaches 0 during the control process.

Moreover, the exponential approach law is applied, which leads to:

.
σ = c1

..
e + c2

.
e +

...
e

= −εsign(σ)
. (13)

Furthermore, with u* representing the target value of the virtual control variable,
we have

u∗ = g3
−1(...x d − A3z3 − A2z2 − A1z1 + c1

..
e + c2

.
e
)
− εsign(σ). (14)

In Equations (12)–(14), the variation of c1 and c2 with respect to the controlling is
restricted to c1, c2 > 0. Despite the range of c1 and c2 within a two-dimensional plane, the
values of these two parameters will inevitably affect the dynamic performance.

At this stage, we set the right side of Equation (12) to 0 to construct a transfer function
between x and xd, which is:

X
Xd

=
s2 + c1s + c2

s2 + c1s + c2
(15)

where s is the laplacian operator.
A typical evaluation is to trace a step signal. In this case, as long as Xd is nonderivable

at the start time,
.

Xd and
..
Xd do not exist in theory. However, in reality,

.
Xd and

..
Xd will

converge to the largest number instead of diverging to infinity. Furthermore, the enormous
number can cause a saturation of control output (u* in Equation (14)) and a plunge of
output following the step moment, which results in an impact. However, this impact is
the source of a large overshoot or an oscillation during the system adjustment process. For
this reason, the overshoot is limited by an artificial ceiling of

.
Xd and

..
Xd, as mentioned in

Section 1.
Therefore, assuming that both

.
xd and

..
xd are 0 in the step response, the corresponding

transfer function is:
X
Xd

=
c2

s2 + c1s + c2
. (16)

Notably, the transfer function in Equation (16) denotes a standard second-order oscilla-
tion. Consequently, computation with c1 and c2 is facilitated by introducing the undamped
natural frequency ωn and the damping ratio ξ, which are:

c1 = 2ξωn (17)

c2 = ωn
2. (18)
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One of the key facts is that the smaller ξ is, the faster the system response and the
larger the overshoot and oscillation that will be generated. Otherwise, the increase in
ξ can restrain the oscillation at the cost of settling time. Considering the contradiction
between rapidity and stability, the damping ratio of 0.707 is a solution to a certain extent.
In contrast, if the damping ratio is a changeable parameter, i.e., a small ξ for establishing
system rapidity during the initial sliding and a large one for suppressing the overshoot in
the end, an even better response is possible.

Thus, we optimize the sliding surface presented in Equation (12):{
σn =

..
e + γt

.
e + ω2

ne
γt(e) = 2ωn(ξmin +

ξmax
1+δe2 )

(19)

where ξmin and ξmax represent the minimum and maximum damping ratio and δ is the
sensitivity factor for damping ratio regulating.

Thereafter, we can rewrite the transfer function from Equation (16) as follows:

X
Xd

=
ωn

2

s2 + 2ωn

(
ξmin +

ξmax
1+δe2

)
s + ωn2

. (20)

We have the system error e, starting with the sliding, as e� 0, and ξmax
(
1 + δe2)−1 ≈ 0.

In this way, the damping ratio for the initial control phase is ξmin, which indicates an under-
damped state with fast response. With the controlling system approaching its equilibrium,
we have e→ 0 , while the damping ratio increases and finally reaches (ξmin + ξmax).

Accordingly, the adaptive regulation of ξ, within the interval (ξmin, ξmin + ξmax), can
cater to the needs of system rapidity and stability via an optimal damping ratio. The
sensitivity factor δ is employed to determine the speed of the working damping ratio
approaching its upper and lower limits. When δ increases, ξ moves toward ξmin, and
otherwise to (ξmin + ξmax) (see Figure 2).
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Then, in relation to the system parameter variation, we can compute the control output
based on the virtual control variable. From Equation (14), we can compute the control law
as follows:  u∗ = u∗d + g−1

3

[
− 4ωn ê

.
êξmax

(1+δê2)
2 + ωn

2
.
ê + γt(ê)

.
ê
]
+ εsign(σ̂n)

u∗d = g−1
3

( ..
xd − A3ẑ3 − A2ẑ2 − A1ẑ1 − f̂d(t)

) (21)

3.2. Extended State Observer (ESO)

State estimation requires knowledge of the plant, the control input, and the sensing
signals [38]. As presented in Equation (7), the EHA model is equivalent to a pure integral
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series system. Specifically, the parameter z1 is measured by a displacement sensor, from
which z2 and z3 are derived by using a differentiator. The noise generated by the differ-
entiator will cause the distortion of z2 and z3. Moreover, let fd(t) stand for the system
disturbance, which is compensated for by the robust term in Equation (13). Nevertheless,
this compensation is such an overcompensation that it can bring cause chattering in the
steady phase of the servo system. For this reason, a fourth-order ESO, not only for esti-
mating the system state, but also for revising the compensation via observing the system
disturbance, is established in Equation (22):

.
ẑ1 = ẑ2 + τl1(z1 − ẑ1).
ẑ2 = ẑ3 + τ−2l2(z1 − ẑ1).
ẑ3 = g3u + ĥp + τ−3l3(z1 − ẑ1).
ẑ4 = τ−4l4(z1 − ẑ1)

(22)

where 0 < τ < 1, while Li = [l1, l2, l3, l4] is the gain matrix of ESO and is Hurwitz.
The total disturbance ĥp observed by ESO is:

ĥp = A3ẑ3 + A2ẑ2 + A1ẑ1 + fd(t) (23)

The estimation error formula of ESO can be obtained with Equations (22) and (7), and is

.
z̃1 =

.
z1 − ẑ1 = z̃2 + τl1z̃1.

z̃2 =
.
z2 − ẑ2 = z̃3 + τ−2l2z̃1.

z̃3 =
.
z3 − ẑ3 = h̃p − τ−3l3z̃1

.
z̃4 =

.
f d(t)−

.
f̂ d(t) =

.
f d(t)− τ−4l4z̃1

(24)

where h̃p stands for the estimation error and is bounded by h̃p = hp − ĥp.

3.3. Stability Analysis

This is an example of an equation: The stability analysis starts with taking the deriva-
tion of Equation (19):

.
σn =

.
z3 −

...
x d +

(
γt

.
e
)′
+ ω2

n
.
e. (25)

Replacing the true values with the observed values, we have: σ̂n =
..
ê + γt

.
ê + ωn

2 ê
.
σ̂n =

.
z3 −

...
x d +

(
γt

.
ê
)′

+ ω2
n

.
ê

. (26)

Basically, to investigate the system stability, a Lyapunov candidate [39] is considered:

V =
1
2

σ2 (27)

together with
.

V = σ
.
σ = −ε|σ| < 0. (28)

Substituting Equation (21) into Equation (25) gives:

.
σn =

.
z3 −

...
x d +

(
γt

.
e
)′
+ ω2

n
.
e

= A3z̃3 + A2z̃2 + A1z̃1 + f̃d(t) +
(

γt
.
ẽ
)′

+ ω2
n

.
ẽ− εsign(σ̂n)

(29)

and we define it as follows:
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{
G1 = A3z̃3 + A2z̃2 + A1z̃1 + f̃d(t)

E1 =
(

γt
.
ẽ
)′

+ ω2
n

.
ẽ = (γt z̃2)

′ + ω2
n z̃2

. (30)

With such a definition, we can also rewrite Equation (34) as follows:

.
σn = G1 + E1 − εsign(σ̂n). (31)

It is clear that G1 and E1 are polynomials with state variables z̃i and
.
ẽ, where z̃i =

ẑi − zi(i = 1, 2, 3) and f̃d(t) = f̂d(t)− fd(t).
Hence, from Equation (28), we have

.
Vn = [σ̂n + (σn − σ̂n)]

.
σn ≤ −ε|σ̂n|+ |G1||σ̂n|+ |E1||σ̂n|+ (−ε + |G1|+ |E1|)|σn − σ̂n|. (32)

Conforming to the convergence presented in Equation (30), the proposed observer
has the following characteristics: the state variable ẑi(i = 1, 2, 3) can converge toward its
true value zi. Sequentially, G1 and E1 will finally approach 0, which is also the condition
for |σn − σ̂n|. As a result, when there is a sufficiently large ε, the result of

.
Vn < 0 can be

obtained. Recall that ε in Equation (32) is not designed to fully compensate for the external
disturbance fd(t). Notably, the ε here is far smaller than the ε in Equation (14). Similarly,
the robust item in Equation (21) is far smaller than that in Equation (14). As expected, the
sliding mode chattering can thereby be reduced.

The proof of control stability is complete. The DV-SM controller, together with the ESO,
can respond to the demand of existence and reachability in line with the Lyapunov theory,
which indicates that the proposed control strategy can be applied to the EHA operation.

4. Numerical Simulations
4.1. Model Establishing

Numerical simulations are carried out to find suitable settings for the proposed DV-
SMC strategy. In this research, a double-loop PID control scheme is taken as a representative
example, which is implemented on the EHA together with the controller and its ESO.
Specifically, a cascade control strategy is developed whereby the outer loop contains a
DV-SM controller and the inner loop consists of a double-loop PID controller. The block
diagram of the cascade controller is presented. As shown in Figure 3, the acquisition of
sensors is in real time, e.g., position x and current i. After the controller receives xd from
the host computer, DV-SMC collects the state variables, i.e., zi (i = 1,2,3,4), from ESO to
generate the output u*. Consequently, the final output, which is exactly represented by uc

d,
is calculated by dual-PID.
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Bounded by the model of EHA in Equation (6), a second-order system with the input of
voltage and output of motor spindle speed is constructed, as is the case for the double-loop
PID controller. We have: {

ud
s = Kpses + Kis

∫
esdt + Kds

.
es

ud
c = Kpcec + Kic

∫
ecdt + Kdc

.
ec

(33)

where the subscripts s and c indicate the speed loop and the current loop, respectively;
ud
∗(∗ = s, c) stands for the control output of the current loop; and e∗ is the error of that loop.

For PID control, Kp∗, Ki∗, and Kd∗ are the proportional coefficient, integral coefficient, and
differential coefficient, respectively.

The configuration of the proposed EHA for simulation is given in Table 1.

Table 1. Specifications for simulation initialization.

Parameter Value

Piston effective area
(
m2) 1.134× 10−3

Effective stroke (m) 0.1
Leakage coefficient

(
m3/(s/Pa)

)
2.5× 10−11

Fluid elastic modulus
(
N/m2) 6.86× 108

Hydraulic cylinder volume
(
m3) 4× 10−4

Cylinder viscous friction (N/(m/s)) 1000
Mass of cylinder and load (kg) 243
Pump displacement

(
m3/rad

)
3.98× 10−7

Motor viscous friction (N ·m/(rad/s)) 6× 10−4

Phase resistance (Ω) 0.2
Phase inductance (mH) 1.33

Motor spindle moment of inertia
(
kg ·m2) 4× 10−4

Torque coefficient (N ·m/A) 0.351
Back EMF coefficient (V/(rad/s)) 0.234

Elastic load coefficient (N/m) 8× 108

Bus voltage (VDC) 270

4.2. Model Simulation Results

In order to verify the superiority of the DV-SMC strategy, an EHA system is built and
operated on MATLAB/Simulink software published by MathWorks. Inc. (Natick, MA,
USA) with the same simulating input, different control strategies are conducted.

The control effect of three different strategies, i.e., three-loop PID control (labeled as
“PID”), SMC with double-loop PID control (labeled “SMC”), and the proposed DV-SMC
with double-loop PID control (labeled “DV-SMC”), is compared to the reference input.
Specifically, the inner loop of all three controllers is the same, which is double-loop PID.
For the simulation, step signals of 50 mm, 15 mm, and 5 mm are sent to the system as a
reference for assessing the system tracking performance. As shown in Figure 4, the black
solid line represents the reference control input, while the blue dotted line, red dotted line,
and solid green line stand for the PID control, SMC, and DV-SMC, respectively.

In Figure 4, the conventional PID control fails to keep up with the various step signals.
Through integration with the SMC and the DV-SMC, the tracking performance effect of the
controller can be improved. The main reason for that is the system compensation as well
as the robustness against disturbance. On evaluating the settling time and the overshoot,
we compare SMC and DV-SMC in line with the same input. Clearly, comparable results
are obtained in terms of the settling time for both controllers. In contrast, the DV-SM
controller is a better alternative for overshoot suppression. Giving an optimal damping
ratio of 0.707, the maximum overshoot of the SM controller is 12%, 6.7%, and 6.7% for the
three reference inputs, respectively. On the other hand, there is no overshoot generated
within DV-SMC under each condition. Notably, the optimal damping ratio corresponds
to SMC and still results in an over 5% overshoot during the sliding phase. A possible
explanation is that the impact when approaching the sliding surface in the initial stage
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will cause an overshoot in controlling. Since the proposed controller employs the adaptive
regulation of damping ratio, it is reasonable to expect a better overshoot suppression effect.
The overdamping, based on the adaptive regulation of the damping ratio, can significantly
restrain the overshoot when the error approaches 0 during the sliding process.
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4.3. Damping Ratio Selection

As pointed out in Section 3.1, the real damping ratio ξreal of the controller ranges from
ξmin to (ξmin + ξmax). Corresponding simulations are carried out to figure out the values
between ξmin and (ξmin + ξmax).

Let ξmin = 0 be the starting state to convey the deviation of e toward 0. Recall that
the damping ratio close to 0 indicates a better working performance in the initial phase
according to Equation (20). Thus, we have:

ξreal = 0 + ξmax

(
1 + δe(0)2

)−1
. (34)

Equation (33) means that the actual damping ratio is determined not only by the
sensitivity factor δ but also by the maximum value of the deviation e. We set δ as a constant
and δ = 1. Suppose we have e = e(0) at the sliding surface, with e(0) smaller than the
effective stroke of EHA. During the sliding process, the value of ξreal increases rapidly,
conforming to the drop in e.

Likewise, ξmax identifies its significance in the response of the second half. The value
of ξmax works on the effects of the system state approaching equilibrium point and the
final suppression on overshoot. We set the values of ξmax to 0.5, 0.65, 0.8, 0.9, and 1. The
step response of different ξmax is illustrated in Figure 5. The simulating outcomes show
that the increasing damping ratio results in a decrease in the second-half overshoot and
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the adjustment time. We see that the settling time drops from 0.8 s to 0.3 s, with ξmax
increasing from 0.5 to 1. Simultaneously, the overshoot is suppressed by about 20%. Based
on performance comparison, the configuration of ξmax within the interval [0.8,1] can be
applied for practical use. The ξmax of 0.8 can meet the demands of a steady response
with a small amount of overshoot. For a system expecting a quick response without any
overshoot, the value of ξmax is set to 1.
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5. Experiments
5.1. Experimental Settings

Aiming to verify the working performance of the proposed control strategy, we
conduct the experiments with dedicatedly manufactured prototypes. Figure 6 shows the
test rig. In this work, a prototype of the EHA is built for testing. The displacement of the
actuator is detected by a position sensing element, while the sensing signals are transmitted
to the controller via an encoder of SG37-2-09.52. Moreover, two pressure sensors are
employed for monitoring the pressure of the two piston cylinder chambers. The regulating
valves are carried out for working mode switching, together with other experimental
apparatus for facilitate the testing (Figure 6). More details of the EHA are given in Table 2.

Control commands, with 200 Hz sampling frequency, are originally performed on a
host computer as the reference input conforming to the computational simulation. Power
electronics are established for signal exchanging and processing. The control command
is delivered from the host computer to the power electronics and then to the EHA as the
system inputs. Specifically, the inputs of EHA consist of motor driving signals and valve
signals. The former is generated by integrating the control commands and the system
feedback, while the latter switches the operation mode. The system feedback, containing
the motor current and the cylinder displacement, is sent back to the host computer via
the power electronics. In this experiment, the feedback data are derived from a second-
order Butterworth filter with a 40 Hz cutoff frequency, which is five times the referenced
bandwidth of the EHA.
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Table 2. Specifications of EHA.

Parameter Value

Rated pressure (MPa) 11
Rated speed (mm/s) 300

Rated force (kN) 12
Effective displacement (mm) 0 ∼ 110
Rated power supply (VDC) 270

Bandwidth (Hz) 5

5.2. Results

A 5000 N external load is applied to the cylinder of the EHA beforehand. Based on
the simulating results, we refer to the control inputs as 5 mm, 15 mm, and 50 mm step
signals and apply the reference inputs to the three controllers, i.e., the PID controller, the
SM controller, and the DV-SM controller mentioned in Section 4.2. Figure 7 shows the
results of the controlling tasks carried out using all reference inputs. In these figures, all the
controllers obtain a trend consistent with the simulation outcomes. To further validate the
working properties, the overshoot and settling time of different controllers are presented in
Figures 8 and 9.
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The PID controller and SM controller achieved almost the same responses in both
tests. In contrast, the proposed DV-SM controller outperformed other control strategies in
all evaluation settings. There was no overshoot generated by the DV-SM controller. The
minimum performance gap of 1.53% can be observed in Figure 8 against the SMC with a
15 mm step signal input (0.23 mm vs. 15 mm). In line with the simulation, ξmax is set to
1, while ξmin is 0. By regulating the damping ratio within this range, the system output
oscillation is significantly weakened. Furthermore, the ESO also facilitates the controlling
process. Thus, our controller is capable of eliminating overshoot. For this reason, the
DV-SMC strategy is the best approach in terms of suppressing the system overshoot.
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of SMC and PID on the 5 mm step input is longer than the signal collecting time (1s).

Consistent results are obtained for the settling time comparison. For system rapidity
description, we define a settling time as the first time to stabilize within the range of
±1% reference input. In Figure 9, one can see that the proposed DV-SMC is still the best-
performing resolution among the three controllers. The explanation for this issue is quite
similar to that of the simulation results. The overshoot occurs because of saturated output
of SMC and PID as well as the inertia of the workload. In contrast, the DV-SMC strategy
maintains its output when it first reaches the controlling accuracy range. As shown in
Figure 9, in terms of settling time, the proposed DV-SMC still exceeds the performance of
the other methods.

Regarding the controlling outputs, results show the stability of the three controllers;
see Figure 10. Generally, DV-SMC withdraws the output saturation and reaches the
stabilization within a short time. Corresponding to the system response, our method is
superior in overshoot suppression and reverse output preclusion. During the steady-state
phase, the sign function pre-proposed in (26) is replaced by a saturation function sat(∗)
in Equation (34). It is worth noticing that the system oscillation is significantly restrained,
with the control output fluctuating slightly.

sat(∗) =


1, if(∗ ≥ 1)

∗, if(−1 < ∗ < 1)
−1, if(∗ ≤ 1)

(35)

Additionally, Figure 11 shows the outcomes of the sinusoidal tracking test. The SM
controller, due to its nonlinear robust compensation, is able to overcome the impact of the
dead zone without topping phenomenon. At the point of

.
x = 0, the output rise on the SM

controller can result in a more stable state of EHA. By contrast, there is a dead-time effect on
the PID control output. In spite of the feedforward compensation of

.
Xd and

..
Xd, the DV-SM

controller exploits the compensation effect of ESO. According to Figure 11, compared to
the SM controller, our model obtains a better tracking result. The maximum absolute errors
(MAE), as well as the mean square errors (MSE) of the models, are presented in Figure 12,
which confirms the stability of our controller in sinusoidal tracking tasks. The effectiveness
of the variable damping strategy, in terms of suppressing overshoot, leads us to conclude
that DV-SMC has a more stable step response.



Actuators 2021, 10, 3 15 of 17Actuators 2021, 10, x FOR PEER REVIEW 16 of 19 
 

 

  
(a) Control output of 50 mm step input (b) Control output of 15 mm step input 

 
(c) Control output of 5mm step input 

Figure 10. Control output of different reference inputs. 

 

 

 

 
(a) Sinusoidal tracking outcomes (b) Control output of sinusoidal input 

Figure 11. Sinusoidal tracking outcomes. 

. 

Figure 12. Tracking error of different controllers. 

Co
nt
ro
l o
ut
pu
t

0 1 2 3 4 5
Time (s)

−150

−100

−50

0

50

100

150

200
DV-SMC
SMC
PID

1.7 1.75 1.8 1.85

0

40

80

Figure 10. Control output of different reference inputs.

Actuators 2021, 10, x FOR PEER REVIEW 16 of 19 
 

 

  
(a) Control output of 50 mm step input (b) Control output of 15 mm step input 

 
(c) Control output of 5mm step input 

Figure 10. Control output of different reference inputs. 

 

 

 

 
(a) Sinusoidal tracking outcomes (b) Control output of sinusoidal input 

Figure 11. Sinusoidal tracking outcomes. 

. 

Figure 12. Tracking error of different controllers. 

Co
nt
ro
l o
ut
pu
t

0 1 2 3 4 5
Time (s)

−150

−100

−50

0

50

100

150

200
DV-SMC
SMC
PID

1.7 1.75 1.8 1.85

0

40

80

Figure 11. Sinusoidal tracking outcomes.

Actuators 2021, 10, x FOR PEER REVIEW 16 of 19 
 

 

  
(a) Control output of 50 mm step input (b) Control output of 15 mm step input 

 
(c) Control output of 5mm step input 

Figure 10. Control output of different reference inputs. 

 

 

 

 
(a) Sinusoidal tracking outcomes (b) Control output of sinusoidal input 

Figure 11. Sinusoidal tracking outcomes. 

. 

Figure 12. Tracking error of different controllers. 

Co
nt
ro
l o
ut
pu
t

0 1 2 3 4 5
Time (s)

−150

−100

−50

0

50

100

150

200
DV-SMC
SMC
PID

1.7 1.75 1.8 1.85

0

40

80

Figure 12. Tracking error of different controllers.

6. Conclusions

In this research, a novel sliding mode control strategy with a damping variable sliding
surface, composed of a damping variable sliding mode controller and an extended state
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observer, was designed and deployed for EHA controlling. Computational modeling and
simulations were established to preliminarily analyze the properties of the DV-SMC. In
line with the simulation, experimental results revealed that the proposed DV-SMC with
double-loop PID control outperformed the other control strategies in the evaluation of both
overshoot suppression and settling time. As a result, we came to the following conclusions.

Firstly, in EHA operations, the frequency and damping ratio from the second-order
oscillation are assessed on the sliding mode surface of SMC. The parameters of the DV-SMC
for EHA controlling were defined, which also paved the way for parameter tuning of SMC.

Secondly, the control strategy simulation verified the system response in comparison
to a three-loop PID controller and SMC with double-loop PID controller. Simulation
outcomes indicated the effectiveness of the variable damping sliding mode surface in
restraining overshoot and oscillation. Moreover, the optimal value range of the damping
ratio was determined.

Lastly, we performed an experiment showing the capability of the proposed DV-
SMC with double-loop PID control via an EHA working system. Even better working
performance in overshoot suppression and settling time was achieved. Our controller can
be an optimal approach for catering to the demands of EHA controlling.
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