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Abstract: An electrohydrostatic actuator (EHA) is a basic mechanical/hydraulic system with defi-
ciencies including significant nonlinearity and parametric uncertainties. In line with the challenges
of designing a high-precision control strategy, an adaptive damping variable sliding mode controller
is established, which extends our previous work on EHA control. The proposed controller integrates
variable-damping sliding mode control, parametric adaptation, and an extended state observer. The
parametric uncertainties are effectively captured and compensated by employing an adaptive control
law, while system uncertainties are reduced, and disturbances are estimated and compensated with a
fast and stable response. We evaluated the proposed control strategy on a variety of position tracking
tasks. The experimental results demonstrate that our controller significantly outperforms the widely
used methods in overshoot suppression, settling time, and tracking accuracy.

Keywords: electrohydrostatic actuator; adaptive control law; damping variable sliding mode control;
extended state observer

1. Introduction

Flight-control actuation systems of more-/all-electric aircrafts must balance the re-
quirements of high power, light weight, safety, fast response, and continuity of service. The
trend toward using more electrical aircrafts can be gradually implemented by the employ-
ment of highly integrated electrical powering systems, i.e., electrohydrostatic actuators
(EHAs) and electromechanical actuators (EMAs) [1,2]. With the removal of meter-in and
meter-out valves as well as pipelines, both EHAs and EMAs improve the power density
and minimize the system volume in a way that clearly outperforms conventional hydraulic
systems [3].

According to current publications, an EMA has the simplest structure and provides
the highest efficiency [4,5], whereas the high probability of jamming, together with the
wear of mechanical transmission components, is most pronounced in EMA devices [6]. By
contrast, EHAs have been adopted in the aerospace industry since early 2000 due to their
superiority in terms of reliability and maintenance, and because they are environmentally
friendly [7]. As at state-of-the-art Joint Strike Fighter, the F35 employs an EHA in its flight
surface control system as the flat tail actuator [8,9]. It is highly significant that EHAs have
already become the core components of more-/all-electric aircrafts [10,11].

However, the application of EHAs is still limited, primarily because of deficiencies
such as time-variation parameters, system uncertainties, and the dead zone caused by
cylinder leakage and friction [12]. For this reason, current research is ongoing that is aimed
at paving a way to further improve the capabilities of EHAs. In the context of system
establishment, control strategies have profound effects and give rise to better working
performance. This decade has witnessed advances in control approaches to facilitate
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the operation of EHA. Specifically, a substantial theme of current control strategies is
to upgrade the actuator robustness. In [13], Ren et al. propose a quantitative feedback
theory-based controller that maintains a balance between stability, tracking, disturbance
rejection, and parametric uncertainties. In order to deal with system disturbance and
external noise, Zhang et al. fused the sliding mode and H∞ control to stabilize the EHA
system [14]. Wang et al. carried out a deterministic robust control scheme, together with
compensation of system uncertainties [15]. Experimental results confirm the effectiveness
of the proposed controller depending on the use of adaptive control and observation
of disturbances. Among these control strategies, adaptive robust control (ARC) has the
highest precision in servo control despite the complexity of variables [16]. On the other
hand, sliding mode control (SMC), as a preferred alternative, is widely applied due to its
robustness in parametric variation and unmodeled dynamics. However, there is still a
significant limitation for SMC: large control gain, along with the increased nonlinear robust
items, as suppressing the uncertainties will cause chattering during steady phases. Thus,
recent advancements highlight efforts to reduce system chattering of SMC in EHAs [17–19].

On the one hand, the result of step signals is introduced in [20], while the results of
tracking sinusoidal input are not taken into consideration. On the other hand, performance
degradation is inevitable because of the omission of feedforward items, i.e., the derivative
of the reference that can be regarded as compensation. Further, an extended state observer
(ESO) is designed for the estimation of all uncertainties, which leads to overburdening of
the ESO.

Therefore, a novel adaptive damping variable sliding mode control (ADV-SMC) is
proposed to tackle the aforementioned problems. An adaptive law driven by both tracking
errors and state estimation errors is introduced. The task of the ESO is mitigated since the
majority of parametric uncertainties can be suppressed by the adaptation law. Moreover,
when tracking sinusoidal signals, the integration of the tracking error driven adaptation
law alleviates the degradation caused by the missing feedforward items. Consequently, the
effectiveness of the proposed controller can be guaranteed by merging ESO, adaptive law,
and SMC.

2. Mathematical Model of the EHA

Theoretically, the EHA is considered to be an integrated motor drive composed of a
motor, a pump, a cylinder, and a supercharged fuel tank [21,22]. This actuating system is
an integration of electric-to-mechanical and mechanical-to-hydraulic power conversion, as
presented in Figure 1. The controller transmits the control command to the motor to drive
the hydraulic pump by controlling its pressure and flow. The regulating valve switches
the two oil paths according to the pressure of the oil circuit. That is, the cylinder, with
the external load on its output end, extends and retracts in line with the absorbing and
discharging of hydraulic oil. In essence, the plunger pump and servo motor are commonly
used in EHA systems due to their high efficiency.
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Figure 1. Schematic diagram of an electrohydrostatic actuator (EHA). 
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A typical servo motor model is the brushless DC motor (BLDCM). In this case, the 
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where eK  stands for the back-emf coefficient, eT  indicates the BLDCM electromagnetic 
torque, mJ  is the moment of inertia of the motor, LT  is the equivalent external load, and 

mB  is the coefficient of viscous friction. 
  

Figure 1. Schematic diagram of an electrohydrostatic actuator (EHA).

2.1. Modeling of the Brushless DC Motor (BLDCM)

A typical servo motor model is the brushless DC motor (BLDCM). In this case, the
three windings are in a Y-connection. Assume that the parameters of each winding stay the
same and the magnetic field between the stator and the rotor is a regular trapezoidal wave.
The model of the motor winding is given as follows [23,24]:

UU = LU
.
iU + RU iU + eU + UN

UV = LV
.
iV + RV iV + eV + UN

UW = LW
.
iW + RW iW + eW + UN

(1)

where the subscripts U, V, and W represent the three phases of the motor, L∗ is the phase
inductance, i∗ is the phase current, R∗ is the phase resistance, e∗ is the back electromotive
force (back-emf), and UN is the neutral-point voltage of the three-phase connection.

In most cases, the BLDCM works in a pairwise conduction mode, based on which
Equation (1) can be rewritten as:

U = L
.
i + Ri + E (2)

where U, L, i, R, and E are equivalent voltage, inductance, current, resistance, and back-emf
of the BLDCM, respectively.

Let Kt be the torque coefficient of the BLDCM. The dynamic equation of the rotating
motor can be: 

U = L
.
i + Ri + Keω

Te = Kti
Jm

.
ω = Te − TL − Bmω

(3)

where Ke stands for the back-emf coefficient, Te indicates the BLDCM electromagnetic
torque, Jm is the moment of inertia of the motor, TL is the equivalent external load, and Bm
is the coefficient of viscous friction.
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2.2. Modeling of Pump and Cylinder

Based on the working principle of a hydraulic pump, the inlet flow Qi and outlet flow
Qo of the plunger pump can be presented as:{

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

.
pi

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

.
po

(4)

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

Likewise, the dynamic model of the cylinder is:{
Ql = A

.
x + Vin

βe

dpl
dt + Lc(pl − pr)

Qr = A
.
x− Vout

βe

dpr
dt − Lc(pl − pr)

(5)

where the subscripts l and r denote the left and right side of the cylinder chambers, and A
is the effective area of the piston rod, with x representing its displacement. Lc indicates
internal leakage.

Let:
Ql = Qi, Qr = Qo

in line with the negligible pressure loss within the valve and the flow continuity theorem.
We can obtain the models of the pump and the cylinder with:{

Dpω = A
.
x + V0

βe
∆

.
p + La∆p + Qa

A∆p = M
..
x + Bc

.
x + Ksx + Ff + FL

(6)

where V0 is the effective volume of the chamber, La is the total leakage coefficient of
the pump and the cylinder and is proportional to the pressure difference. ∆p, Qa is the
unconsidered flow loss within the system, M denotes the equivalent mass of the cylinder
and the external load, Bc is the viscous friction coefficient of the cylinder, Ks is the elastic
load coefficient, Ff is the static friction, and FL is the external load.

At this stage, we can define vector X = [x1 x2 x3 x4 x5]
T = [x

.
x ∆p ω iq]

T to character-
ize the system state. Then the EHA model is defined as:

.
x1 = x2
.
x2 = A

M x3 − Ks
M x1 − Bc

M x2 −
Ff +FL

M.
x3 = βe

V0
(Dpx4 − Ax2 − Lcx3 −Qun)

.
x4 = 1

Ja
(Ktx5 − Bmx4 − Dpx3 − Tf )

.
x5 = 1

L (U − Rx5 − Kex4)

(7)

where Ja is the total rotational inertia of the motor and the pump and Qun indicates the
unconsidered system flow loss. Notably, an EHA can be considered as a high-order system
that takes bus voltage U as the input and piston displacement x1 as the output, with the
nonlinear and mismatched disturbances.

3. Adaptive Damping Variable Sliding Mode Control Strategy
3.1. Problem Formulation

As presented in Equation (7), the first two formulas refer to the dynamics of the
hydraulic cylinder, the third characterizes the system pressure, and the last two indicate
the rotating speed and electric current of the motor. If, and only if, x4 is the input u of the
first three formulas, the EHA model is subdivided into two inertia parts, the mechanical–
hydraulic side and the motor side. The former has the input of motor speed and the output
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of cylinder displacement, and the latter has the input of bus voltage and the output of
motor speed.

Note that mismatched disturbance exists within the mechanical–hydraulic side when
classical sliding mode control is incapable of dealing with it. We thus transform the
mechanical–hydraulic side before establishing the controller. The state variables of the
mechanical–hydraulic side are redefined as:

Z = [z1, z2, z3]
T = [x1,

.
x1,

..
x1]

T (8)

together with the three-order state model of the mechanical–hydraulic side as:
.
z1 = z2.
z2 = z3.
z3 = g(z3, z2, z1, u, Ff , FL)

(9)

and the redefined state variables delivered as:{
z3 =

.
x2 = A

M x3 − Ks
M x1 − Bc

M x2 −
Ff +FL

M
M

.
z3 = A

.
x3 − Ksz1 − Bcz2 − d(Ff + FL)/dt

(10)

Computation with Equation (10) is facilitated by substituting Equation (7) into it:

M
.
z3 = A[ βe

V0
(Dpx4 − Ax2 − Lcx3 −Qun)]

−Ksz1 − Bcz2 − d(Ff + FL)/dt
(11)

The combination of first formula from Equations (10) and (11) yields:
.
z1 = z2.
z2 = z3
g3

.
z3 = u− A3z3 − A2z2 − A1z1 + fd(t)

(12)

where:
g3 = MV0(AβeDp)

−1

A3 = Lc M(ADp)
−1

A2 = LcBc(ADp)
−1 + ADp

−1 + BcV0(AβeDp)
−1

A1 = KsLc(ADp)
−1 + KsV0(AβeDp)

−1

And:
fd(t) = −QunDp

−1 −V0(
.
F f +

.
FL)(AβeDp)

−1 − Lc(Ff + FL)(ADp)
−1

Specifically, the parameters Qun,
.
F f , and

.
FL are all considered bounded values.

At this point, the ADV-SMC strategy, consisting of an extended state observer (ESO)
and an adaptive damping variable sliding mode controller, is designed and deployed.

3.2. Nonlinear Projection Mapping

Let θ̂i denote the estimation of θi(i = 1, 2, 3). A discontinuous projection Proj(*) is
defined as:

Projθ̂i
(•i) =


0, if θ̂i > θimax and

.
θ̂i > 0

0, if θ̂i < θimin and
.
θ̂i < 0

•, else

(13)

Thus, the adaptation law
.
θ̂ is:

.
θ̂ = Projθ̂(Γϑ), θmin <

.
θ̂ < θmax (14)



Actuators 2021, 10, 83 6 of 15

where Γ is a positive diagonal adaption gain matrix, and the adaptive function ϑ will
be synthesized later. Consequently, for any function ϑ applying the nonlinear projection
Proj(*), we have [25]: {

θ̂ ∈ Ωθ̂ = θ̂, θmin <
.
θ̂ < θmax

θ̃[Γ−1Projθ̂(Γϑ)− ϑ] ≤ 0
(15)

with θ̃ = θ̂ − θ.

3.3. Design of the Extended State Observer (ESO)

As described in the Introduction, an ESO is developed to estimate the unmeasurable
disturbance and to relieve the burden on the robust items. In terms of this system, the state
parameter available is z1, which is detected directly by a displacement sensor. By contrast,
z2, z3 are to be estimated. Let ẑ1, ẑ2 and ẑ3 be the estimations of z1, z2 and z3, respectively.
We also construct z4 as an additional extended variable to denote the system disturbance.
Concretely, the parameters A1, A2, A3, and g3 represent parametric uncertainties and are
determined by the ARC scheme, while fd(t) represents the system disturbance observed in
Equation (12).

The designed ESO is written as:

.
ẑ1 = ẑ2 + τl1(z1 − ẑ1).
ẑ2 = ẑ3 + τ2l2(z1 − ẑ1)

g3
.
ẑ3 = u + θ̂TZ + f̂d(t) + τ3l3(z1 − ẑ1).

f̂ d(t) = τ4l4(z1 − ẑ1)

(16)

where 0 < τ, while Li(i=1,2,3,4) = [l1, l2, l3, l4] is the observer gain and is a Hurwitz parame-
ter. The definition of θ̂T is shown later.

Subtracting (16) from (9) gives the observer error dynamics:

.
χ = τB1χ− B2θ̃TZ

g3τ2 +
B3h(t)

τ3 (17)

where h(t) is the dynamic of fd(t) and is unknown but bounded. Furthermore,

χ = [z̃1, z̃2/τ, z̃3/τ2, f̃d(t)/τ]
T

, B2 = [0, 0, 1, 0]T , B3 = [0, 0, 0, 1]T , and:

B1 =


−l1 1 0 0
−l2 0 1 0
−l3 0 0 1
−l4 0 0 0


Since matrix B1 is a Hurwitz matrix, a positive definite matrix P satisfying

BT
1 P + PB1 = −I must exist and I is an identity matrix.

3.4. Design of the Adaptive Damping Variable Sliding Mode Controller (ADV-SMController)

Establishing an ADV-SMController starts with redefining the adaptive parameters: as

θ = [θ1, θ2, θ3]
T = [A1, A2, A3]

T (18)

In this way, Equation (12) can be rewritten as:
.
z1 = z2.
z2 = z3
g3

.
z3 = u− θZ + fd(t)

(19)
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System error e and its derivatives are defined as:
e = e1 = z1 − xd.
e = e2 = z2 −

.
xd..

e = e3 = z3 −
..
xd

(20)

where xd stands for the targeted tracking position of the system.
We define the damping variable (DV) sliding surfaces as follows [20]:{

σ1 =
..
e + γt

.
e + ω2

ne
γt(e) = 2ωn(ξmin + ξmax

1+δe2 )
(21)

Based on the theory of SMC, it is designed to allow the sliding surface to reach
convergence and ensure the parameters to be Hurwitz. As presented in Figure 2, one can
easily see that the proposed DV sliding surface is nonlinear and varies according to the
state of system error. According to our previous work [20], the sensitivity factor, together
with the minimum and maximum damping ratios, also has an impact on the shape of the
sliding surface.
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The constant reaching law is applied on the reaching phase of the controller, which
leads to:

.
σ1 = ηsign(σ1) (22)

and a finite-time convergence:
tr = |σ1(0)|/η (23)

where tr is the time interval to reach the sliding surface.
For the ADV-SMC strategy, the control input u1, together with the parametric adaption,

is devised as: {
u1 = θ̂4

...
x d + θ̂Z− f̂d(t)− γt

..
e− .

γt
.
e−ω2

n
.
e− ηsign(σ1).

θ̂ = Proj(−Γϑ)
(24)

where:
ϑ = −σ1

g3
Z + χT PB2

Z
g3τ3 (25)

Notably, the control law has to use the estimated value θ̂ rather than θ since it is
impossible to obtain the true values of certain system parameters (e.g., cylinder damping
coefficient, leakage coefficient, etc.).
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3.5. Stability Analysis

To analyze the stability of the proposed control strategy, consider a Lyapunov function,
given as:

V =
1
2

σ1
2 +

1
2

θ̃TΓ−1θ̃ +
1
2

χT Pχ (26)

where Γ−1 is the gain matrix of the controller and θ is a slow-change parameter.
During sliding, the differentiation of Equation (26) to time becomes:

.
V = σ1

.
σ1 + θ̃TΓ−1

.
θ̂ + 1

2 (
.
χ

T Pχ + χT P
.
χ)

= σ1[γt
..
e− .

γt
.
e−ω2

n
.
e + 1

g3
(u− θTZ + fd(t)−

...
x d)]

+θ̃TΓ−1
.
θ̂ − 1

2 τ‖χ‖2 − χT PB2
θ̃T Z
g3τ2 + χT PB3

h(t)
τ3

= −η|σ1|− f̃d(t)σ1
g3

− 1
2 τ‖χ‖2 + χT PB3

h(t)
τ3

≤ [−η + f̃d(t)]
|σ1|
g3︸ ︷︷ ︸

1st part

− 1
2

τ‖χ‖(‖χ‖ − 2‖PB3‖
|h(t)|max

τ4 )︸ ︷︷ ︸
2nd part

(27)

As presented in Equation (27), the first part denotes the convergence of the slid-
ing surface and the second part denotes the convergence of observer error. If ‖χ‖ >

2‖PB3‖ |
h(t)|max

τ4 , then the second part is less than 0. In this way, ‖χ‖ is bounded by

‖χ‖ ≤ 2‖PB3‖ |
h(t)|max

τ4 . If |h(t)| = 0 ( fd(t) given as a constant value), then the second
part equals 0, which indicates that even a small gain coefficient η ensures the asymptotic
stability of the system. If |h(t)| 6= 0, the bounded ‖χ‖ results in bounded

∣∣∣ f̃d(t)
∣∣∣. Once

η >
∣∣∣ f̃d(t)

∣∣∣, all parameters within the system are bounded, and their upper bounds can be
adapted by changing gain τ.

Clearly, there is a θ̃→0 for each trajectory slide along the surface, which assures
.

V(σ1, θ̃) ≤ 0, hence stable performance.
In order to prevent chattering while the sliding mode is approaching the steady state,

the function sign (*) is described as:

sign(∗) =


1, if(∗ ≥ 1)
∗, if(− 1< ∗ < 1)
−1, if(∗ ≤ −1)

(28)

3.6. Control Method Design of the EHA

According to the working principle of the EHA, the motor control, with its input
of voltage and output of motor spindle speed, is conducted by traditional double-loop
proportion integration differentiation (PID).{

uid = kipes + kii
∫

esdt + kid
.
es

uVd = kVpei + kVi
∫

eidt + kVd
.
ei

(29)

In Equation (29), ucd and uUd represent the target values of motor current and motor
bus voltage; k∗p, k∗i, k∗d(* = i, V) are the proportional coefficient, integral coefficient, and
differential coefficient for PID control; and es, ei represent the speed deviation and current
deviation, respectively.

With the integration of the ADV-SMC strategy, a cascade controller is established
where the outer loop is an ADV-SMController and the inner loop is a double-loop PID
controller (Figure 3).
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It is clear that we have the motor side and the mechanical–hydraulic side connected
in series. Conforming to the dominant pole, this implies that the motor side can be
considered as a proportional component when its dynamic response is much faster than the
mechanical–hydraulic side [15]. When implementing the system practically, the proposed
controller establishes stable performance under the condition that the motor dynamics are
much higher than the cylinder dynamics. Equation (19) gives the proof of control stability.

4. Experimental Verification
4.1. Experimental Setup

A photograph of the testing rig is shown in Figure 4. An EHA prototype is mounted
on a platform. The control commands are configured to run the motor in rotating speed
control mode with analog inputs and further drive the pump. The regulating valves are
mounted directly beneath the pump to switch the working mode. An encoder is embedded
alongside the cylinder to detect position data, based on which the displacement of the
actuator is determined. Details of the EHA parameters are presented in Table 1.

ADV-SMC is performed to control the EHA via the control commands and state feed-
back. During testing, power electronics provide a real-time interaction for measurement
and control. The motor is controlled using motor driving signals, while the feedback, con-
taining the motor current and cylinder displacement, is captured using sensing elements.
The sampling time of control is 0.5 ms and the feedback is derived from a second-order
Butterworth filter with a 40 Hz cut-off frequency. An external load of 5000 N is applied
to the EHA to implement the control strategy. In order to verify the effectiveness of the
proposed controller, the following methods are taken for comparison:

PID: The PID controller gives accurate position control that is stable and easy to
perform. In the experiments, the related controller gains are tuned carefully by trial and
error to kp = 65,000, ki = 48,500, and kd = 0.

SMC: The basic SMC strategy is robust to parameter variation and unmodeled dy-
namics. The parameters are designed as follows: c1 = 70.7, c2 = 2500, and ηSMC = 210.7,
which are determined via online tuning to facilitate the implementation.

DV-SMC: This is based on a previous study of an improved SMC strategy aiming to
suppress the overshoot and provide a rapid response. We set the parameters the same as
in [20]: δ = 1,ωn = 50, ξmax = 1, ξmin = 0.1, ηDV-SMC = 210.7.

Specifically, the proposed ADV-SMController, which is established based on DV-SMC,
employs the gain matrix Γ = diag{105, 2.2 × 103, 25}, which is also determined via online
tuning. The variable θ is bounded by θmax = [10, 5000, 25] and θmin = [0, 1000, 0]. In

addition, the initial estimate is set as
^
θ = [1, 2000, 5]. Other parameters are the same as

those for DV-SMC.
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All of the aforementioned methods are the outer loop of the cascade controllers,
while the inner loop is a double-loop PID controller. To comprehensively evaluate the
performance, these four controllers are tested for two step trajectories and a sinusoidal
trajectory, which refer to all working conditions of the EHA in practical use.
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Table 1. Specifications of the EHA.

Parameter Value

Piston effective area (m2) 1.134 × 10−4

Effective stroke (m) 0.1
Fluid elastic modulus (N/m2) 6.86 × 108

Hydraulic cylinder volume (m3) 4 × 10−4

Mass of cylinder and load (kg) 243
Pump displacement (m3/rad) 3.98 × 10−7

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

Bus voltage (V) 270

4.2. Results

To start, step signals of 5 and 50 mm are applied as references to generate the system
responses. The position tracking results are shown in Figures 5 and 6. Generally, PID and
classical SMC strategies generate overshoots in line with both step signals. By contrast, the
variable damping-based methods, DV-SMC and ADV-SMC, have superiority in suppress-
ing the overshoot and obtaining a stable response. Comparing DV-SMC and ADV-SMC
with the disturbance compensation of the ESO, ADV-SMC converges to the reference at a
higher speed.
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To expand, for working property characterization, we can use the following definitions:
Settling time (ST): The first time stabilizing within the range of reference ±0.1 mm.
Overshoot (OS): The ratio of the disparity (maximum output exceeding the reference)

to the step amplitude.
As presented in Table 2, the settling time is effectively cut down with the use of the

ADV-SMC strategy. For the 5 mm step input, PID fails to reach the reference within 1 s,
while SMC obtains a settling time of 0.925 s. Both PID and classical SMC generate an OS of
0.024 mm. Compared to SMC, our model reduces the settling time by 0.72 s. Furthermore,
the use of parametric adaptation in ADV-SMC gives a slight improvement in response
speed compared to DV-SMC. A similar outcome is the responses to 50 mm step input. The
ESOs in these two controllers facilitate the control by estimating the external disturbance.
In addition, by implementing the variable damping sliding mode surface, the overshoot is
suppressed, thereby eliminating the contradiction of system rapidity and stability. Notably,
the settling time of ADV-SMC is better that of DV-SMC by 0.08 s in the 5 mm step input
test. The main reason for this is that the ARC scheme is capable of estimating the system
parameters to further enhance the system rapidity. As such, our controller obtained the
best and most consistent results in both evaluation settings.

Table 2. Responses to step signal inputs.

5 mm 50 mm

ST/s OS ST/s OS

PID 1+ 0.024 1.8+ 0.029
SMC 0.925 0.022 1.8+ 0.029

DV-SMC 0.285 0 1.63 0
ADV-SMC 0.205 0 1.03 0
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SMC with double-loop PID control; ADV-SMC: ADV-SMC with double-loop PID control
(same for Figures 6 and 7).
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Figure 7 presents the results of tracking xd = 0.04 sin(πt)[1− exp(−t3)] with the
four controllers. ADV-SMC is still the best-performing method in this test. According to
Figure 7, there is a considerable gap between ADV-SMC and other controllers on tracking
errors. Specifically, the maximum tracking errors are as follows: 2.4 × 10−3 m for PID,
3.0 × 10−4 m for SMC, 3.6 × 10−4 m for DV-SMC, and 1.2 × 10−4 m for ADV-SMC. These
performance gaps range from 2.3 × 10−3 m (PID) to 1.7 × 10−4 m (SMC), which are
significant (Table 2). With the same robust gain parameters and within the last period,
the maximum position tracking errors for ADV-SMC, DV-SMC, and SMC are 0.2, 0.4, and
0.3 mm, respectively. It is worth noting that the tracking accuracy of DV-SMC does not
exceed that of SMC. A possible explanation is that the first and second derivatives of
xd are set as 0 to suppress the overshoot in DV-SMC, which weakens the capability in
steady-state response. In this case, removing the feedforward compensation term from
basic SMC has an impact on the sinusoidal tracking accuracy and leads to the accumulating
of tracking errors.

As presented in Figure 7a, the proposed ADV-SMC has comparable tracking per-
formance to the DV-SMC during the initial stage due to the limited effect of parametric
adaption within such a short time. Subsequently, related parameters are regulated and
reduce the initial tracking error. Starting from the second period, the tracking error of
ADV-SMC tends to converge, and the tracking outcome improves gradually, which results
from the convergence of the adapted parameters. It can be observed that the tracking
of ADV-SMC continuously outperforms that of SMC from the third period to the end of
testing. In addition, Figure 7b exhibits the convergence of the parametric estimation of
ADV-SMC. While the tracking error of ADV-SMC starts to converge, the adaptive parame-
ters also tend to stabilize. We see that θ1 and θ3 reach the maximum and minimum values
as a result of the nonlinear projection, whereas θ2 varies periodically within bounded
ranges. During this phase, the tracking error significantly drops, which confirms that the
parametric adaptation relieves some of the burden of the robust items and contributes to
high-precision tracking.

Additionally, Figure 7c shows the corresponding control outputs of the four control
strategies. One can observe that the output of PID control stays continuous, especially at
the speed reversal point of the piston rod. Considering the impact of the dead zone, the
tracking error is enlarged in this test. In addition to PID control, there is a spike in output
of the other three control strategies. These spikes result from the robust items, which
drive the EHA to cross the dead zone in a manner that inhibits the friction. Moreover, the
ARC principle in ADV-SMC further enhances overcoming the dead zone via parametric
estimation. As such, it is reasonable to expect better robustness against system uncertainties
and disturbances and thus better controlling performance, as is the case.
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In order to clarify the effectiveness of our controller, position tracking data of the last
two periods were selected for further analysis. Three indicators—average error, maximum
error, and variance of error—were derived to characterize the working performance of
four control strategies (see Table 3). We noted that PID obtained the worst error evaluation
outcomes. Errors of SMC had a marginal improvement over those of DV-SMC. Clearly,
our model is a better alternative to the other controllers, which had 21.5, 41.4, and 26.2%
SMC, respectively.

Table 3. Tracking errors of sinusoidal input.

Error Average Maximum Variance

PID 0.001589 0.002421 5.17 × 10−7

DV-SMC 0.000252 0.000362 1.02 × 10−8

SMC 0.000205 0.000297 6.64 × 10−9

ADV-SMC 4.42 × 10−5 0.000123 1.74 × 10−9

5. Conclusions

This work extends our previous study [20] to resolve the parametric uncertainty of the
DV-SMC strategy in the EHA control task. In essence, an ADV-SMController is established,
which is composed of a variable-damping SMC model against system uncertainties, an ESO
to observe external disturbance, and an ARC law for parametric estimation. Experimental
results indicate that the proposed ADV-SMC strategy is the best alternative for EHA control
compared to the state-of-the-art control methods. In one sense, the parametric uncertainties
in EHA are effectively captured and compensated by employing an adaptive control law in
controlling. In another sense, the parametric adaption further facilitates improved tracking
accuracy and speed. In contrast with the DV-SMC, our controller further eliminates the
tracking error that results from the absence of feedforward items and relieves the burden
of the robust items. Nevertheless, although an improved sign function is applied for the
suppression of chattering, the elimination of chattering is not achieved fundamentally,
which leads to future research.
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