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ABSTRACT The uncertainties and external disturbances inevitably reduce the displacement tracking
efficiency of an electro-hydraulic system (ELHS). In this paper, the design of observer-based global integral
sliding mode control is proposed for an electro-hydraulic system to eliminate the influences of the above-
mentioned issues. Firstly, the mathematical model of the ELHS is established in canonical form to compound
the impact of lumped disturbances. Then, the enhanced disturbance observer (EDO) is developed to tackle the
lumped disturbances with the purpose of ameliorating estimation performance. Furthermore, a global integral
sliding-mode surface integrated prescribed performance function is developed, with the goal of boosting
global robustness, reducing chattering, and mitigating the significant effects of estimated disturbances error.
The evidence of stability is ensured by deploying the Lyapunov principle, and the achievement of finite-time
convergence of the ELHS has been attained. By comparing the proposed strategy with other controllers, the
comparative experimental studies demonstrate the effectiveness and probability of the suggested method.

INDEX TERMS Enhanced disturbance observer, electro-hydraulic system, prescribed performance, global

integral sliding mode control.

I. INTRODUCTION

A high-performance electro-hydraulic control system is cru-
cial due to its wide application in various heavy-duty
equipment used across industrial sectors, including auto-
motive technology [1], excavators [2], hydraulic robotic
arms [3], EHA load testers [4], and other fields [5]. The
electro-hydraulic actuators (ELHSs) possess advantages such
as energy efficiency, compact design, safety and reliability
features, and variable speed and large force capability [6], [7],
[8]. However, owing to various uncertainties and disruptions,
achieving high precise tracking control of ELHS is challeng-
ing. Moreover, overcoming the effects of adverse factors and
simultaneously obtaining the desired performance to bound
tracking errors, finite-time convergence for the ELHS adds
further difficulty.

The associate editor coordinating the review of this manuscript and

approving it for publication was Huiyan Zhang

To ensure satisfactory tracking performance, there exists
two approaches: the states of the system in the given con-
straint space and the tracking error states transient per-
formance criteria. The former often combines the barrier
lyapunov function with backstepping technique to avoid the
violating of the states with the predefined boundary [9], [10].
Meanwhile, the latter utilizes specified performance control
[11] and constrained control, known as funnel control [12],
[13]. It is noteworthy that the error boundary is unavailable in
practice, therefore, the PPC is widely adopted to address this
issue. In [14], Sui et al. investigated an adaptive prescribed
performance control scheme for an uncertain non-strict feed-
back system, and a fuzzy inference system is deployed to
tackle the unknown dynamic function. Xu et al. suggested
an innovative backstepping technique approach for EHLS
tracking control in [15], constructed to satisfy both conditions
without violating any constraints and the prescribed transient
tracking performance. Nevertheless, the integrated PPC to
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the main controller in the presence of the uncertainties and
disruptions is rately to ensure the convergence of error states
with minor overshoots, and needs to solve.

Over the past few decades, numerous observer-based
advanced control algorithms explored to boost control per-
formance of ELHSs. In these approaches, the lumped
disturbance, for instance, external load, unknown non-
linearities significantly affecting the control performance,
is estimated, then, provided to main controller with the
purpose of effectively compensated disturbances. Another
approach, known as, big control coeficients is applied to
enhance control action, sometimes resulting in instability.
Hence, particularly noteworthy is an observation system, for
instance, nonlinear disturbance observer (DO) [16], [17] a
time-delay estimation interpretation [18], finite-time distur-
bance observer [19], [20], adaptive observer [21], extended
sliding mode observer [22], [23], exact disturbance estima-
tors [24]. To be specific, for improving the performance of
the ELHS, nonlinear DO-based adaptive prescribed perfor-
mance technology was utilized to approximate and compen-
sate the uncertain part [25]. In [26], Mi et al. introduced a
robust disturbance compensation displacement approach with
control input constraints based on a linear extended state
observer (ESO) to attenuate the extrinsic perturbation, dead-
zones nonlinearity, the severe supply pressure fluctuation,
and various uncertainties without satisfying the prescribed
performance. To this end, an enhanced disturbance observers
(EDO) incorporated with numerouss control strategies is
proposed to increase the proficiency of the position control
loop. The EDO contains ESO and an adaptive law, used to
obtain system state approximations and lumped disturbances.
The ESO appraises the lumped disturbances as an extended
state, which is estimated and compensated in the control
law. Meanwhile, the adaptive law in EDO is adopted to
improve the estimation performance. However, the innovative
observer-based controller approaches has not been obtained
the finite-time settling of the system states.

Several approaches have been developed to attain the
finite-time convergence for ELHS such as terminal sliding
mode control (TSMC) [27], finite-time backstepping-based
feedback control [28], [29], global integral SMC [30], [31].
The system’s rapid convergence to an equilibrium point is
ensured by the inclusion of an adjustable exponential term
in the finite-time control (FiTC). Motivated by the unique
merits of FiITC, Zhang et al. [31] suggested a global slid-
ing mode FiTC scheme for a hydraulic roofbolter systems.
The authors in [32] presented the disturbance observer-based
backstepping FiTC to not only cope with the inconsistency
and approximation errors but also ensure the finite-time
pursuing for ELHS toward the target signal. Alternatively,
[33] proposed a dynamic surface quasi-synchronization tech-
nique combining a terminal sliding mode observer for the
ELHS subject to external load disturbance and parametric
uncertainty, where the outputs constraint was met by barrier
Lyapunov function. Nonetheless, only estimation error con-
verges in a limited time without experimental validation in
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these reported methods. Therefore, investigating both FiTC
and experimental verifications under lumped distubances
envolves this article.

Attracted by the preceding drawback, the proposed strat-
egy in this paper for an ELHS is investigated by employing
the GISMC integrated PPC and EDO that guarantees the sys-
tem steadiness and constraint situation considering lumped
uncertainties. It is worthwhile mentioning that the limited
studies effort to handle uncertainties and external distur-
bances but bring the prescribed performance and finite-time
convergence for ELHSs. In comparison to prior studies, the
advantages of this article can be evaluated as follows:

1) This work firstly simultaneously solve the lumped dis-
turbances, prescribed tracking performance and finite-time
convergence for the ELHS. This aspect enhances the practical
feasibility of the designed controller for real-world applica-
tions

2) To efficiently mitigate the impacts of the lumped distur-
bance in the ELHS, the EDO is developed with the purpose
of ameliorating estimation performance.

3) The suggested method based on the global intergral slid-
ing mode approach with prescribed performance is conducted
to enhance the output tracking precision and guarantee the
output position within arbitrary boundaries amidst external
influences.

4) The system stability and finite-time tracking error con-
vergence are validated using the Lyapunov approach, and
the capability and productivity of the proposed strategy are
confirmed through experimental results.

The organization of this article is as follows: Section II
presents the mathematical model of the ELHS including the
problem descriptions and several assumptions. The procedure
of proposed method is outlined in section III. Sections IV
shows the experiment studies. Ultimately, Section V summa-
rizes the conclusions.

Il. PROBLEM DESCRIPTION
The technical drawing of the ELHS in this paper is illustrated
in Fig. 1. The ELHS contains a double-rod cylinder, a servo
valve, a relief valve, an AC motor and a pump, a displace-
ment sensor, two pressure transducers, and a controller with
AD/DA. The following section discusses the mathematical
model of a class of ELHS.

The dynamics of the ELHS can be formulated by the law
of acceleration.

mX = Pj,A — Bx +d (t, x, X)

0L = ktu\/ Py — sign (u) P,

b 4B L 4BA. |
Lo—?C(QL_‘IL‘l‘QLz)_ V. X 1

where x, m, and B define the piston’s displacement, mass of
the moving component, and viscous damping factor, respec-
tively; d(e) describes the disturbance variables such as exter-
nal force, friction; Py, = P — P, represents the load pressure,
with P, P> being the pressure of each chamber, P, defines
the supply pressure, k; is a proportional coefficient of the
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servo-valve, and sign(e) is a signum function. 8., A are the
Bulk modulus, a piston cross-sectional area, respectively.
qr. = CoPr, denotes the internal leakage, Cp is the nominal
coefficient. V. is a constant cylinder control volume. The
dynamic error model, Qr;, contains uncertainties, lumped
modeling error, etc.

v

Controller
—p| with Lol
x14| ADDA
u
1 ]
Hydraulic pump >
] L -
Relief valve Servo valve

FIGURE 1. The technical drawing of the ELHS.

From (1), it can be represented as follows:

4B,.Ak
v = 2P Luy/Ps — sign (u) P, — 4p. A ~CoPro
V.m Ve m
4,3€A2 B, d 4B.A
- 2
ch + m + V QL! ( )

Choosing ¢ = [¢1, &2, 83]T £ [x, i, X]¥ as the state vari-
ables. From (1)—(2), the ELHS model can then be re-written
as follows:

é‘] =&
& = &3
. 3)
&3 =h(ez, e3) +g(e3, u)u+ A1)
y=¢&
where
48,Ak, d 4
= B S i Pr A= L+ ﬁe — Qi

Vem m

48, A 48,A? B

h=— 'Be_COPLo_ Pe € — —é&3,
VC ch m

Remark 1: The control aim is to faithfully synthesize an
adaptive observer-based GTSMC algorithm for the plant (3)
such that

1) The output displacement &1 precisely follows the desired
trajectory €14 in which the tracking error is ensured to pre-
scribed performance specifications and finite-time conver-
gence;

2) The enhanced disturbance observer tracking error con-
verges to a bounded region in a certain time.
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In order to assist the control objective, various assumptions
and lemmas are given as follows:

Assumption 1: a) The tracking target signal €15 and its
derivative &14 are bounded.

b) There exist upper bounds for Ay, A, and their deriva-
tives A1, A, such that they satisfy |A;| < dim, |Ai| < Dj;
i = 1,2, in which dj,,, D;, are positive terms.

Lemma 1 ([10], [34]): Consider a nonlinear system x =
f (x). V(x) is positive definite, continuous and smooth func-
tion. If the existing inequality satisfies:

V@) < —HV @) —HVF @) +C* )
where v, Hi, Hp, C* are the positive constants with 0 <
v < land 0 < C* < oo, then, the ballance points of the
presented system x = f (x) is practical finite-time stable, and

the convergence time 7 holds

1 rHIVIZY (19) + H
T <T, =max 1t + In 0771 (o) + Ho
MH (1 —v) H,
1 H; V'~V (19) + AoH
X fo + 1p (to) + AoHa
H; (1 —-v) AoH>
(5)

where 0 < Ag < 1. The system state x will be guided into the
compact set that can be defined by

xe{x: lim V(x) < min ,
=T, (I—=20)H;p \(1—40)Hz

(6)

Ill. CONTROLLER DESIGN

A. ENHANCED DISTURBANCE OBSERVER DESIGN

The organization of suggested controller is depicted in Fig. 2,

which contains two main parts: EDO and GISMC with PPF.
Define A(r) = Ay (r). The equation (3) can be

re-expressed as follows:

é] =&
é‘z =£&3
. @)
&3 =h(er,€3) +g(e3, u)u+¢q (1)
a (1) = Ag (1)
Define &; = &; — &;. The enhanced disturbance observer
(EDO) are constructed as follows:

é‘] =& +4L15;

é = &3+ 6L 21

L 3)

= h(ez, &3) + g (W) u+ 84 (t) + 4L}
£d (l) = L{& + Basign (oa)

where L; > 0 is the constant coeficient, & (i = 1,2,3, d) is
the estimatied value of ¢;, o is function gain and designed
later.
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FIGURE 2. Overview of the proposed control method.

From (7) and (8), the differential equation of the observa-
tion error can be represented by:
— 41,8,
— 6L%§1
(t) — 4L}%
= Aq — L{&1 — Basign (o4)

[y

®

M- ;e
AN

I
o o o
PUAIAIING

t

~

M.
QU
~

where ﬁd are the estimated value of 8,4, which is the designed
adaptive gain.

Lettingn=[n1, n2. 03, nal” =1, 82/L1.83 /L}.8a /L7 ]
as the scaled estimation error vector, (9) can be described as
follows:

T

n1 = Linz — 4Ly
n2 = Lins — 6L 10y

. 10
n3 = Ling —4L1m (10)
na (1) = —Lim + (Ad — Basign (Gd))/Lf
We can express the time derivative of 1 as follows:
) = LiM, Koé
n 1Mon + Ko an
y=Cn

where My, Ky, and C are designed matrices and described as
follows:

—4

My = , Ko =

0 0
0 0
1 01’
0 1

10
—6 01
-4 00
-100

5= (Ad —Bdsign(od))/L3,c =[1000] (2

As My is Hurwitz, a positive definite matrix Z, is intro-
duced to guarantee M, (,TZO + Z,M, = —2Q, in which Q is
positive definite matrix such as a unit matrix. Hence, the
matrix Z, can be deduced as:

17 -4 —11 4
I -4 11 -4 -17
8| 11 —4 17 —4

4 —-17 —4 91

Zy = (13)

The adaptive gain ﬁd can be designed by
A o

1 . A
Ba = L—IHTZOKOSlgn (0a) orpy
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(241 ! T .
= — n" ZoKosign (og)dt (14)
Li Jo

where o1 > 0 is a tunable parameter, oy = nTZoKo with By
ensures the following term

Ba > Ay (15)

where A are the the upper bound of Ag.

Remark 2: From (14), the real time value ,Bd can be
achieved by integrating both sides of (14), which is described
by [21], [24].

~ 1 3 t
ﬂdz—ﬂ[ |m|+5/0 Im(t)ldr} (16)

Theorem 1: With the ELHS (3), the EDO is designed in (8)
and choosing observer gain L; and ¢ large enough, then the
observer error signals are bounded as t — oo.

Proof:

Take into account the Lyapunov function

1
VEpo = EUTZOU 17

where Z, is a positive definite matrix.
The time derivative of Vgpo is calculated by

. 1.r Loy
VEDO = 31 Zon + 3" Zon (18)
Substituting (11) into (18) gets:

) 1 1

Vepo = 5 (LiMo + K.8)" Zon + EUTZO (LiMon + Kod)
—lL Mon)T Z lL TzoM T 70Ko8
—21(077) 071+21n oMon +n" ZpKo

_ T(MTZ +ZM) + 0T ZoKos
) n 0 40 oMo ) n n £Loio
= —Lin"n+n" ZyKos
= —Lin"n+ 0" Z0Ko (Ad = Basien 00)) /13
— LT+ 17 S (19)

where S, is defined by Sy = ZpKy gAd — Bd sign (ad)) /L13.
Assume ||Sp||4 is bounded and |[Solls < w1Amax (ZoKo)
[Inll4, we can obtain

(20)

. A ZoK|
VEDOS_(l_Ml max (£0 0)))7T77

Ly

If the following inequality p1tnax (ZoKo) < Lp holds,
it implies that VEDO is negative definite. As Vgpo > 0,
VEDO < 0. Thus, it can be deduced that all error estimation
of the designed EDOs can be concluded as bounded, i.e.
&1 < &1m, €1m > 0. The proof is completed.

B. COMPOSITE CONTROL DESIGNS

Expanding on the foundational technical lemmas and cru-
cial functions discussed in the previous two sections, a of
observer-based global sliding mode control PPC approach
is crafted by integrating EDO and global integral sliding
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mode control techniques. The subsequent analysis focuses on
ensuring the stability of the control system.
The error state is defined as follows:

e=¢| —&14; 2D

where €14 is the desired signal of the output position.

Definition 1: A continuous function is presented as
the prescribed performance function (PPF) [14]: p(f) =
(o — Poo)e ~" + poo Where ¢ > 0 denotes the convergence
rate, pp and poo describes the initial state of PPC and the
allowable steady-state values, which satisfies the initial con-
ditions p(t) = pg > 0ast —0, p(t) = poo > 0ast — 00,
and pg > Poo-

Hence, the tracking error of output position lies in the
boundnesss of the PPC by the following inequality

—sap(t) <e <gqup(t),t >0 (22)

where ¢; and ¢, > 0 are the designed constants.

The following function G(z1) of the tracking error e is used
to further increase the convergence of e which is presented as
follows:

. Sue® — gge™ !
where z1 € R, and G(z1) € (—¢4, Cu).
The index function of the tracking error e to restrict it can

be selected as follows:
e=pG(1) (24

Based on the definition 1, prescribed performance is tai-
lored to construct the transformation errors. Given that G(z;)
is strictly monotonically increasing, and prescribed perfor-
mance parameters are chosen to meet 0 < poe < p(f) <
00, we can therefore derive an inverse transfer function z;
as follows:

_1 (e 1 e 1 e
271=G —)=zIn{sy+—-)—zIn{c,——) 25
P 2 p 2 P

It is noted that the original tracking error e is converted
by the smooth function G(z;1), as seen that z; will tend to
infinity when e reaches the boundary (— ¢y p, ¢, 0). Therefore,
the tracking error signal e lies in the boundness of PPC (22)
[31], [37].

According to the canonical form of the EHS mathematical
model, the integral sliding surface is formulated as

t
s = &3 + 2k0z1 +K§/ z1dt —p (1) (26)
0

where ko > 0, p(t) = p(0)exp(—«i01), p(0) = &3(0) +
2021 (0) + &3 [y 21 (0) dt.

Then, the time derivative of s signal are computed as
follows:

§ = &3 4 2021 + k321 — p (1) Q27)
Substituting (29) to (31), we obtain
§=h+gu+2q(t)+4LE + 2021 + kjz1 — p () (28)
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From (28), the control signal can be elaborated as follows:

1 ) i . .
u= - (—h — 2021 — k321 + P (1) — By — K2 — ksign (S))

8
(29)

where k1andky > 0 are the positive designed parameters.

Theorem 2: With the ELHS (3), under Assumption 1,
Lemma 1, the designed observer is introduced in (8), the PPC
is suggested in (22), and the final control law is constructed
in (29). Hence, all system states are bounded, and the tracking
errors converge to the predefined-boundary.

Proof:

Take into account the Lyapunov function

1
V) = 532 (30)

where Z, is a positive definite matrix.
The time derivative of V is calculated by

Vi =s§

= s (h gu+ 80 (1) +4L{E1 + 26021 + gz = (1))

(3D
Substituting (29) to (31), we attain
V) =s§ = —«1 |s| — kos® — 4st§1 (32)
Applying Young’s inequality, one obtains
—4sL3E) < s> +4L%67, (33)
From (32) to (33), we attain
Vi=s§=—kils| — (ko — 1) s> +4L0¢3
= V] — (k2 — D Vi + Co (34)

Following to Lemma 1, the errors states of the ELHS will
be pushed on the sliding mode s = 0 within a predefined
time 7. The finite-time 7, is computed as given by the
equation (5).

IV. COMPARATIVE STUDY OF SIMULATION AND
EXPERIMENTS

To demonstrate the improved proficiency of the indicated
methodology, the comparative study of simulation and exper-
iments are performed in the ELHS by using Matlab/Simulink
(R2022a version). The sinusoidal signal is considered as the
reference signal in the simulation. Meanwhile, the desired
signal, i.e., the square signal, sinusoidal signal, and chirp
input signal, are carried out in the experiment scenarios.

The physical parameters of the ELHS are given based on
the reference [38] as itemized in Table 1.

The following four control strategies are given and com-
pared to prove the availability and outstanding tracking effi-
ciency of the suggested methodology in various experiments.

Cl1: Strategy 1 is ASMC [6] that combine the adap-
tive law and sliding mode control techniques. The final

VOLUME 12, 2024
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TABLE 1. Electro-hydraulic system parameters.

Symbol Description Value (unit)
)i Bulk modulus factor  1.25x10° (MPa)
ki Valve coefficient 3.2x10°8

(m?/s/V/Pa?)
B Friction coefficient 450 (Ns/m)
m Mass of cylinder 4.5 (kg)
A Work area 4x10™* (m?)
P Supply pressure 16 (MPa)
P, Return pressure 0.1 (MPa)
V. Control volume 6x107 (m%)
Co Leakage coefficient 1.2x10°"" (m*/Ns)

control law of this controller can be designed as fol-

lows: u = (ScB) ™! [ScXq — ScAX — ksgn(®)] — A, Sc =
[)\2 2\ 1],Xd = [Sld &1d §1d],X = [X)'CX'],S =
Se (X = Xa)

C2: Strategy 2 is BCESO [39] that combine the back-
stepping control and dual extended state observer. The final
control law of this controller can be designed as follows:
u—g(—h A+a2—k363)

C3: Strategy 3 is PID [9] with the following control law:
u=Kpe+Kge+Ki [ye(t)dt

C4: Strategy 4 is PIDFF [40] PID with feed-forward veloc-
ity. The control law of this controller can be designed as
follows: u = Kpe + Kgé + K; [y e (t) dt + Kyé14

Proposed controller: Strategy 5 is AESO-GISMC with
PPC.

The prescribed performance functions (PPF) are selected
as PPCH(t) = 4wre2' 4+ 1.5 mm and PPF~(t) = — PPF*(1).
The control parameters and observer parameters of the var-
ious controllers are carefully adjusted and tuned by empiri-
cal method. Then, the compared controllers’ parameters are
described in Table 2.

Remark 3: For the experiment, to capture velocity and
acceleration data, we utilize a second-order exact differen-
tiation [35], in the following manner:

X0 = o
vo = —T'1 Ix0 — &11*2 sign (xo — €1) + x1
X1 = V1
_ 203 o
w1 = —I2|x1 — vol™ sign (x1 — vo) + x2
x2 = —T3sign (x2 — vy) (35)

where I', ['2, and I'3 are selected as appropriate positive
parameters.

Subsequently, the information of velocity and acceleration
can be attained as follows:

X1 =¢&1, X2 =E1. (36)
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TABLE 2. Compared controllers’ parameters.

Controllers Parameters

ASMC ki1=5,ks=45, ks=10, A=10

BCESO k1=25,kx=15, ks=10, L =40.

PID Kp=50,Ki=10, Ka=0.1.

PIDFF K»,=50, Ki=10, Ka= 0.1, K, = 60,
Proposed =15, k1=35, o=15,L1=40, c1=0.1.

A. SIMULATION RESULTS

The simulation was conducted to assess the superity of
the proposed method under desired pulse signals with the
external load test environment. The simulation results are
described in Fig. 3. The tracking efficiency of the PID,
PIDFF, proposed controller, ASMC, and BCESO controller
are exhibited by the red lines, orange lines, purple lines, green
lines, and blue lines, respectively. The control actions are
confined within a range narrower than £+ 10 V, indicating
the viability of the proposed controller. We can see that the
tracking error of the suggested control algorithm is the small-
est and bouned in the PPF as compared to other four control
algorithms. Fig. 4 exhibits the curves of lump disturbance
estimation. As seen in Fig. 4, the proposed EDO provides the
well tracking of the estimated disturbance and its actual value.

= PID PIDFF
----- Proposed ASMC BCESO

5 207 [ /w——-[-.%
E) =10 | i |
\ i\

0.5} k . .
\5/ 0..\.a...,-_.,.}_.‘_,.’-_...L....Y--_..‘ ..... '—-NA._.-; nnnnn
©.0.5 [

0 5 10 15 20 25 30
Time (s)

FIGURE 3. Efficiency of various control methods in simulation.

B. EXPERIMENT SETUP
The real-time ELHS testbench hardware is illustrated in
Fig. 5. Meanwhile, the components setting of the practical

105113



IEEE Access

V. D. Phan et al.: Disturbance Attenuation-Based Global Integral Sliding Mode Control of an ELHS

400 -
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g 200; |
R \
— 1 N\ ——
Ei ‘8 0 DR R T
2 2 I/
A E y
7200 | {
0 10 20 30

Time (s)

FIGURE 4. Estimatied lumped disturbance of the suggested method in
simulation.

ELHS are reported in Table 3. Within this setup, a pump is
powered by an AC motor (three phase, rated power 3.7 kW)
and controlled by an inverter SIMATICS V20 housed in the
control box. This pump facilitates the transfer of oil to a
double-rod cylinder through a servo valve (MOOG — D633-
317B), enabling the system to function. Precision control
within the system is achieved with the aid of two pressure
sensors and a position sensor SXM30, ensuring accurate and
efficient operation. For data acquisition purposes, the system
utilizes a PCI 6014 card equipped with terminal connec-
tors, seamlessly integrated with an industrial computer. This
computer is specifically configured with Matlab/Simulink
software, enabling comprehensive monitoring, analysis, and
control of the ELHS testbench operations.

C. EXPERIMENT RESULTS

Three experiments were conducted to assess the superity of
the proposed method under various desired signals with the
same test environment. Experiment 1 considered a square
wave trajectory with an amplitute of 20 [mm] and a pulse
width of 50%. Experiment 2 considered a sinusoidal trajec-
tory with an maximum value of 20 [mm] and a frequency
0.5 Hz. Experiment 3 considered a a chirp input signal with
an amplitute 20 [mm] and linear sweep from 0.5 to 1 Hz. The
experiment results are described as follows.

Experiment 1: Figs. 6 — 8 depict the the experiment
results in the first study, where Fig. 6 presents the curves of
the output signal x = ¢1 and the given target trajectory €14.
In addition, the trajectories of control signals and tracking
errors are also exhibited in the second and third subgraph of
Fig. 6. The tracking efficiency of the PID control, PIDFF con-
trol, ASMC, BCESO, and the proposed control are displayed
by the red lines, orange lines, green lines, blue lines, and
purple lines, respectively. The control actions are confined
within a range narrower than £ 10 V, indicating the viability
of the proposed controller. Furthermore, it can be revealed
from Fig. 6 that the system output of the various controllers
can follow the given target trajectory well. The tracking
errors of the ELHS with the suggeted methodology is little
than these presented controllers because the proposed control
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TABLE 3. Components setting of the practical ELHS.

Devices Descriptions Specification
Type Symmetrical
Double-rod actuator
. Stroke
cylinder 25 [mm)]
Tube diameter
36 [mm]
Type Three phase
Rated output power | 3.7 [kW]
AC motor
Frequency 50 [Hz]
Synchronous speed | 1500 [rpm]
Type Simatics V20
Inverter Line voltage 380 [V]
Rated power 5.5 [kW]
Type MPM4150
Hydraulic Supply power 12 -24[V]
pressure
sensor Output 0-10[V]
Range 0 — 30 [MPa]
Type SXM30
Displacement | Supply power 12 -24 [V]
sensor Output 0-10[V]
Range 0 — 50 [cm]
MOOG - D633-
lg/[anufacturer 3178
t
Servo valve S utplll 0to 10 [V]
NIIJPP y power 24 [V]
ax pressure 35 [MPal]
Data Type NI PCI-6014
. Resolution .
acquisition Anal 16-bits
Card nalog
input/output 16AI22A0

laws are generated from the global integral SMC integrated
EDO. By utilizing the ESO enhanced by adaptive law, the
suggested algorithm control achieves the highest accuracy in
the position tracking for ELHS. Furthermore, the suggested
method Fig. 7 displays the zoom-in of the tracking error that
falls within the specified performance condition. The curves
of the two chambers’s pressure are depicted in first subgraph
of Fig. 7. Meanwhile, the second subgraph of Fig. 8 exhibits
the curves of lump disturbance estimation.

Experiment 2: In this experiment, the ELHS operates in
lumped disturbance condition with the desired time-varying
reference signal is defined as follows:

€14 (1) = 104+ 10sin(0.57t — 7/2) (mm) 37

Figs. 9 — 11 show the experiment results in the sec-
ond study. The experimental data including actual output

VOLUME 12, 2024



V. D. Phan et al.: Disturbance Attenuation-Based Global Integral Sliding Mode Control of an ELHS

IEEE Access

8 Monitor &

‘Lﬁ

keyboard

sensor

Industrial
computer

I\ =
PCI card

o

PIDFF
BCESO

——PID
ASMC

FIGURE 6. Efficiency of various control methods in experiment 1.

position and its reference, tracking error, and control action
are depicted in Fig. 9. When compared to the baseline con-
trollers, the suggested controller demonstrates adjustments in
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FIGURE 8. Pressure of two chamber and lumped disturbance of the
suggested method in experiment.

tracking performance across both steady-state and transient
stages. Furthermore, the suggested method steers the tracking
error within the predefined PPC, eventually achieving the
desired performance in tracking tasks. The enlarge of tracking
errors is depicted in Fig. 10. Meanwhile, the pressure of two
chambers and lumped disturbance of the suggested method
in experiment are displayed in Fig. 11.

Experiment 3: In this scenario, the frequency of the
desired signal is increased by twice. It can be described by

g1a (1) = 10(1 —cos(w1)) (1 —e™") (mm)  (38)

Figs. 12 — 14 show the experiment results in the second
study. The experimental data including position response,
tracking error, and control action are depicted in Fig. 12.
It implies that the proposed approach delivers superior control
performance with the boudary of the tracking error. In con-
trast to the suggested method, which ensures the prescribed
performance, the baseline approaches showcases weekness
control performance. The tracking errors of comparative
controller exceeds the prescribed performance regions. The
enlarge of tracking errors is depicted in Fig. 13. Meanwhile,
the pressure of two chambers and lumped disturbance of the
suggested method in experiment are displayed in Fig. 14. The
effectiveness and validity of the suggested control are clearly
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FIGURE 11. Pressure of two chamber and lumped disturbance of the
suggested method in experiment.

exhibited in Tables 4 with two indexes, i.e., maximum error
(MAE) and root mean square error (RMSE).
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TABLE 4. Performance indices of various controllers in three experiments.

Method PID PIDFF ASMC BCESO Proposed
Exp. RMSE 1.094 1.086 1.114 1.105 0.324
1 MAE 4.077 3.730 4.046 3.981 1.348
Exp. RMSE 1.184 1.116 1.146 1.145 0.669
2 MAE 2.728 2.714 2.589 2.442 1.958
Exp. RMSE 1.149 1.118 1.156 1.137 0.564
3 MAE 3.265 2.686 3.824 2.783 1.785
---------- Ref —— PID PIDFF
----- Proposed ——— ASMC ——— BCESO

0 5 10 15 20 25 30
Time (s)

FIGURE 12. Efficiency of various control methods in experiment 3.

10 T T T
—PPF+ —PID PIDFF =s=== Proposed
———ASMC - BCESO — — —PPF-
5 4
El
S 0
o
-5 H
|
0 Ll . ‘ ‘ :
0 5 10 15 20 25 30

Time (s)

FIGURE 13. Tracking errors of various control methods in experiment 3.

The results achieved from three scenarios imply that
the proposed control algorithm outperforms the other
path-baseline controllers for ELHSs, particularly in terms of
the performance indexes. Moreover, the experimental results
imply that the suggested methodology obtains satisfactory
control precision with specified performance, finite-time con-
vergence, and quick compensation capability for the lumped
disturbances.
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V. CONCLUSION

In this paper, the issue of following control for an ELHS
with prescribed performance and finite-time convergence was
investigated. To this aim, an enhanced disturbance observer-
based finite-time tracking controller with specified perfor-
mance was constructed for the ELHS in the presence of
lumped disturbance. Firstly, the EDO was utilized to address
the lumped uncertainties, where disturbances were estimated
by the EDO, taking into account the boundedness of obser-
vation errors. For the main controller, the GISMC was intro-
duced to boost global robustness, reduce chattering and the
significant effects of estimated disturbances error. The out-
comes of the experiment were utilized to effectively showcase
the remarkable tracking accuracy and system stability, even
under adverse conditions. Future works will concentrate on
the fixed-time event-triggered adaptive control of ELHS in
the presence of actuator faults.
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