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The electro-hydraulic servo system is widely used in industrial automation fields for its merits of the high force to weight ratio,
compact size, and fast response. However, the parameter uncertainties and external disturbances of the electro-hydraulic servo
system significantly deteriorate the control performance of conventional linear controller in practice. To deal with this problem,
sliding mode controller (SMC) that incorporates high gain observer (HGO) is proposed in this paper. HGO is used to obtain the
accurate time derivative of position signal for sliding mode controller design. The stability of the control system is guaranteed by
Lyapunov stability theory. Comparation simulation is conducted to validate the effectiveness of the presented control scheme.

1. Introduction

The electro-hydraulic servo system is widely applied in
industrial automation fields, such as aircraft actuator [1],
shaking table [2], and construction machine [3], owing to
the superiorities such as fast dynamic response, small size,
and large force/torque output [4-7]. However, inherent
nonlinear friction, parameter variation, and external dis-
turbance restrict the high performance trajectory tracking in
practical application [8]. Hence, how to cope with the in-
fluence of these drawbacks has attracted the attentions of
academia and industry. Although the classical proportional-
integral-derivative (PID) controller is widely used in process
control, it cannot achieve satisfactory tracking performance
when facing the time-varying working condition. To im-
prove the tunning processes of PID, some self-tuning and
adaptive strategies have been proposed, such as automatic
recalibration features and the hybrid swarm intelligent
optimization-PID algorithm [9].

Recently, many advanced control methods have been
developed for the hydraulic servo system, such as
adaptive control [10-12], backstepping control [13, 14],
fuzzy logic (FL) control [15-17], neural network (NN)
control [18, 19], and SMC [20-22]. Adaptive control can

mitigate parametric variation by using its self-learning
properties. Yao et al. used adaptive control to handle the
parametric uncertainties and nonlinear friction of hy-
draulic actuators, where a continuously differentiable
nonlinear friction model is first established [23]. How-
ever, the tedious adjustment design of control law
complicates the controller application. Due to the
nonlinear dynamics of hydraulic cylinder and uncertain
fluid parameters, backstepping control has been widely
used in the hydraulic system. Guo et al. proposed a
backstepping controller with extended-state-observer to
compensate the unknown load disturbance and uncer-
tain nonlinearity of the electro-hydraulic system [24].
However, the “explosion of complexity” problem re-
stricts its applications. Hence, dynamic surface control
technique is integrated into backstepping control to
eliminate abovementioned drawbacks and achieve good
dynamic tracking performance. To measure the full state
variables of the electro-hydraulic system, Kim et al.
designed an output feedback nonlinear controller based
on backstepping to deal with the unknown external load
[25]. However, the aforementioned methods assume the
external load disturbance as a known value for ensuring
the derivative of Lyapunov function to be negative. To
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address unknown nonlinear dynamics of the hydraulic
servo system, numerous FL- or NN-based control
schemes have been constructed. Yang et al. proposed
NN-based adaptive dynamic surface controller to im-
prove the transient tracking performance of hydraulic
manipulator, where the NN is adopted to approximate
the unknown joint coupling dynamics [26-28]. Despite
the conceptual simplicity and easy implementation of
NN approach, the convergence rates of the NN weights
can be very slow. Shen et al. developed a novel fuzzy
robust nonlinear controller for electro-hydraulic flight
motion simulator, where FL compensator is introduced
to estimate nonlinear uncertain functions caused by
leakage and bulk modulus [29]. However, the complex
design of membership function and fuzzy rules limits its
practical application.

As a robust control scheme, SMC can guarantee the ro-
bustness of the system with external disturbances, uncer-
tainties, and highly nonlinear characteristics [30]. Nevertheless,
the inevitable chattering may lead to the high-frequency ac-
tivities of the servo valve and then degrade the control per-
formance. To restrain chattering and improve dynamic
properties, Cheng et al. presented an observer-based sliding
mode control method to tackle the uncertain nonlinearities,
external disturbances, and immeasurable states of the electro-
hydraulic servo system [31]. However, the velocity and the
equivalent pressure of the hydraulic servo system are difficult to
obtain online. The high gain observer can provide accurate time
derivative information for a given signal, which is important for
practical engineering. Won et al. proposed SMC based on
HGO for position tracking of the electro-hydraulic servo
system, where the velocity and load pressure were estimated by
using the position feedback [32]. Motivated by above-
mentioned discussions, a novel sliding mode controller based
on high gain observer (SMC-HGO) is proposed to deal with
parameter uncertainties and external disturbances for the
electro-hydraulic servo system.

The rest of the paper is organized as follows: Section 2
describes the electro-hydraulic servo system dynamic model.
Subsequently, the controller design is presented in Section 3.
The simulation comparisons are presented in Section 4.
Finally, Section 5 concludes the paper.

2. Problem Formulation

The electro-hydraulic servo system is comprised of servo
valve, hydraulic cylinder, pump, motor, and relief valve. The
pump driven by motor delivers the hydraulic oil from the oil
tank to servo valve. The relief valve reduces the inlet pressure
to a required value and automatically maintains the outlet
pressure by returning a required additional amount of flow
to the oil tank. The hydraulic cylinder controlled by servo
valve converts hydraulic energy into mechanical energy for
driving the load movement. The position and torque meter
data are collected through the different installed sensors. The
control signal generated by the controller actuates the servo
valve spool to the proper position. The schematic diagram of
the electro-hydraulic servo system is shown in Figure 1.
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FIGURE 1: Schematic diagram of the electro-hydraulic servo system.

The dynamics of the electro-hydraulic servo system can
be represented as follows [15]:

( _ o dy _dy
ApL—mdt+Bdt+Ky
_ dy V. pL
; QL_AE+thpL+4—ﬂeE (1)

QL — dex pS - Sign (xV)pL
\ '\ p ’

where A is the effective area of the cylinder, y is the stroke
of the piston position, p; is the return pressure, m is the
mass of the piston, K is the load spring constant, B is the
viscous damping coeflicient, Q; is the load flow, C,. is the
total leakage coefficient, V, is the actuator volume, S, is
the effective bulk modulus, C; is the flow discharge
coefficient, w is the area gradient of the servo valve, p is
the fluid oil density, p, is the supply pressure, and x,, is the
spool position of the servo valve.

Considering equation (1) and selecting displacement
y, velocity y, and acceleration j as the state variables, i.e,
x = [x},%,,%;]7 = [y, 9, #]7, the dynamics of electro-hy-
draulic servo systems can be given as the following state
space description:

X, =X,
X, = X3 (2)
Xy =a(x)+g(x,)u+d,

where a(x) = fix, + f,x, + f3x5, f; = —4B.C,. K/ (mV,),
f,=-Kim-4B,(A*> +C,.B)/(mV,), f3=-B/m-4B,C,./
Vt> g(xv) = 4AﬁecdwxvavKa \/ps - pLsgn(xv)/ (th\/ﬁ)’
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F1GURE 2: Block diagram of the presented SMC-HGO control scheme.
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FiGure 3: Comparative tracking performance of sinusoidal signal.

d is the lumped uncertainties including nonlinear charac-
teristic and external disturbance.

3. Controller Design

The main objective of controller design is to design a robust
controller to track a desired trajectory as closely as possible.
The HGO with finite time convergence is used to reconstruct

velocity and acceleration signal, which will be used in the
control design.

The sliding mode function is defined as
s=cietceté, (3)

where c,and ¢, are positive constants, e =x; — x4
The derivative of sliding mode function is

. . Lot . Lot
S=cietcete =cle+ce+x,—x

t

(4)

. . t
=cie+ce+alx)+g(x,)u—x,

The three-order HGO based on equation (2) is as follows:

L

ky
X :xz_?l(xl_xl(t))

k
Xy = x5 — 8—; (%, —x, (1) (5)

~ ky
X3 = —:;’ (%) —x, (1)



Journal of Electrical and Computer Engineering

Error (mm)

Time (s)
—— PID
0.6
—~ 03|
:
= 00
2
= -0.3
0.6 1 1 1 | | | | | |
0 2 4 6 8 10 12 14 16 18 20
Time (s)
— SMC
0.6
04
é 0.2
-
g 0.0
M l02
_0.4 1 1 1 | | | | | |
0 2 4 6 8 10 12 14 16 18 20
Time (s)
—— SMC-HGO

FIGURE 4: Comparative tracking errors of sinusoidal signal.

Where kj, k,, and k; are positive constants, € << 1. It should
be noted that the gains of HGO largely determines the
performance of the controller. Thus, it is important to
properly design the gains of HGO to avoid the control input
saturation.

We define h, =ki/e, hy=kale?, hy=ks/e’, and the dif-
ferentiator is presented as

X, = X3 — h,X, (6)

The SMC-HGO is designed as
0=—~(-ed-ct-a@®-mrh) )
u(t)=——\(-ce-ce—ax) -n5+xy,)
g9(x.)
wheree =X, —x,;, S=ce+ e +e.
It is important to note that the sliding mode surface s is
discontinuity function, because it contains sgn (-) function of
g(x,). For eliminating the chattering phenomena, the

traditional sign function sgn (x) in g(x,) is replaced by
hyperbolic tangent function tanh (kx), where the positive
constant k is much larger than zero.

Then, the derivative of s is written as

. . Lot . . t
S=cletcéte=cle+ce+x;—x
. . t
=ce+cé+alx)+bu—x
. . = = ~ .t t
=ce+tcetalx)—cée—ce—a(X)—ys+x,5—x 4
=75+ v(X) + a(x) — a(X).

(8)

To analyze the stability, a Lyapunov candidate function is
defined as

1
V=E§. (9)

The derivative of Lyapunov candidate function is pre-
sented as
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V =si=—nss+s(v(%) + a(x) - a()) Theorem 1. If VR, the solution of inequality equation
V< —-0oV+ f,Vt2t,>0is
=-ns(s=3) +s(v(X) + a(x) — a(x)) (e b
V) <e 0V () + J 1 £ (r)d, (11)
= s +s(F+v(R) + a(x) - a(X)) o
) (10) where y is a constant.
2 = 2 =2
=-ns"+sf(X)< —ns +5(sf(x)) '
Proof of theorem 1. Let A(t) =V (t) + yV (¢t) — f, that is
2 =2 .
=-(n-05)s"+0.5f (x) V(t)=—yV () + f + A1) (12)

= -V +0.5f (%),

According to the first order differential equation, the
solution of equation (12) can be obtained as follows:

where 7, =2y-1, X=x-X%, f(x)=145+v(X)+a(x)-

a(x).

V) =e "0V () + r

Due to Vt>t,>0,A(t) <0,

e "I f ()dr + Jt e "IN (D)dr. (13)

to to

V() =e V() + r e VO£ (p)dr (14)

0
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TaBLE 1: Performance indices for sinusoidal signal.
Indices (mm) U o E
PID 0.4238 0.3098 0.3523
SMC 0.2042 0.1644 0.1844
SMC-HGO 0.1507 0.1069 0.1361
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FIGURE 8: Comparative tracking performance of multifrequency sinusoidal signal.

Because X is exponential convergence, we obtain

llx ()]l < @olI% (tp)lle” %), then the equation (10) can be
rearranged as

V(1) = -V () +0.5F ()P < — iV (£) + y(e)e (70, (15)
where y(e) is K-class function.

Combining equations (14) and (15), we have



Journal of Electrical and Computer Engineering

g
g
g
=)
&3]
|
0 2 4 6 8 10 12 14 16 18 20
Time (s)
— PID
1.0
~ 05+
:
= 00
£
= -0.5
1.0 | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20
Time (s)
— SMC
0.8
—~ 04
:
= 00
g
= -04
0.8 | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20
Time (s)
— SMC-HGO

FIGURE 9: Comparative tracking errors of multifrequency sinusoidal signal.

V(t)y<e ™ (H")V(to) +x (o) Jt e~ M1 =00 (7=10) 41

ty

t
—e ™M (t—to)v(to) +X(.)e—’71t+‘70to J e('ll—oo)TdT

=e 0y () +

— e—nl(t—to)v(to) + ( X(.)

1 = 0y

Thus, t—0c0, V (1) =0, and V (t) exponentially converge
to zero. The accuracy convergence accuracy is determined by
-

Figure 2 shows the block diagram of the presented SMC-
HGO control scheme. The proposed control scheme consists
of a HGO and a SMC. The HGO is designed to estimate the
velocity and the acceleration by using the position feedback
signal. The SMC is proposed to improve the position
tracking performance of the electro-hydraulic servo
system. O

0

(16)

( X(.) )e—q1t+agt0<e(ql—ag)t _ e(nl—ag)to>
1 =0y

(e_ oy (t-to) _ e (t—t0)>.

4. Simulation Results

To demonstrate the effectiveness of the proposed SMC-HGO
control scheme, a classical PID controller and a SMC
controller are conducted to compare with it. The controller
parameters are defined as follows: (1) PID: The proportional
gain k, = 1500, the integral gain k; =300, and the differential
gain k;=0.2. Especially, the gains of PID controller are
selected by using the intelligent optimization algorithm for
obtaining the excellent dynamic performance. (2) SMC:
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F1Gure 10: Control inputs of multifrequency sinusoidal signal.

= 5, = 5. (3) SMC-HGO:CI = 5, = 5, kl = 20, k2 = 50,
k;=100, £€=0.01, #=1.5. The parameters of the electro-
hydraulic servo system and controller are m=200kg,
K=15%x10"N/m, B=2x10’N-s/m, A=2x10"m’,
p=800kg/m’, C,=25x10""m’/(sPa), V,=2x10"*m’,
B.=61.5x10%bar, C;=0.6, £=0.01, #=0.5, ¢;=5, c;=3,
hy=0.5, h,=0.8, h; =0.4. The sampling time for the simu-
lation test is chosen as 1 ms.

The comparative tracking performance and errors for
sinusoidal signal y = 10sin (0.25mt) are shown in Figures 3
and 4, respectively. As shown in Figure 3, three controllers
can make the actuator of hydraulic cylinder follow the
desired trajectory well. Specially, the maximum tracking
errors of PID controller and SMC controller are 0.7 mm
and 0.5 mm, respectively. In contrast, the tracking error of
SMC-HGO is only 0.4 mm, which validates the superiority
of the proposed control scheme. The comparison of
control inputs signal is shown in Figure 5. It can be noted
that control input of SMC is changed drastically due to the
inherent chattering characteristic. Compared with SMC,
the SMC-HGO has smooth control input signal, which is
due to its ability to compensate for lumped uncertainties.
The state variables estimation results of the proposed
method are shown in Figure 6. It can be seen from Figure 6
that the estimated states track the reference states quite
well, which validates the estimation accuracy of the high

gain observer. The aforementioned simulations reveal that
the presented controller has better tracking performance
than SMC and smaller chattering in control action, which
is very important for high performance control of the
electro-hydraulic servo system. Since the HGO is very
critical for the presented controller, three groups of HGO
gains are chosen as follows: K'=[k1, k2, k3] =20, 50,
100], K*=0.1K", and K>=10K'. Comparison errors be-
tween the reference and the response for different pa-
rameters of the proposed controller are shown in Figure 7.
It is clear that the tracking performance can be improved
by increasing the gains of HGO. However, too large HGO
gains will lead to a larger error.

In addition, three quantitative performance indices, i.e.,
the average value of absolute error y, the standard deviation
of absolute error 0, and integral of time multiplied by error E
are adopted to evaluate the abovementioned controllers.
Performance indices for sinusoidal signal are listed in Ta-
ble 1. It shows that the SMC-HGO outperforms the other
two controllers in terms of all performance indices.

To further validate the performance of the presented
controller, multifrequency sinusoidal signal y=>5sin
(0.17t)+3sin (0.457t) is conducted. Comparative track-
ing performance and errors of three controllers are
shown in Figures 8 and 9, respectively. It is shown that
the presented controller has the better tracking accuracy
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FIGURE 11: State variables estimation results of multifrequency sinusoidal signal.
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FIGURE 12: Comparative tracking errors of multifrequency sinusoidal signal under different SNR.

compared with PID controller and SMC controller. This  acceleration signal. The comparative control inputs
is because the high gain observer is introduced in con-  signal of three controllers is displayed in Figure 10. It is
troller design to estimate the unmeasurable velocity and  clear that the presented control method is smoother than
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TaBLE 2: Performance indices for multifrequency sinusoidal signal.

Indices (mm) U 0 E

PID 0.0166 0.0142 0.0154
SMC 0.0097 0.0088 0.0095
SMC-HGO 0.0080 0.0065 0.0078

that of the other two controllers, which shows that the
SMC-HGO provides superior control performance than
PID and SMC schemes. State variables estimation results
can be found in Figure 11. It can be found that the
reference state variable is accurately estimated by the
high gain observer. To study the antiuncertainty of the
presented controller, the comparative tracking errors of
multifrequency sinusoidal signal under the different
signal-noise ratio (SNR) are displayed in Figure 12. The
tracking error is related to the SNR. The larger the SNR is,
the lower the tracking performance accuracy is. How-
ever, the compared tracking errors of the three SNR are
acceptable, which further verifies the powerful capability
of the presented controller in suppressing lumped
uncertainties.

The performance indices for multifrequency sinusoidal
signal are summarized by Table 2. Especially, the o of the
presented controller is 0.0065 mm, while the corresponding
values of the PID controller and SMC controller are
0.0142mm and 0.0088 mm, respectively. It can be easily
known that the SMC-HGO has a better tracking perfor-
mance than the other two controllers.

5. Conclusion

In this paper, a novel SMC-HGO is presented for the electro-
hydraulic servo system. The dynamic model is first con-
structed, where the parameter uncertainties and external
disturbances are regarded as lumped uncertainties. The
HGO is introduced to obtain accurate velocity and accel-
eration signal. The stability analysis carried by the Lyapunov
method displays an exponential convergence performance.
Then, the comparative simulations are illustrated both in
different reference signals and controller parameters. The
results show the superior tracking performance of the SMC-
HGO with high tracking precision and chattering-free in the
tracking control of the electro-hydraulic servo system.
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