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Abstract: In electro-hydraulic system (EHS), uncertain nonlinearities such as some hydraulic
parametric uncertainties and external load disturbance often degrade the output dynamic
performance. To address this problem, a prescribed performance constraint (PPC) control method
is adopted in EHS to restrict the tracking position error of the cylinder position to a prescribed
accuracy and guarantee the dynamic and steady position response in a required boundedness under
these uncertain nonlinearities. Furthermore, a dynamic surface is designed to avoid the explosion of
complexity due to the repeatedly calculated differentiations of the virtual control variables derived in
backstepping. The effectiveness of the proposed controller has been verified by a comparative results.

Keywords: electro-hydraulic system; uncertain nonlinearity; prescribed performance constraint;
backstepping

1. Introduction

Electro-hydraulic systems are currently widely used in mechatronic control engineering as they
have a superior load efficiency. It was found that EHS starts to be commonly applied for large power
systems such as wheel loaders [1], fatigue test devices [2], load simulators [3] and exoskeletons [4].
However, there exist uncertain nonlinearities including parametric uncertainty and external load
disturbance in EHS. The former is caused by unknown viscous damping, load stiffness, variations in
control fluid volumes, physical characteristics of valve, bulk modulus and oil temperature variations
existed in EHS [5,6]. Thus, the high-quality dynamic performance of EHS cannot be always maintained.
While the latter is often presented as the driven force or torque of mechanical plant and bias the load
pressure of EHS [7]. Thus, the performance holding of EHS under these uncertain nonlinearities is still
a challenge problem in EHS control loop. By the way, the parametric uncertainty and noise disturbance
also obviously exist in pneumatic system such as mechanical ventilation [8-17], network distributed
control plant [18,19], multiple-input single-output processes [20].

The output-constrained control is welcomed in practice, since the required dynamic behavior can
be maintained in the case of different disturbance and uncertainty. Tee and Ge [21,22] originated the
barrier Lyapunov function (BLF) to describe the dissipative energy instead of the quadratic Lyapunov
function. Then He [23-26] and Ren [27] employed BLF in general nonlinear system, manipulator and
rehabilitation robot. Subsequently, Won [28] proposed backstepping based on BLF with disturbance
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observer in EHS. Qiu [29] presented backstepping control with dynamic surface for anti-skid braking
system. Guo [30] presented a state-constrained controlled by BLF to restrict the position tracking
error to a prescribed accuracy and guarantee the load pressure in the maximal power boundary.
The merit of BLF is to constrain the system output in the satisfactory boundary by the logarithm
transformation of the equivalent output error. However, since the output constraint boundary by BLF
is often a constant not a time-varying constraint, the control saturation and chatter output response
will emerge in initial time due to the initial large state error, as the boundary is selected very small.
Thus, to relax this problem, the prescribed performance constraint (PPC) is initiated by Bechlioulis [31]
to guarantee the satisfactory error response and overcome the controllability loss due to the input
saturation. Then, Zhang [32,33] used PPC to restrict the attack-of-angle of hypersonic aircraft and
the electromechanical system position. In fact, the servo valve control in EHS has limited throttle
constraint, which indicates the oversized control will degrade the performance and the stable margin
of EHS. The PPC technique transform the original constrained system into a free-constraint model by
a designed weighted performance function, which can address both static and time-varying constraints
by the regulation of the parameters of weighted performance function.

There exists a potential problem in the common backstepping method, i.e., the explosion of
complexity of high-order nonlinear system [34,35] due to the repeatedly calculated differentiations
of the virtual control variables emerged in backstepping iteration. These high-order derivatives will
magnify noise and uncertainty in the actual control signals which results into violent control and
chatter response [32,36]. To solve this problem, the dynamic surface control (DSC) has been proposed
to design a stabilizing function instead of the repeatedly calculated derivative of virtual control.
The purpose of DSC is to not only eliminate the severe proliferation and system singularity and but
also guarantee fast convergence and satisfactory dynamic behavior [29].

In this study, to refuse the negative effect of the external load and hydraulic parametric uncertainty,
a novel prescribed performance constraint control is proposed in the position control loop of EHS
to constrain the position tracking error to a desirable performance. Different from the constraint
holding technique of BLF, the PPC employed a weighted performance function to design an adjustable
time-varying output-constraint and improve the system stable margin and dynamic performance.
By this controller, all the signals of the single-rod EHS are uniformly bounded and the tracking
error of the cylinder position can converge to a small compact set without violating the constraints.
Furthermore, the dynamic surface is used to design a stabilizing functions instead of the virtual control
derivative in backstepping iteration to avoid violent control and chatter response. Both theoretical
proof and comparative results have been provided to verify the effectiveness of the proposed method.

The remainder of this paper is organized as follows. The plant is described in Section 2.
The output-constrained controller is given in Section 3 including PPC technique and dynamic surface
design. The comparative results of two controllers are given in Section 4. Finally, the conclusion is
drawn in Section 5.

2. Plant Description

The EHS is composed of a servo valve, a symmetrical cylinder, a fixed displacement pump,
a motor, and a relief valve as shown in Figure 1. The external load on this EHS is a driven force or
torque of any mechatronic plant. The pump outputs the supply pressure ps, which is also the pressure
threshold of the relief valve.

Hypothesis 1. Since the cut-off frequency of servo valve is far greater than the control system bandwidth,
the valve dynamics can be neglected in EHS model construction as x, = Ksyu, where x, is the spool position of
servo valve, u is the control voltage of servo valve, K, is the gain of the servo valve [37].
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Figure 1. The EHS control mechanism.
According to Hypothesis 1, if the three state variables are defined as [x1,x2, x3]7 = [y, v, pr]”

where y and y are the cylinder position and velocity, py, is the load pressure of the hydraulic cylinder,
then the state space model of the EHS is given by

Xl = X2

1

%(Apx3 — Kx1 —bxy — Fp)

_4IBEAP Xy — 4.B€Ctl X3+ 4:BeCdWstu
v, v, VisD

where C; is the discharge coefficient, w is the area gradient of the servo valve, p is the density of the
hydraulic oil, Cy; is the coefficient of the total leakage of the cylinder, B, is the effective bulk modulus,
Ap is the annulus area of the cylinder chamber, V; is the half-volume of cylinder, m is the load mass,
K is load spring constant, b is the viscous damping coefficient of the hydraulic oil, Fy, is the external
load on the EHS, sgn() is the sign function.

Xy =

@

X3 = ps — sgn(u)xs

Remark 1. In practice, the hydraulic parameters Cy, p, w, b, Be, Cy are usually uncertain constants, but the
other parameters are known [38,39].

Remark 2. The external load Fy is unknown dynamic variable, which is caused by the driving force of someone
mechatronic plant. Although the dynamic value of Fy depends on the variables y, 1,7, Fy is bounded by
|Fr(t)| < FLmax, Where F max is an unknown bounded constant [40,41].

Thus from Remarks 1 and 2, the state space model (1) is rewritten as follow

X=X
ty = fa(x1,x2) + oxs + Aa(x1, x2) , @)
%3 = fa(x2,x3) + ga(x3, u)u + Az(xq, X2, x3)
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where Cd, 0, K, b, Be/ Ctl are nominal values of these uncertain parameters respectively,

- __le—i-EXQ _ _Ap
fa(x1,x2) = 0 2=
_ 4 e 4 .C
fa(x2,x3) = 'BV ﬁ Lxs 3)
_ 4ﬁeCdWst
$3(x3,u) = Vip \/ps —sgn(u
and Ax(x1,x2) = fa(xy,x2) — fa(xy,x2) — FL(t)/m, Az(x1,x2,x3) = f3(x2,x3) — f3(x2,x3) +

23(x1, x2,x3) — $3(x1, X2, x3) are the integrated elements of parametric uncertainties and the external
load disturbance.

Due to limited boundaries of the parametric uncertainties and the external load mentioned in
Remarks 1 and 2, the two uncertain nonlinearities Ay, A3 are bounded by |Az| < Apmax, |A3] < Azmaxs
where Aj max, Az max are unknown bounded constants [28].

3. Prescribed Performance Constraint Control of EHS

3.1. Prescribed Performance Constraint

The prescribed performance constraint of position tracking error is regulated by a designed
weighted performance function, which can guarantee not only the satisfactory dynamic performance
but also the stable margin of EHS.

At first, the position tracking error is given by

e(t) = x1(t) — ya(t). 4)

If the cylinder position x7 is restricted in X1 min < ¥1(t) < X1 max, where X1 min and X1 max are the
maximal and minimal boundary of x1, and the position demand y; has also two definite boundaries as
Yamin < Yd < Ydmax, then

emin < €(t) < emax, ®)

where emin = X1 min — Ydmax, max = X1max — Yd min-

Definition 1. A continuous smooth function [32] p(t) = (p(0) — p(c0))e ™ + p(o0) is called a weighted
performance function if

(1) p(t) is positive and monotonically decreasing;

(2) lim p(#) = poo > 0;

(3) p(o0) < p(0) < 1.

Lemma 1. If a weighted performance function p(t) is designed such that

emin < e(t)/p(t) < emax, (6)
then e(t) is restricted in (emin, €max) [31].

Actually, if e(t) > 0, then e(t) < e(t)/pi(t) < emax due to 0 < p;(t) < 1. On the other hand,
ife(t) <0, then emin < e(t)/p(t) < e(t). Thus, the position tracking error e(t) is always restricted in
the boundaries (emin, max )-

Secondly, according to Lemma 1, the PPC p(t)emin < €(t) < p(t)emax can derive a new state errors
ol (1 (emin — €(1) /(1))

_1,€ €max\€min — € o
Zl(t) =T ( ) - ln(emin(emax — e(t)/p(t)) )/ (7)

p(t)
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where T(+) is a smooth function, T~!(+) is its inverse function, In(-) is the natural logarithm function.
Theorem 1. The smooth function T(-) is a monotonically increasing function [33], and holds the following properties

emin <T(21) < emax T(0)=0 .
leinjooT(Zl) = €min Z]ILHJ}OO T(Zl) = €max ®

Proof. From (33), the inverse function of z; is given by

_e(t)  eminemax(e®t —1)
T(Zl) B m B emin€? — €max ©

Since emin < 0 and emax > 0, the derivative of T(z;) yields

dl _ Emin(Emin - emaX)iZ1 > 0. (10)
dzq (emin‘eZl - emax)

Hence, T(z1) is a monotonically increasing function. Furthermore, due to p(t)emin < e(t) <
p(t)emax with 0 < p(t) < 1, then emin < T(z1) < emax is established. When z; — oo, T(z7) is
close to its up and down boundary emax and emin respectively. If z; = 0 is substituted into (7),
then T(0) =0. O

3.2. Controller Design Based on PPC
Together with (7), the system state errors are defined as follows

2z =In (emax(emin - e/P))

€min (emax - e/P)
Zp = X2 — 1

, (11)
Z3 = X3 — Kp

where e is the position tracking error defined in (4), a;(i = 1,2) is the virtual control variable in
controller design.

To avoid the explosion of complexity caused by the repeatedly calculated differentiations of
&;(i = 1,2) in the backstepping iteration, the dynamic surfaces of z; 1 (i = 1,2) are given as follows

Tid; +o; = B, «;(0) = B;(0) (12)

where B;(i = 1,2) are the stabilizing functions to be designed, 7;(i = 1,2) are the time constants of the
dynamic surfaces.

Thus, the output errors of two dynamic surfaces are defined as S; = a; — B;(i = 1,2) . Substituting
S; into (12), the virtual control derivatives &; = —S;/7;(i = 1,2) are obtained.
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Based on the system state errors (11) and the dynamic surface (12), the prescribed performance
constraint controller u is designed as follow

: ' z
ﬁlzyd+§e_kl71

1 ~ Sl)
=——|katra+f+—
B2 g2<22 1+ 12 o

t

b= — [ Siari=1,2 / (13)
T

Si=wa;j—pi,i=12
1 s Sz)

u=——\(kszz+ f3+ gz + —
Z ( 323 + f3 + §220 -

where the attenuated parameter r is
_ oT~! 1 _ €max — €min €max — €min __ 4 >0 (14)

r = = =
a(e/p) Y (Emax - E/P)(E/P — emin)P - (emaxgemin)2 €max — €min

Theorem 2. Considering the stabilizing functions (13) together with their dynamic surfaces (12) for the EHS
model (2) under Hypothesis 1 and Remarks 1 and 2, regardless of the system state errors z;(t)(i = 1,2,3) start
from any initial values —oo < z;(0) < oo, the generalized error Z¢(t) including z;(i = 1,2,3) and S;(j = 1,2)
is ultimate boundedness [42] and its convergence domain is an hypersphere H,,

3 2
H, € {273 +Y 5]2 =2V(0)e “r + 25/c} (15)
i=1 =1

where 6 and c are positive constants, V (0) is the initial system state error, V't > t¢ (t7 is a finite time).

Proof. The candidate quadratic Lyapunov function of the EHS model (2) is given by

1 1
V=sY d+,) 8 (16)

For convenient proof, V is rewritten into the cascade elements for the convenient controller design

as follows . .
1 1
Vo=V + EZ% + ES% ’ (17)

1
V3 = V2 + EZ%
and the following inequalities are satisfied by Young’s inequality

2,62 . s2|4:1? , 2 A2
Zz; i |SI,BI| S l"glo_"max + % |Zi+lAi+]‘ S Zit1 21+1max , (18)

|ziSi| <

for i = 1,2, where 0;(i = 1,2) are positive constants,

Bi(i =12).

Bil ..., (i =1,2) are the maximal boundaries of
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Step 1: Substituting (2), (11), (12) into the derivative of V1, V; yields

Vl = 2121 + S]Sl = er(XZ — J'CM Ei;p( )) + S] (&1 — ,B])
(19)
=z1r(z2+ 1+ 51— %14 — 8!’(9) + 51(—%1 —B1)

If the stabilizing function B; in (13) is substituted into (19), and together with (18), then v, is
converted to - v
Vl = V1 + ?1 +7"le2

. , (20)
Vl = —1—‘12% — le%
where )
r 1 r |,31|
hhi=k—-=z, O =——7——0&, 21
1=k —5 =372 20, (21)

If a constant gain k; and a time constant 7; yield such that

5 |2
ro1_r A
ki >, —>o+ 75 22
LR T R T @)
then \71 < 0.
Step 2: The derivative of V; is given by
Vo = Vi + 2220 + 555,
- - = . . b
<Vi+ ?1 +12122 + 22[fo + §2(23 + B2 + S2) — 1 + Do) + Sa(d2 — B2) 23)

= 0 - _ S S .
< V1+?1+zz[rz1 +f +g2(23+ﬁ2+52)+T—;+A2]+52(—T—§ —B2)

If the stabilizing function B, in (13) is substituted into (23), and together with (18), then V5 yields

Vo < Vo + §ozoz +—+Q+A%ma"
G R T N T (24)
V2 = Vl - 1"222 - QZS2
where .
2lax 1 1 |l B2
T =k — max _ Q) = — — max __ max 25
2=k 5 3 2= > 20, (25)
Step 3: Similarly, the derivative of Vj is given by
Va3 = Vo + 2323
T _ 01 02 A%max 3 5 ;
<Vat&mz+ 5 4 5 + =0+ alfs+ Gu—da+ A (26)
S R .Y Sy
SVat g+ 5+ 20t alnn - fi+ Gut +A3]

If the control variable u is designed as the form in (13), then V3 yields
V3 < f/z — k3Z§ +9, (27)

where 6 = (07 + 02+ A3+ A3 )/2isa positive constant.
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If a constant ¢ is defined as ¢ = min{2I'y, 2T, 20}y, 20, 2k3}, from the definitions of \71 and f/z,

(27) is rewritten as
Vs < —cV3 +9. (28)

Integrating (28), V3 yields

t
V() S V(0)e ™ + [ se(7)d
(1) < V(0)e O/ 3 )

<V(0)e @ +5(1—e/c

According to (29), and letting t — t, the error convergence domain H; in (15) is obtained.
Furthermore, the size of the generalized error convergence domain H, mainly is decided by the
element d/c. Thus, the increased control gains k;(i = 1,2,3) and the reduced constant ¢ can arbitrarily
shrink the size of H, ast — co. [

Figure 2 shows the proposed prescribed performance constraint controller. The designed dynamic
surface (12) is used to instead of the virtual control derivatives &;(i = 1,2) and the virtual control
variables w;(i = 1,2) are substituted by the stabilizing functions p;(i = 1,2). The output-constraint (5)
is converted to the time-varying performance constraint (6), which represents the position tracking
error e of EHS. Then this constraint is transformed into the new state error z; (7). The controller u (13)
is constructed to guarantee the dynamic performance of the EHS (2) under the hydraulic parametric
uncertainties and the external load disturbance integrated in A;(i = 2,3).

New state| €1 2| Prescribed performance
error (7) | constraint (6)

=1In emax(emin_e/p) 4
' €min (emax _e/p) ydl Xl

Prescribed performance | U | _ o ) £(i=12) | Dynamic surface
constraint controller (13) o design (12)

s(i-12)] b zi=1239 [4,i-29

z

Figure 2. Block diagram of the prescribed performance constraint controller.

4. Comparison Results

To verify the proposed prescribed performance constraint control method, some known hydraulic
parameters are Cs = 062, w = 0.024 m, Xymax = 7.9 mm, Be = 7000 bar, p = 850 kg/m3,
K =1000N/m, b = 100 Ns/m, C; = 2.5 x 107"'m?/(s - Pa), Ky, = 4.9 x 107® m/V, p, = 2 bar,
Ap = 20lem?, Vi = 1.74x107°m%, m = 1.739 kg, AC; = 0.1C4, AB. = 0.5, AK = 05K,
Ab = 0.5b, Ap = —0.1p, ACy = 0.2Cy;, FLmax = 500 N. The time constants of two dynamic surfaces
isTy = » = 1073, Some control parameters are designed as k; = 100, k = 1200 and k3 = 6000,
X1min = —50 mm, X1 max = 50 mm, Ymin = —50 mm, Ymax = 50 mm, p(0) = 0.95, p(c0) = 0.03,
A=0.3.

In addition, to compare with the traditional control scheme, Proportional-Integral (PI) controller
is also adopted in this EHS such that

u=kp(ya —x1) +ki / (ya — x1)dt (30)
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where the control gains k, = 150 and k; = 10 have been well tuned to guarantee the fast response of the
cylinder position.

4.1. Compared Results with Nominal Hydraulic Parameters

Firstly, the nominal hydraulic parameters is adopted in simulation with the uncertain
nonlinearities Ay = A3 = 0. The cylinder position demands are selected as y; = 25(sin(0.87t) +
sin(0.47tt) + sin(0.27tt)) mm and y; = 25(sin(1.67tt) + sin(0.87tt) + sin(0.47tt)) mm. The initial
states of two control schemes are x1(0) = 20 mm, x,(0) = 0 mm/s, x3(0) = 0 bar. The proposed
controller comparison with PI controller are shown in Figures 3—-6. The controller based on prescribed
performance constraint has the steady tracking errors Ax; = 0.01 mm in low frequency demand
and Ax; = 0.05 mm in high frequency demand respectively, which is better than the PI controller
Ax; = 0.5 mm and Ax; = 2 mm in corresponding frequency demand. Since the constraint holding
technique is adopted in the proposed controller, the tracking error of the cylinder position is not always
beyond the prescribed constraint p(#)emin < e(t) < p(t)emax. Thus, these comparison results indicate
the advantage of this prescribed performance constraint technique.

100

——Demand
---PI

Time(s)

Figure 3. The cylinder position responses x; by PI controller with Ay = A3 = 0, the demand
Yq = 25(sin(0.87tt) + sin(0.47tt) + sin(0.27¢)) mm.
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100 : : : :
—— Demand
---PPC

1 (mm)

Time(s)
10
0
g —=
Z -10 0.01 ]
8 0/\/
<
—20 -0.01 7
‘ ‘ 4 6
3% 2 4 6 8 10
Time(s)

Figure 4. The cylinder position responses x; by prescribed performance constraint controller with
Ay = Az =0, the demand y,; = 25(sin(0.87tt) + sin(0.47tt) + sin(0.27tt)).

100 : : : :
—— Demand
50 --- Pl
g
E o0
ey
-50
—10% 2 a 6 8 10

10

Time(s)

Figure 5. The cylinder position responses x; by PI controller with Ay = A3 = 0, the demand y; =
25(sin(1.67tt) + sin(0.87tt) + sin(0.471t)).
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100

x1(mm)

—— Demand
---PPC

2 4 6 10
Time(s)
10
/g 0 ——
= 0.05 ——
5-10 NNV ANPANS 1
—0.05
— .4 5. 6
29.) 2 4 6 10
Time(s)

110f16

Figure 6. The cylinder position responses x; by prescribed performance constraint controller with
Ay = Az =0, the demand y,; = 25(sin(1.67tt) + sin(0.87tt) + sin(0.47tt)).

4.2. Compared Results with Uncertain Nonlinearities

To verify the dynamic response performance of the proposed prescribed performance constraint
controller, the frequency of the cylinder position demands and the initial states are same to Section 4.1.
The hydraulic parametric uncertainties ACy, ABe, AK, Ab, Ap, ACy; are all injected in the EHS model
(2). Furthermore, the external load are assumed to be Fy (t) = Ff max sin(27tt). The comparison results
of two controllers are shown in Figures 7-10. When the total uncertain nonlinearities A, and A3
are injected in EHS, the prescribed performance constraint controller has the steady tracking error
Axy = 2 mm both in low and high frequency demand. However, the position tracking error of PI
controller is Ax; = 5 mm. These results indicate the prescribed performance constraint controller
has higher dynamic response performance than the PI controller under the hydraulic parametric
uncertainties and the external load disturbance.

100

—Demand
-=-PI

2 10
Time(s)
10
= 0
2 5
5-1¢ o /\/\// ]
R =
B 4 5 6
2 2 4 10

Time(s)

Figure 7. The cylinder position responses x; by PI controller with hydraulic parametric uncertainties
and the external load, the demand y,; = 25(sin(0.87tt) 4 sin(0.47tt) + sin(0.27t)) mm.
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—— Demand
---PPC

Time(s)

Figure 8. The cylinder position responses x; by prescribed performance constraint controller with

Time(s)

12 0of 16

hydraulic parametric uncertainties and the external load, the demand y; = 25(sin(0.87tt) + sin(0.47tt) +

sin(0.27tt)) mm.

100

z1(mm)

— Demand
---PI

~109 4 ‘ ‘ 10
Time(s)
10
e
g
= 5
4-19 '\0\/\/\/‘ |
_ ‘ 4 5 6
2% 4 6 8 10
Time(s)

Figure 9. The cylinder position responses x; by PI controller with hydraulic parametric uncertainties

and the external load, the demand y,; = 25(sin(1.67tt) + sin(0.87tt) + sin(0.47t)) mm.
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100

—Demand
---PPC

z1(mm)

Time(s)
10
= 0
2
~ 2
<1 AVAV/IE
-2
- ‘ ‘ . 4 5, 6
29.) 2 4 6 8 10
Time(s)

Figure 10. The cylinder position responses x; by prescribed performance constraint controller with
hydraulic parametric uncertainties and the external load, the demand y; = 25(sin(1.67tt) + sin(0.87tt) +
sin(0.47tt)) mm.

5. Conclusions

In this study, a prescribed performance constraint controller is proposed for electro-hydraulic
system to improve the output position accuracy of EHS. Firstly, the EHS model is constructed as
a state-space strict-feedback model with uncertain nonlinearities. Secondly, according to the required
boundary of the tracking position error, the technique of prescribed performance constraint is used
to design the time-varying error boundary to not only regulate the large initial error in satisfactory
time but also consider the control capability of EHS. Furthermore, the dynamic surface is adopted
to replace the repeatedly calculated differentiations of the virtual control variables in backstepping
design. The comparative results with the PI controller verify that the proposed controller has better
performance than PI controller.
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Notation

EHS Electro-hydraulic system

BLF Barrier Lyapunov function

PPC Prescribed performance constraint
Ky (m/V) Gain of the servo valve

u (V) control voltage of the servo valve
Cs(-) Discharge coefficient

w (m) Area gradient of the servo valve

ps, pr (Pa) Supply pressure and return pressure

pr (Pa) Cylinder load pressure



Appl. Sci. 2018, 8,76 140f 16

Xy max (IMm) Maximal spool position of the servo valve

p (kg/m3) Density of hydraulic oil

Cy (m3/(s-Pa))  Coefficient of the total leakage of the cylinder

Be (bar) Effective bulk modulus

Ap (m?) Annulus area of the cylinder chamber

Vi (m3) Half-volume of the cylinder

m (kg) Load mass

b (Ns/m) Viscous damping coefficient of hydraulic oil

K (N/m) Load spring constant

Fr (N) External load of the electro-hydraulic system

Yi(m/s), y (m) Desired and actual velocities of the cylinder

ACy (-) Parametric uncertainty of discharge coefficient

AB. (bar) Parametric uncertainty of effective bulk modulus

Ap (kg/m?) Parametric uncertainty of density of hydraulic oil

ACy (m3/(s-Pa)) Parametric uncertainty of coefficient of the total leakage of the cylinder

Ab (Ns/m) Parametric uncertainty of viscous damping coefficient of hydraulic oil

AK (N/m) Parametric uncertainty of load spring constant
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