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Abstract: First, the nonlinear model of the digital hydraulic cylinder and the controller are
constructed, then the nonlinear problem is translated into the solving of a linear matrix
inequality. Finally the anti-windup compensator is designed. Simulation results show that
the proposed controller and compensator guarantee the robustness and good dynamic
behavior of the system.

1. Introduction

With the development of the digital hydraulic technique, different methods are applied in the
controlling of the digital hydraulic cylinder; however, most of them are based on the linear model
with an absence on the certification of the system’s nonlinear element and stability under the input
saturation. The present essay is to design a nonlinear controller and an anti-windup compensator,
which not only guarantee the system’s stability, but also fulfill the system’s dynamic requirements.

2. The Nonlinear Model of the Digital Hydraulic Cylinder with Uncertain Parameter

Screw Pairs

Piston Rod Step Motor

Valve

Fig 1 The inner structure of the digital hydraulic cylinder
The Fig. 1 is the inner structure of the digital hydraulic cylinder. P and P, are the press of the
non-rod chamber and the rod chamber, @ and Q are their flow, V andV, are their volume, A and

A, are their effective area. The nonlinear model is as follows!'.
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In Eq.(1): X, is the displacement of rod; X, is the speed of rod; x, = P, ; x, = P, .M is the equivalent
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quality; k, is the spring stiffness; B is the damping coefficient;c=A/A; p,is the elastic modulus of

oil volume; Vv, =V, +Ax , V,=V,,+Ax ;V, andV, are relatively the non-rod chamber and the rod

Cu Wf t1

chamber’s initial volume;g - ,c,is the flow coefficient of valve port,w =zd is the valve core

2pm

area gradient,d is the valve core diameter, pis the density of hydraulic oil, t is the lead of valve
core;P and p are the oil pressure source and the Return pressure;Uis the input rotation angle of
step motion;F,_ is the load force;c is the internal leakage coefficient ;c, is the external leakage
coefficient. Let the input displacement signalbe I, the tracking error signal be g =x-r,
e, =x,—I=¢,e=x-f=¢.Let Eq.(1) Substituted:

é e,

€= = (2)
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Among them:

B.R, { X,—PF x>0
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InEq.(2), take W as disturbance, which is bounded. For the existence of input saturation,
suppose U’s value range is:

|u| < U 3)

In the hydraulic system,some complex elements caused the nominal value[2] inEq.(2).

M.B..Co:R are the uncertain parameters considered in the present essay,they are expressed as:
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The nominal parameters are respectively M,A..C,.R, . A, A, A, describe respectively the
uncertainty set of M.,£..Cy and [A|<a,|A,|<a.[A|<a, The certainty of 7,,7,,7,,9; and G,are 7, 7, .
7. G U, their uncertainty areAr, Az, Az, Ag, AQ, with|Az|<z7,.[A7[<7,.[A7[<7,; Eq. (5) is as

follows:
Ar =1-5,An, =1, -0),At; =1, -7,

Ag;=0,-0;,A9,=9,-0, )
3. The Design of the Digital Hydraulic Cylinder’ Nonlinear Tracking Controller
Eq. (2) could be constructedinto linear term The constructed controller is as follows:
ot ®)

In Eq. (6), V is the unknown and is to meet the constraint Ve, <V<Vp., Vi =A/MG-£0|U.,
Vo =—A/M[T,-£0U,, . Let Eq. (6) Substituted into Eq. (2) :
x=(A+AA) % +(B,+AB,)sat(v)+Bw
7=C,x

(7)

Among them:
010 0 0 0
k=[e.e.e], 4=[0 0 1| M= 0 0 0 0 ,
Ar, A, Az, 1 (14+A)(14+A, ) (1+4,) -1
If V could stabilize Eq.(7), Ucould definitely stabilize Eq.(1). Therefore, the resolution is the
solving to the parameterV in Eq.(7).The construct controllerV is as follows:
n=An+BX+E, (v-sat(v))
v=C,n+D_x

0 0

B=0), A= se(V)V,, M>v... X

0
a(v){“ st ,B,-H,c;-u 00
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As inEq. (8), 4.B..C..D.are the unsolved matrix in the controller, the static compensation
controller is E.(v-sat(v)), E. is also the unsolved matrix. Firstly, the saturation of V is not
considered to the design of the controller, A.B:..C..D. are obtained. In the next section, the
compensator will be designed to the controller. ApplyEq.(8)toEq.(7), Eq.(9)is obtained:

{=A4.4+B, W
{zzcg_f ©)
Among them:

5], _[(4raq+(B+ag)n, (B+aB)C)| , [B],._ _ [4BD BC) - [at+aBD 4B
-f—uf%—[ 5 M }ng MC () Ac{ 5 Aj—AwF,KCE, A@—[ P }@Eu«;&@,
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The necessary and sufficient condition which ensures that Eq.(5)is stabled and L, gain is
smaller than” is ®*:there exists Lyapunov function V(£)>0V(£)<0. LetV(¢)=¢' P&, Pis the positive
definite symmetric matrix. If V(£)<0 is tenable when w=0, Eq.(10)is obtained:

— iT —
|4, +FKF,+FF,+FKF,| R+P[A,+FKF,+FF,+FKF,]<0 (10)
t
If [(s'z=/ww)dr<0 is wanted to be tenable when w=0, only Za7Ww(g<0 is needed.
0

According to reference[5] lemma 2.2, the established condition to the above equation is:
[4,+FKF+FF,+EKF,| B+P[ 4,+FKF+FF+FKF)

1

+c§c;+};133’@3§wg<o (11)

Apply reference [5] lemma 2.1: there exists & > 0 which brings Eq.(12)into existence:
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ALP,+PA,+C.C, +?P,B;B§vp, +aPF,F, P, +;F6TF§

- ; (12)
+F K (F+F) P+P(F+F)KF,<0

InEq.(12): F; =[F..,0,0,0]  : F, =[7,,7.7] If there exists scalar 0 to make Eq. (13) tenable by the
applying of Finsler lemma!®:
BB A R CICR S BB o B E L

(13)

~o(F,+F)(F+F) <0

K="2(F+F) PE,

eT T, S got.

—

0 (1- . .
(E+F)(F+E) >EE and F7=L ( 83)3’}6\4=(1+a)(1+az)(l+as)—1. With the applying ofSchurcomplement lemma
1 Eq. (13) could be expressed as linear matrixinequality :
P'4,+A4,P' +aF F, -cFF, B, P'Ci P'F

ow

B, I 0 0

<0
Cr R (14)
F,p’ 0 0 —al

X'II XIZ . . . .
Take B'=X {X X } and take the matrices into Eq.(14), Eq.(15) is obtained:

Z; AXIZ él XIIC;r XIIF;T
X, A -ol 0 X,C X,F

B 0o 41 o o |<0 (15)
CX, CX, 0 I 0
F;'Xll F;XIZ o 0 _aI

2 =AX, +X,A +aB.B -o(1-a) BB, in Bq.(15).Eq.(15)is solved to get P, and then K[:*%FJP,FZ is got.So

far, the system’s controller is obtained.
4. The Design to the Anti-windup Compensator

Bring Eq.(8)into Eq.(7), Eq.(16) is got:
{=AL+Bag+B,w

v=C¢ (16)
z=CS<

a;B,B;

— 0 0 a,B.
In Eq. (16):9=v-sa(V), B=B,+BE+r8, Bw{ ,ﬂ B, =[,L,A8q {fﬂ ABAB; { 0}=FKFJ,F8 { P }C =(D. C)

If there exists Lyapunov function \(&>0V(&<0 which makesj(fzfﬁ ww)<0,  Eq. (17) is stable and L,

gain is smaller than?,. Among them V,(§)=¢"P.&, P. is the positive definite symmetric matrix.
DerivativeV, we can get that:
Vi(§)=¢ (A R+RA)¢+2 RO+ REW

1 1
o BEAGRER R EKKE 62 RBG 2 RBEG ¢ ARG P a0 25 RBw (17)

EK Kch}§+2§T123Wq+?fTIZ~1i,,EQ+QfT12~B;WW+%qTq

Among them, &,,a;,a,,), are positive numbers . Notice that positive number ¢ could make
o (v-0)=aq (C£-0)=0 tenable. If:

V(&)+z'z—yw'w+2ad' (v—0) <0(18)

The system could be stable.
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5. Simulation Study

Fig.2 Tracking error e Fig.3 Controller u

The simulating of the designed controller is shown in Fig.2 and Fig.3.When the step signal is
followed, the implying of the anti-windup controller could be faster in eliminating of the tracking
error, withdrawing from the saturated zone and in the stabilization of the system.

6. Conclusions

The results indicate the anti-windup controller in the present design could track the input signal
in a high speed, and have good robustness and adaptability for the parameter uncertainty.
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