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Abstract

A Sliding mode Model Following Control or SMFC strategy for
an electrohydraulic position servo control system is presented.
The SMFC algorithm uses the combination of model following
control and sliding mode control to improve the dynamics
response for command tracking. The SMFC structure consists of
a double-integrator, a feedforward path from the input command
and a reference model. The control function is derived to
guarantee the existence of a sliding mode. Furthermore, the
chattering in the control signal is suppressed by replacing the sign
function in the control function with a smoothing function.
Simulation results illustrate that the purposed approach gives a
significant improvement on the tracking performances. lts can
achieve accurate servo tracking in the presence of plant

parameter variation and external load disturbances.

1. Introduction

Processes requiring large driving forces or torques are often
actuated by hydraulic servo system. The dynamic characteristics
of such systems are complex and highly nonlinear due to the flow
pressure relationship of the hydraulic components. For a practical
control system, it is usually desired to have a fast accurate
response with a small overshoot. Due to the nonlinear dynamic
property of hydraulic servo valves, it is not easy to design the
control system of hydraulic position servos with a simple linear
controller.

In certain case, a variable structure control (VSC) is invariant
to system parameter variations and disturbances when the sliding
mode occurs [1-3]. Because of its simple construction, high
reliability and fast response without overshoot. The sliding mode
operation results in a control system that is robust to model
certainties, parameter variations and disturbances. Although the
conventional VSC approach has been applied successfully in

many applications, but it may result in a steady state error when

there is load disturbance in it. In order to improve the problem,
the integral variable structure control (IVSC) is presented in [4-5]
combines and integral controller with the variable structure
control. The IVSC approach comprises an integral controller for
achieving a zero steady state error under step input and a VSC
for enhancing the robustness. However, its performance when
changing,e.g., ramp command input, the IVSC gives a steady
state error. The Modified Integral Variable Structure Control
(MIVSC), proposed in [6], uses a double-integral action to solve
this problem and improve the dynamics response for command
tracking. Although, the MIVSC method can give a better tracking
performance than the IVSC method does at steady state,
its performance during transient period needs to be improved.

In this paper, The design and simulation of an
electrohydraulic position servo control systems using the Sliding
mode Model Following Control or SMFC approach is described.
The advantage of this approach is that the error trajectory in the
sliding motion can be prescribed by the design. Also, it can
achieve a rather accurate servo tracking and is fairly robust to
plant parameter variations and external load disturbances. As a
simulation results, the tracking performance can be remarkably
improved and is fairly robust to plant parameter variations and
external load disturbances. The design of a SMFC system
involves : 1) the choice of the control function to guarantee the
existence of a sliding motion and 2) the determination of the
switching function and the integral control gain such that the

system has desired properties.

2. Design of SMFC systems

The structure of SMFC system is shown in Fig. 1. It combines
the conventional VSC with a double-integral compensator,
a feedforward path from the input command, a reference model

and a comparator.
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Fig. 1. The structure of SMFC system.
Let the plant be described by the following equation :
E T NS (1a)
n
Fpn :_,-Eap"xﬁf +b,U, = /() (10)
where a,; and b, are the plant parameters;
) are disturbances;
r is the reference input;
X is the output;
U, is the control input of the plant.
The reference model is represented by
xmi = Xom(it1) si=l.on-1 (23)
. n
xmn :_Ziamixmi +mem (2b)
p

where U, is the input command of the system.

Defining 6=, X,; ;(=1,...,n) and subtracting (2) from (1), the

error differential equation is

€ =€

si=1,...n-1 (3a)

én :_§ﬁ1llei _i(ami _api)xmi +bml/;n _bpl/;) _f([) : (3b)
i= i=l

Using the FIVSC approach [7] to the error dynamics in order to
synthesise the control signal, U, and assuming the asymptotic
divergence of the error to zero, the SMFC system can be

described as

F=—e (4a)
e =e, si=1,..n-1 (4b)
5 =% (g — _ _ (4c)
€, = Zapiei Z(ami api)xm[ +b/nL]m prp f(t)

i=l i=l

where Up is the control function.

The switching function, O is given by

o=¢(x, _KIZ._KZZ_F)+ZCiei ;C>0=constant, C,=1. (5)

i=2

The control signal can be determined as follows. From (4) and

(5), we have
S=(KE+KD+Y b 0~ da e+ dla,~aw,~bU, +bU,~f@). ©
i=2 i=1 i=l

Let ap,-zap;O-FAap,- ;i=1,....n

and  b,=b,+4b, ;b,">0, 4b,>-b,

where a,” and b,” are nominal values;
Aay; and Ab, are the associated variations.

Let the control function be

U, =U,,+U, @

where the so called equivalent control U,, is defined as the
solution of (6) under the condition where there is no disturbances
and no parameter variations, that is & = 0, fl) =0, a, = ap,-o,
b, =5\, U, = U,

This condition results in

- n-1 n
Ueq = {_CI (KZ +1(22.) _gci—lei + ;a[(ite - g(ami - api)‘xmi +mem (8 )

i

n—1
+c.,—a)Na(e —KZ'+1<ZZ—UW)+ZC,€,»]}/ b,

i-2

The function Uy, is employed to eliminate the influence due to
Aay;, Ab, and f{f).

It is required to guarantee the existence of the sliding mode.
This function is constructed as

U, :(ﬂl(el’Klé’Kzz’Um)*i%e[+(Pn+1' ©)
i

The condition for the existence and reachability of a sliding

mode is known to be

6 (0. (10)

Substitute (7) and (9) into (6), to obtain

oo =[-da, +ay M, /b +¢(c,, —a) )1+, /6)+b,p 6 —Kzi-Kyz-U,)o

ol 'on

(1

i) n1 " Apn

S, v b, 1B~ b, 1)+ (e —al )1+ A, [B) +bp e o)
=2

+[-da,, +(c,, _a?m) +b,¢,)e,0 +[N+b,0,, 0

pn

where N=—(K:z+K,2)(Aa,, —ayAb, /b)) +Ab, /B[, (K 2 +K,2)]

+=22a,, ~a,)x,,+b,U,JAb, /b, = [(0).
i=1

In order for (10) to be satisfied, the following conditions must be

met,

o
w‘_ =
B ) Sudday, —a)Ab, /b +c, ,4b, /B —c(c,  —a),)1+4b,/b)]/b,

pn

{oe- ( Inflda, ~a, b, 16+, A, 1B —c (¢, —ab, )1 +4b, 1B0)/b, (12a)

where i=1,....n-1, cp= 0



a, ( Inflda,, +a$,-c,,1/b, (12b)
Pn =
B, ) Sulda,, +a,, —c,,1/b,
and @, (Inf[-N]/b, . (12c)
q)n+ =
Y| Bua ) Sup-N1/b,
Let ¢, i=1,..,ntl, be chosen as ¢ = ;= -4
Finally, the control can be represented as
. = = n 0
Up =raKZ+K,2)- %CH@,' + éap‘ei - ;(ami -a,)x, +b,U, (13)

+(c,4 _a;)m) [Cl(el -K:-K,z-U,) +”§C, e,]g/bg
2

+ ((/71‘61 -Kz-K,z-U, + 0,4 )S"g” (O_)

i

n
+2¢
2

where

o, { —Sup{[Aa,), —apdb, Ib) +c,,4b, 1 b) —c;(c,, —ay, )1+ 4b, /b)]/b,

n-l1

¢, ( Sup[4a,, +a),—c,,1/b,

and 4, ¢ —Sup[N1/b,

The transfer function when the system is on the sliding surface

can be shown as

E\(s) _ Szcl . (14)
U,(s) s™ +c, 5" +..4cKs+c,K,

H(s)=

Using the final value theorem, it can be shown from (14), that the
steady-state tracking error due to a ramp command input is zero.
The transient response of the system can be determined by

suitably selecting the poles of the transfer function(14).
Let S+ oS+ St a, =0 (15)

be the desired characteristic equation(closed-loop poles), the

coefficient C,C, and K, K, can be obtained by
Cui=a, C = oy Ky = ,/Crand K, = a,/C,.

Normally, the sign function sign (o) given by (13), will give rise

to chattering in the control signal. In order to reduce the
chattering, the sign function can be replaced by the continuous

function, given by

o (16)

M I
O =I5, + o

where 5=5, +5)|

and & and o, are positive constants.

3. Dynamic modeling of an electrohydraulic position servo
control systems

The block diagram of the electrohydraulic position servo
control systems to be studied is shown is Fig. 2. The relation
between the valve displacement X, and the flow rate QL is

described as [8]

0, = XK [P —sign(X,)F, =X K, (17)

where K, is a constant for a specific hydraulic motor;
P, is the supply pressure;
P; is the load pressure and
K is the valve flow gain that varies under different

operating points.

The flow continuity property of the motor chamber yields
Vo) (18)
O, =D,0.+K F +——\F
46

where D, is the volumetric displacement;
K. is the total leakage coefficient;
V, is the total volume of the oil;
[ is the bulk modulus of the oil and

@, is the velocity of the motor shaft.
The torque balance equation for the motor is given by

D,P, =Jo, +B,m,+T, (19)

where B, is the viscous damping coefficient;
J is the inertia of the motor and

T} is the load disturbance.
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Fig. 2. The electrohydraulic position servo systems using SMFC

controller.

4. The SMFC system for an electrohydraulic systems

The nominal values of the electrohydraulic parameters and
the SMFC controller are listed in Table. 1 and Table. 2,
respectively. Based on the block diagram as shown in Fig. 2, by
combining (17)-(19), the following set of state equations can be

obtained :



X, =%, (20a)
=X, (20b)
').Cp3 =_ap1xpl _ap2xp2 _aprpS +bpl]p _f (t) (200)
where
4p D 4B B
2 — ii_}riﬂiK“},
v, J v, J
B
ap3 = 7"1_;,_%1(“1’
J o,
43 D
bp =573K K, —ﬂ -
VT
45 K, 1.
t)=573——=T, +573—T,.
f@) A Sl
The system will be used in the design of SMFC system.
The reference model is chosen as
X =X (21a)
X=X, (21b)
xm3 = _aml ml _ammeZ _arerIrB +bm(]m (21 C)

Defining 6 =X, —%,,; ;= 1,2,3), the SMFC system can be

represented as
é =e,, e, =e; and

2 =0,6 0,606 +a, —a, W,

@)
+(am2 _ap2)‘x;n2 +(am3 _ap3 il _bml]m +bpl]p _f (t)

Following the design procedure we have the control law to

simulate as

U, = {01 (Kz+K,2) +a2161 +agzez -@, _agl)xml

m

+(an12 _agz )me +(am3 _a23 )xm3 +mem)] (23)
+Ho-d)alq-Ki-Kz-n+ee] /b’
+ale ~Kz—Kz—r|+ple| +ple|+0,)M;0)

where

¢ (= Sup [[4a,, —ajAb, /by —c (e, — a1+ 4b, /b /b, |

@, { —Sup ‘[Aap2 7(1224117/,/1);; +clAbp/bg —6,(c, 7(123)(1 +Abp/bg)]/bp

¢:( —Sup[[da,; +a%s—,1/b,| A g ( —SupNY/B,|-

The switching function, o from (5), is

o=c(q-Kz—Kz-r)+ce,+e, 7= Upn (24)

By considering the operation points, one assumes the range of

the plant parameter variables to be

| Aay | <50 % a1, |Aay | < 50 % ay’, | Aays | < 50 % a3’
|4b,| <50 % b,’ and |N| < 3,000.

Thus, from (22), the gain @y, ¢ and @3 must be chosen to satisfy

the following inequalities :

@1 <-0.0658, ¢ <-0.0026, ¢3<-0.0035
and ¢4 <-0.025.

Also, based on simulations, one possible set of the switching

gains can be chosen as

@ <-0.6, »,<-0.00015, 3 <-0.004
and ¢, <-0.014.

The robustness of the proposed SMFC approach against large
variations of plant parameters and external load disturbances has

been simulated for demonstration.

Table 1. System parameters of an electrohydraulic for simulation.

Parameter Value Dimension

K, 0.03x\/m in’/s

P 2,000 psi

£ 50,000 psi

V 2.0 in3
Keec 0.001 in*/s/psi
D, 1.0 in*/rad

J 0.5 in-Ib-s*/rad
B,, 75 in-Ib-s/rad
K, 20 in/v

Table 2. Parameters of SMFC controller.

Symbol Value
A —11.54422.93;
Ay —11.54-22.93;
A -18.46
s -5.71
C, 3645
G, 158.83
K, 34.75
K, 121.06
O -0.6
o -0.00015
0 -0.004
o —-0.014
Ay 12,000
A 1,200
am3 36
by 12,000

ang 9,654.57
Ay 2,492
b, 88,967.72
5 8

P 80
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Fig. 3. Comparison of ramp position tracking.

5. Simulation results and discussion

The simulation results of the dynamic responses(angle) are
shown in Fig. 3 and Fig. 4, where a ramp command input is
introduced. In addition, the electrohydraulic is applied with a shaft-
angle-dependent external load disturbance 7; and variations of
plant parameters K, and J. The results are compared with those
obtained from the IVSC and MIVSC approaches. These curves
illustrate the robustness of the SMFC for electrohydraulic under
various loads and abrupt disturbance. It is clear from the figures
that SMFC approach can be maintained almost identically but vary
significantly for other approaches. Fig. 4, shows the comparison of
tracking errors and control signals under the same testing
conditions. The smooth curve of the control function with the proper
smoothing function clearly indicates that the smoothing function can
eliminate chattering. From the observation, it is obvious that the
proposed approach gives the minimum tracking error. That is,
it gives a minimal tracking error and it also tracks the command
input very closely during the change of the command input. Among
them, the IVSC approach performs poorly. It gives a substantially

sustained tracking error. Thus, the proposed approach seems

amenable for practical implementation.

Fig. 4. Comparison of position tracking errors and control signal.

6. Conclusions

This paper described a position servo control systems for an
electrohydraulic using a SMFC approach. Procedures are
developed for choosing the control function for determining the
coefficients of the switching plane and the integral control gain
such that the system has desired properties. The application of
SMFC to an electrohydraulic has show that the proposed
approach can improved the tracking performance by 75% and
90% when compared to the MIVSC and IVSC approaches.
Furthermore, the simulation results demonstrate that the proposed
approach can achieve the requirements of robustness in the
presence of plant parameter variation, load variations and
nonlinear dynamic interactions. It is a robust and practical control

law for electrohydraulic systems.
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