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Fuzzy Practical Exponential Tracking of
an Electrohydraulic Servosystem

The aim of this paper is to contribute to the theoretical and practical
applications of fuzzy logic control using practical tracking concept. A new
fuzzy control algorithm is proposed to achieve the desired tracking
performance of a nonlinear electrohydraulic position servo system, which
can be found in many manufacturing devices. The fuzzy logic controller is
one of the simplest. It employs only one input, with linear fuzzy inference
method. The practical tracking control algorithm is based on the self-
adjustment principle. The structural characteristic of such a control system
is the existence of two feedback sources: the global negative of the output
value and the local positive of the control value. Such a structure ensures
the synthesis of the control without the internal dynamics knowledge and
without measurements of disturbance values. The proposed fuzzy practical
control algorithm ensures the change of the output error value according
to a prespecified exponential law. The simulation results of the nonlinear

mathematical model of the hydraulic servosystem are presented.
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1. INTRODUCTION

Electrohydraulic servosystems have been used in
industry in a wide number of applications due to their
small size-to-power ratio and the ability to apply a very
large force and torque. However, the dynamics of
hydraulic systems are highly nonlinear [1], the system
can be subjected to non-smooth and discontinuous
nonlinearities due to control input saturation, directional
change of valve opening, friction, and valve overlap.
Aside from the nonlinear nature of hydraulic dynamics,
electrohydraulic servosystems also have a large extent
of model uncertainties, such as the external disturbances
and leakage that cannot be modelled exactly, and the
nonlinear functions that describe them may not be
known.

The traditional and widely used approach to the
control of electrohydraulic systems is based on the local
linearization of the nonlinear dynamics about operating
point, [1]. In general, tracking problems are more
difficult than stabilization problems, especially for
nonlinear systems. For nonlinear system design, various
control schemes are introduced, including exact
feedback linearization, sliding mode control and
adaptive control. The technique of exact feedback
linearization requires perfect knowledge of the
nonlinear system and uses that knowledge to reduce the
influence of the nonlinearities of the system. Since
perfect knowledge of the system is almost impossible,
the technique of exact feedback linearization seems
impractical for nonlinear system design [2,3]. Recently,
based on feedback linearization technique, adaptive
fuzzy control schemes have been introduced to deal
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with nonlinear systems. However, the complicated
parameter update law and control algorithm make this
control scheme impractical [3]. An advantage of sliding
mode control is its robustness to uncertainties, [4].
However, the chattering phenomenon that results in low
control accuracy and high heat loss in electrical power
circuits is inevitable in the sliding mode control. It may
also excite unmodelled high-frequency dynamics, which
degrades the performance of the system and may even
lead to instability.

An alternative to the model-based control is the
fuzzy control. Classical fuzzy controllers are obtained
from conventional controllers by fuzzification of all
input variables of the controller. These controllers have
nonlinear characteristics, and they are suitable for
control of nonlinear systems. Fuzzy controllers are
inherently nonlinear controllers, and hence fuzzy
control technology can be viewed as a new, cost
effective and practical way of developing nonlinear
controllers. The major advantage of this technology
over the traditional control technology is its capability
of capturing and utilizing qualitative human experience
and knowledge in a quantitative manner through the use
of fuzzy sets, fuzzy rules and fuzzy logic. However,
carrying out analytical analysis and design of fuzzy
control systems is difficult not only because the explicit
structure of fuzzy controllers is generally unknown, but
also due to their inherent nonlinear and time-varying
nature. There exist two major types of fuzzy controllers,
namely Mamdani fuzzy controllers, and Takagi-Sugeno
fuzzy controllers. They mainly differ in the consequent
of fuzzy rules: the former uses fuzzy sets whereas the
latter employs (linear) functions. For the historical
reason, Mamdani fuzzy controllers have received wider
attention and their analytical structures, including some
rather complicated ones, have been revealed in relation
to classical controllers through rigor derivation, e.g. [5-
12]. The majority of applications during the past two
decades belong to the class of fuzzy PID controllers.
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Summarily, most Mamdani fuzzy controllers, if not all,
are nonlinear controllers with variable gains. In
particular, the Mamdani fuzzy PI, PD and PID
controllers are, respectively, nonlinear PI, PD and PID
controllers with variable gains.

The aim of this paper is to design a fuzzy logic
controller (FLC) based on the concept practical
tracking, developed by Gruji¢ in 1984, [13]. This
nonconventional control concept has further been
developed by Gruji¢ [14-16] and Lazi¢ [17].

From the technical viewpoint, the concept of
practical tracking has a great importance. The
consideration of the dynamics behaviour of technical
plants on limited time intervals, with a prespecified
quality of that behaviour, requires constraints to be
placed on any technical plant. For many technical plants
the most adequate tracking concept is the practical
tracking concept. The concept most completely satisfies
practical technical requirements on the dynamics
behaviour as well as the quality of the dynamics
behaviour. Elementwise exponential tracking was
introduced by Gruji¢ and Mounfield, [18-22]. The
nonuniform practical exponential tracking was introduced
by Lazi¢ [17], where definitions, criteria and algorithms
for such tracking are presented for a certain class of
technical objects. FLC based on the concept practical
tracking has been introduced by Jovanovic, [23-25].

2. PROBLEM STATEMENTS

Various technical objects can be described by a
mathematical model expressed by the state space and
output equations:

x(t) = £ [x(¢),d(¢)]+ Bu(?),
y() =g[x(0)]. ()

where x e Ry, y e R", u e R" and d € R® are the state,
output, control and disturbance vectors, respectively.
Time is denoted by ¢, the control vector function is
u(): R — R, the disturbance vector function is
d(-): R — R®, and the desired output vector (function) is
Yo € R (ya(): R — R"). Similarly, y[#; yo; u(), ya(-), d()]
denotes the real output response, which at time ¢ equals
the real output wvector at the same time,
yl#; yo; u(®), ya(), d(-)] = y(¥). The output error vector is
e e R", e[t; ey; u(-), ya(*), d(-)] denotes the output error
response which at time ¢ represents the output error
vector e(?) at the same time, e[z; ey; u(:), yq(+), d(-)] = e(?).
The continuous vector functions f(-): R x RP — RY,
f(x,d) € C(R"x R?) and g(-): R"— R" describe plant
internal dynamics and output function, respectively,
B € R7*"is matrix.

It is required that the real dynamic behaviour of the
system (1) tracks its desired dynamic behaviour with
prescribed quality as long as initial real output values
are allowable and real dynamic behaviour is realizable.
The sets of all accepted desired outputs yq(*), realizable
controls u(*) and permitted disturbances d(*) on R, are
S,, S, and S, respectively, where R, = [0, 7] is the
continuous time set over which tracking is considered,
and y4(f) € C(R,, R").
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The admitted bounds of the vector y of the object
real dynamic behaviour are determined by the vector of
the desired dynamic behaviour y4 and sets £; and E,, as
follows:

Ii(yao: ED) ={Yo:Yo =Yao —€0.€0 € Er}, (2)
INGYa(EA) ={y:y=yq()—e.ecEpx}, (3)

where E, < R" is the set of all admitted errors e(z) on R,,
E; c R" is the set of all admitted initial errors e(0) on R,,
E4 and E| are closed connected neighbourhood of 0..
IA(:) and [i(-) denote the set functions of all admitted
vector functions y(-) and y4(*) on R, with respect to yq4
and E4, and to yq4 and Ej, respectively.

3. PRACTICAL EXPONENTIAL TRACKING

By referring to Lazi¢ [17], the following definition and
theorem are introduced. Let A € R"*", A = diag{o o, . .
. h), o € [1,+oo[, Vi=1,2, .., n, and I be the identity
matrix of the appropriate order.

Definition 1: The system (1) controlled by u(-) € S,
exhibits the practical exponential tracking with respect
to {t, A, B, Ii(:), Ia(*), S, S4}, Fig. 1, if and only if [y,
Yda(), d(-)] € Li(yao) x S, x S, implies

Y[6y0:u()ya().dO)] e Iy (), ViR, (4)
and for Vi € {1, 2, ..., n} and V¢ € R, holds
¥i[210:u(), ¥4 (), d()] 2
> yai (- (vaio —io)e ™ vio <vao (9

and

Vi [t’ J/io;“(‘)a Yd ()’ d()] <

< (- (g0 —vio)e P vio 2 vao-  (6)

e Y- A vo)

e'ﬂt A

Figure 1. Practical exponential tracking

Theorem 1: In order for the system (1) controlled
by u(-) to exhibit the practical exponential tracking with
respect to {t, I, B, Ii(-), Ia(*), Sy, S4} it is sufficient that
control u(-) guaranties:

e[tep;u(),yq(),d()] = —ye(t) ,
V[t,eo,yd(-),d(-)] €R xE; xS, xS, @)

where y € [f, +oo].
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Figure 2. The proposed fuzzy logic controller

4. STRUCTURE OF FLC

The fuzzy logic controller that will be evaluated is one
of the simplest, Fig. 2. It employs only one input
variable, o(f), which is defined as:

a()=é)+y-e), ®)

where y > 0. This section introduces the principal
structure of the proposed controller. The principal
components of fuzzy controller are: fuzzification and
defuzzification modules, rule base and inference engine.

4.1 Scaling factors

The use of normalized domains requires a scale
transformation, which maps the physical values of the
input variable (o in the present study) into a normalized
domain. This is called input normalization.
Furthermore, output denormalization maps the
normalized value of the control output variable (upn)
into its respective physical domain (ug). The
relationships between scaling factors (G, G,) and the
input and output variables are as follows:

on()=G-a(1), ®

up(t) = Gy, -upN (2) - (10)

4.2 Fuzzification module

It converts instantaneous value of a process state
variable into a linguistic value with the help of the
represented fuzzy set. The parametric functional
description of the triangular shaped membership
function is the most economic one and hence it is
considered here.

Let o* be the one crisp input. Then, the fuzzified
version of ¢* is its degree of membership in uy(on™) and
up(on™®) where N and P are the linguistic values taken by
on. Here, symbols N and P have common meanings
negative and positive, respectively. The inputs are
fuzzified by triangular type membership functions,
shown in Figure 3, whose mathematical description is
respectively given by:

—O_N"I‘L O'N+L
oN)=——, oN) = 11
un(oN) i tp(oN) i (11)
It is noticed that:
un(on)+up(on) =1. (12)
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Figure 3. The input membership functions

The membership functions for the normalized output
(upn) are singleton and shown in Figure 4. In these two
figures, L and H are two positive constants chosen by
the designer, which can be fixed after being determined.

u()

3

-H 0 H Upy
Figure 4. The output membership functions

Assumption 1: The value on(?) satisfies:

GN(I)E[—L,L], VteR,. (13)

4.3 Fuzzy control rules

Using the aforementioned membership functions, the
following control rules are established for the fuzzy
logic control part:

if oy is N then upy is NV,
if oy is P then upy is P. (14)

4.4 Inference engine

The basic function of the inference engine is to compute
the overall value of control output variable based on the
individual contribution of each rule in the rule base. A
degree of match for each rule is established by using the
defined membership functions. Based on this degree of
match, the value of control output variable in the rule-
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consequent is modified using the Larsen product
inference method.

4.5 Defuzzification module

Defuzzification module converts the set of modified
control output values into a crisp value. Defuzzification
is done using the well-known COS (center of sum)
method. According to this method, the crisp value of
control output is given by:

_#n(on) CH) +pp(on) H
un(oN) + pp(on)

UEN

(15)

Behaviour of the proposed fuzzy logic controller can
be represented by the functional expressions as follows:

up (t) = ®(e(1),&(t), G, Gy ) - (16)

5. ALGORITHM

The electrohydraulic servosystem, which is considered,
consists of an electrohydraulic servovalve with a
hydraulic cylinder. In this study, it is considered as single
input-single output control system described by (17):

X(t) = £[x(0)]+ Bu(t)+ Dd (1),
y(t) = Cx(1) . (17)

The algorithm is based on the natural tracking
control concept introduced by Grujic. The main
characteristic of this concept, which follows from the
self-adaptive principle, Gruji¢ [18-22], is the existence
of the local positive feedback in the control u (with
possible derivative and/or integrals of wu). The
information about disturbances and the internal
dynamics of the controlled object is not used when the
control signal is calculated. The character of the change
output error value e(¢) can be exactly defined by means
of this algorithm.

Assumption 2: The values of y(f) and y (¢) from

(17) are measurable in any time instant # € R,.
Theorem 2: Let Assumption 1 and Assumption 2
hold, let S, = {u(-)} and control u(-):

u(t) =u(t") +®(e(1),6(1).G.G,.7) |
V[t,eo,yd,d(-)]eRrxEIxSnyd (18)
where ®@(e(?), é(t), G, G, y) is functional characteristic

of the proposed FLC, (16), G and G, are arbitrary
scaling factors satisfied:

G>O,GM>O,G£L, (19)
oM
where oy 1s defined as:
oy = max|o ()| = max|é(t) +y-e(t)|,  (20)
t t
and y € [B, +oo[.

System (1) controlled by u(:), (18), exhibits the
practical exponential tracking with respect to {z, I, p,

I(-), Ia(), Sy, Sa}-
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Proof 2: From definition variable oy in (20),
relation between the scaling factor and input variable,
(9), and the condition (19) of Theorem 2 it follows that:

lon ()] =G-|o()] si-|a(t)| < L-GM =L.(Q1
oM oM

Then,
on(1) e[-L,L], (22)

and Assumption 1 holds.

Due to the nature of the chosen membership
functions of the input fuzzy sets, (12), the nominator of
(15) is always equal to 1. Taking into account the
mathematical description of the input membership (11),
from (15) the resulting control law of the proposed
fuzzy controller is obtained:

e (0= G (&(0) + (o). (23)
Based on (10), (16) and (23) it follows that:
Z’ll:(t) = (D(e(t)aé(t)aGﬂGu’}/) =

= % GG, -(et)+ye(t)) (24)
and (18) becomes:

-, H-GG
u(t) = u(t )+T”'(é(t)+7€(t)) ,
V[t,eo,yd,d(-)]eRTXEIxSnyd. (25)

If there is no delay in the feedback loop then
u(t) = u(t"), Grujic¢ [18-22] and following (25) one gets:

%-G~Gu .(e'(t)+;/e(t)):0. (26)

Since G > 0 and G, > 0, the following equation is
obtained:

é[t;e;u(), y4(),d ()] =—ye(t) ,
V[t,eo,yd(-),d(-)]eRTxEIxSnyd 27)

which, based on y € [f, +oo[ and the condition (7) of the
Theorem 1 in scalar case, proves this theorem.

6. SYSTEM DESCRIPTION

The hydraulic servosystem is shown in Figure 5. The
basic parts of the electrohydraulic servosystem are: 1 —
hydraulic power supply; 2 — accumulator; 3 — charge
valve; 4 — pressure gauge device; 5 — filter; 6 —
electrohydrualic servovalve; 7 — hydraulic cylinder; 8 —
potentiometer; 9 — personal computer; 10 — U/
converter.

The electrohydraulic servovalve is two-stage with
force feedback. Hydraulic cylinder characteristics are:

e piston diameter, 50 mm;

e rod diameter, 32 mm;

e piston pitch, 200 mm.

The nonlinear mathematical model of the hydraulic
position servosystem, which includes influences of
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Figure 5. The electrohydraulic servosystem

Coulomb friction and linear viscous friction, in the form
of the state and output equations, is given as [26]:

x1 = xz 5
. 1
%) :V{Aﬂ% — dyx 4=8o%y —Fsgnxy —Ff
t
P Pe

= Ay~ Cin (x5 — x4 ) +
3 V10+A1x1{ 142 1m(3 4)

+Cdx5\/%((PS —x3 ) (1+signxs ) +x3 (1 - signys ))} ;

Pe

Xy =——————14yxy + Gy (X3—x4 ) —
e e LT N

- [ ) s .

. | K.
.X'5 =— —XS +—u N

A
y= xl ) (28)
where: x; = X, — displacement of piston [m], x, = X P~
velocity of piston [m/s], x3 = P — pressure in the cylinder
[Pa], x4 = P, — pressure in the cylinder [Pa], and xs = X, —
valve displacement [m], are elements of the state vector
for hydraulic position servosystem, and: x; = FL is
disturbance (load force on piston) [N], M, = 2.6 kg is total
mass of piston, 4; = 1.96 - 10~ m” is large area of piston,

4, = 1.16-10° m’ is small area of piston,
¥
I o) o | Fuezy
Ve control
- ) rules
ot

do = 770 Ns/m is viscous damping coefficient, 0, = 16 N
is internal friction coefficient, Vio = V= 1.75 - 10* m®
is initial volume of both chambers, fe = 1.4 - 10° Pa is
oil bulk modulus, Cy = 0.61 is dimensionless damping
coefficient, Cyy, = 1.69 - 10> m*/Pas is internal or cross-
port leakage coefficient, p = 850 kg/m’ is oil density, Ps
= 10" Pa is supply pressure, 7, = 0.01 s is valve time
constant, K, = 0.001588 m?/sV is valve gain, and K, =
1.44 m%s is valve flow gain.

7. SIMULATION RESULTS

The configuration of the closed-loop control system
with the proposed fuzzy practical tracking algorithm is
shown in Figure 6, where Plant is the given process to
be controlled, in our case -electrohydraulic
servosystem.

Let the set of permitted outputs be given by:

Syz{y:0.04m£ySO.16m}, (29)

and let the time varying desired outputs y4(f) be given as
in Figure 8, with the initial value y4 = 0.08 m.

The bounds of the admitted output error are
prespecified by the sets of errors (£} — initial, E5 —
actual) as follows:

EI = {eo :—0.04m < € < 004m} ,
Ep ={e(t):—0.04m < e(r) < 0.04m} . (30)

The set of allowable controls is:
Su:{u:—SVSMSSV}, 30
and the estimated set of disturbances may be given as:
Sy ={d:=1000N < d <1500 N} . (32)

The change load force F. on cylinder is shown in
Figure 7.

Finally, the time set and scalars a and g from
Definition 1 are determined as:

r=20s, R =[0,20[, a=1, f=051/s. (33)

The digital computer simulation is carried out with
parameters:

y=1,G=2,G, =025 L=1, H=1. (34

Simulation results are shown in Figures 8, 9 and 10.
The change disturbance (force F1) shown in Figure 7 is
quite unusual, but it has been adopted to illustrate the
effectiveness of disturbance compensation. Simulation

(D) ugl(D) —

o u(?) Plant y(@®
ani
- 7 i
wlt )

Figure 6. Symbolic block diagram of the system
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results show that the proposed fuzzy practical tracking
control algorithm provides high tracking quality with
action of disturbance. From Figure 9 it can be seen that
the exponential error change e(f) is in permitted

boundaries epe ™.

1500

1000 o /\
500 J

-500

+1000, 5 10 15 20

t[s]

Disturbance [N]

Figure 7. Change of load force on cylinder
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Figure 9. The tracking error
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Figure 10. The control signal
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It is clear that this fuzzy controller has a linear
structure in the input variable on(f). The parameters G
and G, are used to exploit the full range of the input or
output universe.

G can be selected in such a way that the normalized
input variable on(f) almost covers the entire domain
[-L;L] to make efficient use of the rule base. Then G, is
to be tuned to achieve the desired tracking quality. On
the other hand, if u(¢) € [~Upmax, Umaxl, then G, can be
Unmax/H, and G is used for tuning the output response.

8. CONCLUSION

A new fuzzy control algorithm based on the concept of
practical tracking has been presented in this paper. The
fuzzy logic controller, which is a part of the algorithm,
is one of the simplest. This algorithm requires only one
input variable which is a combination of the signal of
error and the first derivation of error, while internal
dynamics of the electrohydraulic servosystem need not
be known. Based on the existing definitions, the new
fuzzy algorithm that ensures practical exponential
tracking has been proven by the appropriated choice of
the structure of the fuzzy logic controller and with the
assumption that there is no delay in the local positive
feedback loop. The simulation results show the high
quality of fuzzy practical exponential control. The
proposed algorithm has linear structure in the input
signals. Future research will focus on the nonlinear
fuzzy tracking algorithms.
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DA3U NPAKTUYHO EKCIIOHEHIIUJAJIHO
INPAREILE EJIEKTPOXUIPAYJINYKOI
CEPBOCHUCTEMA

Paguma 7K. JoBanoBuh, 3opan b. Pu6ap

[ws oBor pama je ma JONPHHECE TEOPHJCKO] H
NPAKTHYHOj HUpPHMEHH (Ha3u JIOTHYKOT YIpaBJbamka
kopumheleM — KOHLeNTa  IpakTHYHOr  mpaliema.
[pemnaxxe ce HOBU (a3su ympaBJbayKH aJrOpUTaM 3a
OCTBapWBamk-€ KEJHEHOT KBajuTeTa mpahema jeqHor
SNEeKTPOXUIPAYIMYKOT  MO3HUIMOHOT  CEepBOCHUCTEMA,
KOju ce Moxe Halm y MHOTHM HHIYCTPHjCKUM
ypehajuma. Da3u JOrMYKH KOHTPOJIEp je jedaH oOf
HajjenHocTaBHUjUX. OH KOPHCTH CaMoO jEIHY YJa3Hy
BEJIMUMHY, Ca JIMHEAPHOM METOAOM 3aKJby4YHBamba.
da3u nparehu anropuram ymnpaBjbama je 3aCHOBaH Ha
OPUHIUIY  caMonpuiarombuBocTd.  CTpyKTypHa
KapaKTepPUCTHKAa TaKBOI CHCTEMa YIpaBbama je
MOCTOjarbe JIBE TIOBpaTHE CIpere: riobainHe, HeraTHBHE
N0 W3Ja3HO] BEIMYMHU W JIOKAJHE, IMO3UTUBHE II0
yIpaBjbadkoj BEMUYMHU. TakBa CTpyKTypa 00e36elyje
CHHTE3y yIpaBjbama 03 II03HaBama YHYTPaIlhe
IUHaMuKe oO0jekta um 0e3 Mepema mopemehajanx
BenmuuHa. [Ipemmoxkenn ¢asu mnparehn anropuram
ymnpaBibatba 00e30ehyje MpoMeHy TIpelike H3Ja3He
BEIINYUHE o yHarpez nerHICaHOM
eKCIIOHEHIIMjaTHOM 3aKkoHy. [Ipe3eHTyjy ce pesynrati
CHUMyJAlldje  HEIMHEAPHOT MATEeMAaTHYKOr  Mojesa
XHUAPAYIMIKOT CEPBOCHCTEMA.
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