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Paper

Design and Stability Analysis of a New Sliding-Mode
Fuzzy Logic Controller of Reduced Complexity

Spyros G. Tzafestasnd Gerasimos G. Rigatos

Abstract: This paper derives and analyzes a new robust fuzzy-logic sliding-mode controller of the diagonal type,
which does not need prior design of the rule base. The basic objective of the controller is to keep the system on the
sliding surface so as to ensure the asymptotic stability of the closed-loop system. The control law consists of two
rules: i) IF sgrie(t)é(t)) < 0 THEN maintain the control action, and ii) IF s@tt)&(t)) > 0 THEN change the

control action, where(t) = x(t) — X4(t) is the system state error, and the control action can be either an increase

or decrease of the control signal, which is realized through the use of fuzzy rules. The proposed controller, which
does not need the prior knowledge of the system model and the prior shape design of the membership functions,
was tested, by simulation, on linear and nonlinear systems. The performance was in all cases satisfactory (very fast
trajectory tracking, no chattering). Of course as in traditional control, there was a trade-off between the rise-time
and the overshoot of the system response.

Keywords: Sliding-Mode Control, Fuzzy Logic Control, Sliding-Mode Fuzzy Logic Control, Sliding Surface,
Iterative Learning Control, Rule Base

) tainties, parameter fluctuations, and disturbances. Com-
1. Introduction paring with already existing schemes of SMFLC, it will be
OR a large category of second-order systems, fuzgfiown that the number of the required rules is drastically
F logic controllers (FLCs) are designed using the fuzzigduced. No previous knowledge about the system’s model
phase plane which is defined by the fuzzy values ahd is required. Finally, the similarity between RC-SMFLC
¢ [1]-[4]. The fuzzy rules of an FLC of this type produce @nd other heuristic control techniques, like Iterative Learn-
fuzzy control signak: employing the fuzzy values efand ing Control is investigated. The efficiency of RC-SMFLC
¢. The usual heuristic approach for the derivation of they¢as verified in several test systems (linear and nonlinear).
control laws is to separate the fuzzy phase plane into twigre the results obtained by applying RC-SMFLC to an
semi-planes with a sliding line. This means that the FL&C-welding system are demonstrated.
will have a “diagonal” form. Each semi-plane is used to de- ) ) o
fine only positive or only negative values of the fuzzy con- 2. Brief Review of Sliding Mode Control
trol signalu. The magnitude of a specific positive/negative. 1 General principles
fuzzy value of the control input is deduced from the dis- Consider the nonlinear, non-autonomous open-loop sys-
tance of the fuzzy state vectfr, ¢]7 from the sliding line. tem: '
This implies that the absolute value of the control signal’
u increases/decreases with the increasing/decreasing dig=) () = f(z, t)+b(x, t)u+d, (=™ = d"z/dt") (1)
tance of the state vector from the sliding line. This method

of design is similar to the design of conventio®liding Wwhere z(t) = (., -,l’("._l))T is the state vector,
Mode Control(SMC) with Boundary Layer (BL) which is d(z, ) are time-dependent disturbances with known upper
a technique of robust control [5]—[12]. bound, andf(z, t) andb(z, t) are nonlinear functions. As-

Because of the similarity between the diagonal FLC arsdime also that,, are the unmodeled frequencies of the sys-
SMC we can redefine the diagonal-FLC in terms of SM&Mm.
with BL, and verify its stability and robustness. This is The tracking problem for Eq. (1) is to find a control law
done in this paper. for a desirable trajectory,(¢) such that the tracking error
Furthermore a modified approach to the design @f(t) — za(t) tends to zero independently from the uncer-
Sliding-Mode-Fuzzy-Logic-Controllers (SMFLC) will be tainties of the systems.
presented. The proposed controller, nanfReduced The tracking error of the state vectord$t) = x(t) —
Complexity-SMFLQRC-SMFLC) is characterized by itsza(t) = (e,é,---,e~1)T and we define a sliding sur-
simplicity, and can facilitate significantly the solution ofaces(z,t) = 0, where

control problems for nonlinear systems with model uncer- p et el .
s(z,t) = (E + )\> e= Z (n; >)\ke("_1_k)
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Fig.2 SMC as a chain of low-pass filters
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s=0 =1
Substituting Eq. (4) in Eq. (3), and using Eq. (1), one gets
Fig.1 Error state vector in the sliding mode
. ) z,t +bx,tu+ci—x(n)
sliding surfaces(z,t) = 0. To this end we define a Lya- {[f( )+ o) ] d
punov function ne1 .
1 n-— k (n—Fk)
V = g2 + ( >)\ e sgns) < —n. (5
55 ];1 k gn(s) 1. (5)
with V(0) = 0 andV(s) > 0 for s > 0. An efficient o ] ] ] ]
condition for the stability of the system is Thg sliding control law is now defined via the following
equations:
V=g st <l i f
“oa® =T” u="b""(a—f)
which leads to the convergence condition = G{u— K(z,t)sgrs)} (6)
n—1
s§ < —nls| = 85 < —n-sgn(s)s = $-sgn(s) < —n. (3) 4= x((in) _ Z (n ; 1>)\ke(n—k)
If n» > 0, then the system is driven to the sliding mode. k=1

This means that if the state trajectdey ¢]” has reached

the sliding surface = 0, then it remains on it while at the

same time it slides to the origin= 0 independently of the

system’s parametric uncertainties and disturbances.
For a second-order system, convergence to the sliding 0 < gmin < pp—1 < gmax,

mode is illustrated in thée, ¢)-plane inFig. 1. . . min gmax)_1/2 ]
The first step in the design of an SMC is the selection ghenG is defined agx = (5™ m**)~/=, and the gain

the parametek. The linear differential equation of Eq. (2)Marging asj = (8 /™12, .

can be considered as a chainof- 1 first-order low-pass _ It NOW remains to findi(z, t) so as to satisfy Eq. (3):

filters as shown irFig. 2, where the scalas plays the role - S9r(s) < —. Introducing Eq. (6) into Eq. (5) yields:

of the input,\ is the break frequency bandwidth aads

the output. The parametarshould be selected such that sgr(s){f + bB‘l(a — f) +d— J;fi")

the unmodeled frequencies of the system are to be rejected.

whereK (z,t) > 0, and f andb are estimates of the func-
tions f and b respectively. To choose the multiplicative
coefficient (gain)G we define the following bounds:

From the elementary first-order filtéf (p) = 1/(\ + p), nel
wherep = d/dt, we observe that a sufficient condition for +y ( L >)\ke("_k)} < —n
frequency rejection i\ < p. Thus in order to reject all k=1

unmodeled frequencies we seleck v, i, Wherev, ymin e
is the lower bound of the system’s unmodeled frequenciés”
Z/’LL' ~_ A ~_ N ~

The next step is to find the control law that will keepSQr(S){f — b~ f +0b~ G — DbGK (x, 1)sgr(s)
the system in sliding mode. Equation (3) gave us a suffi-

cient condition for the asymptotic stability of the closed- s () -1 k
' J _ (n—k) _
loop system. Let us calculate the first derivativesince td—zg + Z ( k >)‘ ¢ S
k=1
s(z,t) = 4 + A " e = nil n—1 A\Fe(n—=1-k)  whence
’ dt k . - .
k=0 {Af+ (bb™'G — 1)a + d}sgn(s) — bb~'GK (x,t) < —n
_ -1 4 (” - 1>)\e(n—2) o (7)
1 whereAf = f — bb~!f. The above inequality is satisfied

+<” ; 1>A26<"—3> b A, i A A )
b rGK (z,t) > |Af + (b0 G — 1)a+d| +1
we have

1 or
Sy =e+ (77 s

Wb LGK (z,t) > |Af| +|(0071G — 1)||a] + |d| + 7.
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Now if bb~! is replaced by its lower bound™®, and o A
the relations™» G = (gmin /gmax)1/2 = 3~1is used, one
gets o
B (w,0) > IAf]+ 11— 57 [al +1dl + 3
8 -
whence —¢ e
K(x,t) > B{Af[+ (L= 67 )al +|d +n}. (8 o Y
The upper boundg’, D andU:

|Afl<F, |d <D, lij<U
Fig.3 SMC with BL
are supposed to be known from the system’s analysis.
Thus, a sufficient condition for the control law to make the The next step in the design of SMC with BL is the selec-

sliding surfaces = 0 a domain of attraction, is: tion of ®. Equation (10) inside BL takes the form:

Kz, t)>{F+(1-HU+D+n}. (9 w="b"1(i— f)
A characteristic feature of SMC compared to other nonlin- =G {u — K(x, t)ﬁ} (11)
ear control methods is that when the system enters the slid- . ®
ing mode, then it has dynamics of the linear homogenous ) = (n—1\, (n—k)
type: U=xy — Z A MNe .
k=1
n—1 n—1 . . .
(% n )\> . Z (n ; 1>)\ke("_k) _0 Introducing Eg. (1) and from Eg. (6) into Eq. (4) yields:
k=0 $(a,t) = fla,t) + bz, tyu+d—1a
no matter what the system uncertainties and disturbances = fla,t) + bz, )b a— )y +d—a
are.
. or
2.2 SMC with boundary layer $lat)=bb Ya+ (f—bb ' f)+d—a

An essential drawback of SMC is that, owing to thg,
“signum” term K(x,t)sgr(s)_, it causes abrup_t changes sz, t) = bbla+ Af +d—a.
(chattering) to the control signal. However this can be
avoided by introducing a Boundary Layer (BL) from botNow usinga from Eq. (11) yields
sides of the sliding surface= 0. If the termK (xz, t)sgrn(s) . s B
exceeds the width of the BL then it becomes saturated, and ~ $(z, 1) = bb~'G (U - Kg) +Af+d—1a
is assigned the maximum (minimum) permissible value.

The width of BL is selected to k. whence

Assume thats| is the distance between the state veetor

- o , b 1GK
and the sliding surface= 0. Then, the state is inside the ~ §(x,t) + ———

s=abb'G-1)+Af+d. (12)

boundary layer ifs| < ®, and is outside the BL ifs| > ®. o
If the BL is imported in the control law (6) we get: Equation (12) represents a low-pass filter with input
N a(bb=*G — 1) + Af + d, outputs, and break frequency
u=b"(i—f) bb—'GK /®. So far we have shown how to compute the nu-
i =G{i— K(z,t)sals/®)} (10)  merator of the break frequency expression. It only remains
W gy to determine the widtkb of BL. There are two choices.
U=x,;" — Z ( >>\ (=) The first is to selectb in proportion to the desirable
k=1 tracking accuracy. According to Slotine and Li[5]
where the saturation function ¢atis defined as d 13)
€= .
_ {z if |2] <1 An
sa(z) = . -
sgn(z) if |z > 1. The second choice is to select the bandwitth! G /®

Figure 3 depicts the BL for a second-order system. equal toA. This choice is known as balanced condition,

If K(z,t)ischosen according to Eq. (9), then the BL be- b LGK
comes a domain of attraction and the asymptotic stability —% =
of the closed-loop system is guaranteed. Obviously, this
is a weaker requirement than making the sliding surfaég&om the above discussion we can see that SMC with BL
s(z,t) = 0 a domain of attraction. The result is that thés identical to the design of a simple SMC. The only addi-
BL reduces the chattering phenomenon, at the price to pagnal step required is the selection of the widthwhich
for that which is the increased tracking error. can be done either by Eq. (13) or (14).

A (14)
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Fig. 7 Fuzzy regions below the diagonal

(ZLEm-i-la ZLEm+1)7 T

0 . :
(NLE,, PLE,),(NLE,, PLE,)}.

Fig.5 Partition of the sef in fuzzy subsets . .
The regions where the controller output becomes zero lie

on the diagonal that separates the fuzzy phase plane into
IE two semi-planes. For all the fuzzy regions below the di-
agonal the controller's output takes a positive fuzzy value
with a magnitude that depends on the distance between this
fuzzy region and a particular zero-region on the diagonal,
below which the given fuzzy region is located. The set of
all fuzzy regions below the diagonal shownHig. 7is:

> « {(NLEy,PLE,_1),---,(NLE,, NLE,), ie., the

LE fuzzy regions below the zero regi¢WV LE,, PLE,,);

« {(NLE,, PLE, 5),---,(NLEy, NLE;), i.e., the
fuzzy  regions below the zero region
(NLEy, PLE, _1);

S « (PLE,_,,NLE)), i.e., the fuzzy region below the

3. Similarity Between FLC and SMC zero region PLE,_,, NLE>).

3.1 The diagonal-type form FLC As distance between a “fuzzy region below the diagonal
Consider a second-order SISO nonlinear and no?i[]d diagonal” is defined the distance between the “center

. oéthis region and the center of the zero region below which
autonomous system. In the case of a diagonal type Flfhe given fuzzy region is located.”

i n . . .
the controller inputs are the errerand the rate of change For all the fuzzy regions above the diagonal shown in

of error ¢ while the controller output is (see also [1]). _. : . .
. . : Fig. 8, the controller output is assigned negative values
The ranges of fluctuation af, ¢ andu are E, E andU, . . . .
with magnitude depending on the distance between the

respectively, Whl(.;h are domains around 2ero tiged). fuzzy region and the diagonal. The fuzzy regions that lie
As seen fronFig. 5, the fuzzy values oé, ¢ andu be- . }
over the diagonal are:

long to the fuzzy set§'E, T E andT'U respectively, where . . )
« {(PLE,,NLE,),---,(PLE,, PLE,), ie., the

Fig.6 Partition of the fuzzy phase plane in regignsE?, LE"}

TE ={NLE{,NLEs,---,NLE,,, ZLE, 1, fuzzy regions above the zero regiQBLEn, NLE,);
PLEy,42,--+,PLE,} « {(PLE,_1,PLE>),---,(PLE,,PLE,), ie., the
TE — {NLEl, NLEs, -, NLEy, ZLE 1, fuzzy  regions above the zero region

. . (PLE, 1, NLE>);
PLEpyo,---, PLE,} « (NLE,, PLE,), i.e., the fuzzy region below the zero
TU = {NLUy,NLUs,---,NLUp,, ZLUp 41, region(NLFEy, PLE, ).

PLUpy 42, -+, PLU,}. As distance between a “fuzzy region above the diagonal
and the diagonal” is defined “the distance between the cen-
ter of this region and the center of the zero region above

The fuzzy phase plane is the set of all fuzzy state vectaigich the given fuzzy region is located.”

{LE', LE'} as shown irFig. 6. , For example, ife = (e,¢)T = (LE!, LE)T, then the
For the fuzzy regionZLE,+1, ZLEm 1), the con- output of the controller should he= LU, i.e.,

troller output is 0 which implies that the system is in the . )

steady state which is at the origin of the fuzzy phase plane. R :I|Fe= (PLE,;, NLE;) THENu = PLU,

The set of all fuzzy vectors for which the fuzzy output of

the controller becomes zero is: where the magnitude of the control signals defined by
. . the distance between the fuzzy regidhL.E,, NLE;) and
{(PLE,,NLE,_,),(PLE,_1,NLE, 5),---, the diagonal.
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PLE The diagonal-type FLC is designed such that for an increas-
" i IR IR IR M ing Euclidean distancgs| between the state vecterand
PLE,_, e |l o | o | o the diagonak = 0, the absolute valug:| of the controller
output increases monotonically, i.e.,
L] [ ] °
|s2| > |s1| implies|u(ss)| > |u(s1)].
. 3.3 SMC with BL for a second-order system
NLE, .

: The diagonal-type FLC was derived and discussed in
NLE, Sections 3.1 and 3.2 for a second-order system. In order
to show the similarity between the diagonal-type FLC and
SMC with BL the latter control method is applied here to a
second-order system [5]:

NLE, NLE, PLE,_PLE,

Fig.8 Fuzzy regions above the diagonal _
Z = f(z,t) + bz, t)u+d (18)

. Assume that* anq é* are the crisp values Qf the FLC\vhere the sliding line is
input. The computational structure of an FLC involves the

following steps (se€ig. 9): 5= Xe+eé. (19)
Step 1: Normalization.e., multiplication by normaliza-
tion factorsN, and N¢: The control law will be
ely = e N, andéy = ¢*Ne. (15) uw=>b"a— f)
4= G{t— K(z,t)sa(s/®)}

Step 2: Fuzzificatiomf the normalized inputs}, and
¢y, i.e., calculation of the membership valyé(e*) of
the input vectore® = (e}, ¢éx)" in the fuzzy region o
(LE!,LE"),i=1,2,---,n. K X
Step 3: Inferencahrough the use ofii(e*) and the u=b""{—f + G(ia— Aé) — GK(z,t)sals/®)}. (20)
rule base, i.e., computation of the membership value
perui(un) of the controller output in the fuzzy sét/.
For a multi-input/single-output FLC, thieth fuzzy rule of €"MS: _
the fuzzy rule base has the form: 1. Compensation term

>
I

Tq— Aé

The above control law can be analyzed in the following

Ri:IFe* = LE' THENu = LU". (16) Ucomp = —b" ' . (21)

Step 4: Defuzzificatigni.e., a mapping of the member- 2: Filtering term
ship valueuc i (un) to a crisp point of the setU*.

P
Step 5: Denormalizationf the controller crisp output it = —bTGAC 22
uy, i.e., multiplication by denormalization factol§, *: This term rejects the unmodeled frequencies of the
. system.
u= N, un. (17) 3. Feedforward term
3.2 Properties of the transfer characteristic of a diago- upp = b 1Gig. (23)
nal type FLC

The transfer characteristic (control surface) of a diago-4- Feedback control term
nal FLC is a nonlinear mapping = h(e, ¢) which is de-

f 1
. . . \ . L= — K D). 24
fined by the operating points and the interpolation between te b GK(, t)sals/®) (24)
them. An operating poinf (', ¢*) is defined as foliows: This term prevents the state vecterfrom moving
Assume thae' = (e, é')" is the FLC input and.’ is the away from the sliding surface = 0. The nega-
corresponding output. Assume also t2hat the cenFerTof the  tive sign indicates that the control action takes always
fuzzy regionLE" is defined a’ € E* where(e’, ¢') place in the decrease direction of error.

are crisp values such thaipi(e) = 1andu 4i(é) = 1. The part— (s, t)sats/®) is of diagonal form, with
Then, an operating poin*(e’, €*) is a point for whiche ¢ — ( peing the diagonal line. Examining the diagonal
is located at the center of the fuzzy regib’, andu’ is  part ofy, one gets:

the corresponding crisp output of the FLC. Thus when the

input of the FLC coincides with an operating point, only Udiag = —K (z, t)sals/P)

one rule should be activated [1].

The quality of interpolation between the operating pointhere
(activation and aggregation of more than one fuzzy if-then
rules) depends on the methods of inferring and defuzzifica-
tion. A special feature of the control surfage= h(e, ¢) Udiag = 0 fOr s =0
is the diagonal: = h(e, é) = 0, whereu changes its sign. Udiag < 0foOrs > 0.

Udiag > 0fors <0

©1999 Cyber Scientific Machine Intelligence & Robotic Contddl,), 27—41 (1999)
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Fuzzy Rule Base

y

Normalization Fuzzification Inference

—>| Defuzzification > Denormalization —>

Fig.9 Computational Structure of an FLC

Assuming thafs is constant and that the state error vec-
tor e lies inside the BL then

5]

s
_KS = g2
P

3 safs).

Udiag = (25)
The relation (25) shows thaty;., is proportional to|s|.
Consequently the magnitude of;,, increases when the
distance of the fuzzy regiofe, ¢) from the sliding surface

s = 0 increases and vice versa.

(a) (b)

Fig.10 Transfer characteristic of: (a) SMC, and (b) diagonal form FLC

3.4 Properties of a diagonal-type FLC

The diagonal-type FLC provides a mapping from the
crisp state vectofe, ¢) to a crisp control output and the
magnitude of the fuzzy control signal is proportional to the
distance of the fuzzy regiofe, ¢) from the diagonal. The

states that are located on the diagonal have a significant role
because there the control output changes sign. The diago-

* A>0,

c0< Kfuzz < Umax = Kfuzz| max;

* Kfuzz(ela él; )\) < Kfuzz(eQ; é2; )\) for |)\€1 + €1| <
|Ae2+é2|, which means that the greater the distance of
(e, &) from the sliding surface is, the greater the con-
trol signal becomes.

nal for a second-order system is described by the equatigng Comparison between SMC with BL and diagonal-

s=MXe+¢é=0.

type FLC
This comparison is also presented in [1] and will help

Here, the rules of a diagonal-type FLC are selected sughunderstand the properties of the RC-SMFLC controller,

that[1]:
1. the states andé are bounded

which is going to be presented in Section 4.

The diagonal control term in SMC with BL is (see

Eg. (25))

—€max S € S €max and - émax S 6 S émax; (26)
. the control signat is bounded as

—Umax < U < Umax;

xS gl
[

s sals)

Udiag =

(27) While the control term in the diagonal-type FLC is (see

Eq. (28))

. the states andé that are located on the diagonal pro-
duce zero control signals;

. the states andé that are located below the diagona
produce positive control signals;

produce negative control signals;
. the magnitude of the control sigrjal increases when

versa.

The properties 1. and 2. are inherent features of FLC.
The properties 4. and 5. ensure that the control action tries
to keep the state vector on the sliding surface (diagonal),

and take place in the decrease direction of error.
The analytical form of a diagonal-type FLC is:

Ufuzz = _Kfuzz (67 é7 )\)Sgr(S) (28)

3.
with the following conditions:
® —€max S € S €max

* _émax S 6 S émax:

(©1999 Cyber Scientific

. the states andeé that are located above the diagona}\ﬁ

Wpuzs = ~Kfuns (e, 6, N)Sgr(s).

Lrom the above two equations the similarity between SMC
ith BL, and FLC is obvious. Additionally, the vicinity of
e diagonal in a diagonal-type FLC can be viewed as a BL.

The main differences between the two controllers are as

. . . . follows:
the distance from the diagonal increases, and vice-

The transfer characteristie s, . f(s) of a
diagonal-type FLC is nonlinear (due to the nonlinear
nature of FLC), while the one of SMC with BL is lin-
ear (sed-ig. 10).

Inthe diagonal-type FLC, the state vectds bounded
(itis an inherent structural property of FLC) while this
does not happen in SMC with BL, as showrHig. 11

6 The basic principles of SMFLC
As it has already been mentioned, in the diagonal-type

FLC the magnitude of the control signalchanges in pro-
portion to the distance @&, ¢) from the diagonal. Thus the

Machine Intelligence & Robotic Contddl,), 27—41 (1999)
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e é u(x;)
LS?

€max

e J @max e

€max

—e i :
max S xl

Fig.12 Inputs? of an operating poinP(s?, u?)

(a) (b)
Fig.11 Error state vector boundaries in: (a) SMC with BL, (b) diagonaIS- 8 The transfer characteristic of an SMFLC
type FLC The crucial point in the design of SMFLC is the choice
of the number of the fuzzy subsets for the inputs and the
control rules can be modified as: outputs of the controller and consequently the shape of the

, , , corresponding membership functions [1].
R :IFs= LS THENw = LU’ .
3.8.1 The number of the fuzzy subsefBhe operating
in which case the corresponding control law becomes  point P(s?, u%) of the transfer characteristic of an SMFLC
is defined as follows. Consider a specific inptiand the

Ufuzz = —Kpuzz(]5])sgr(s)- (29) corresponding output’, and assume that the center of the

Equation (29) resembles even more to the control law {22y regionLS* is s* € S, wheres' is a crisp value such
SMC with BL, and can be named “Sliding Mode FLC”that.“LSi (,SZ) - 1 (seeFlg..lz).lThen, an OPera“”g .pomt
(SMFLC). The main advantage of SMFLC compared to &(s",u') iS a point for whichs' is located in the middle
typical diagonal-type FLC is that it reduces drastically th@f the fuzzy regionL.5* andu’ is the corresponding out-
number of rules in the rule base. This happens because Ri Of SMFLC. This implies that for each operating point
diagonal form FLC uses as inputs the state variablasd £ (3" ) only one rule is activated.

¢, and so the number of the controller inputs is equal to the P€Pending on the type of fuzzy inference and the de-
elements of the state vecter On the contrary, the only fuzzification method used, SMFLC provides either a linear

input of the SMFLC is the “signed” distancefrom the ©F @ nonlinear interpolation between two operating points.

diagonal. For am-th-order system the distansecan be The number of operating points is equal to the number of
calculated by discontinuities in the transfer characteristie= f(s).

- 3.8.2 The shape and the position of the membership func-
s, 1) = Z (n — 1>)\ke("‘1‘k) tions A usual form for the membership functions is the
’ k ' triangular one. The problem of specifying the position of
a membership function is related to the problem of place-
In Section 4.1 the Reduced-Complexity SMFLC (RCment of the operating points (centers of the membership
SMFLC) will be designed, which requires even less rul€anctions). This is also related to the choice of the gain
and introduces a simpler perspective in the design @fi/ds of the SMFLC, since the position of the operat-
diagonal-type FLCs. ing points influences the slope of the transfer characteristic
. u= f(s).
3.7 Design of an SMFLC The( o)perating points (i.e., the centers and widths of the
As it has already been mentioned the control law of SM@embership functions) can be selected in two alternative
is ways:
o ala al 1. Choose a small slope in the middle of regigrand
TG b f b GR (w,t)sals/®) increase the slope for increasing valuesstfChoose
n—1 (n — 1>)\ke(n_k) longer distances between the operating points in the

A (n)
Uw=Tg " = Z middle of regionS, as shown irFig. 13. That is:
k=1

k=0

u

After some modifications in the above control law, SMFLC [s2| > |s1| implies |du/ds|s; > |du/ds]s,.

is derived: 2. Choose a high slope in the middle of regi®and de-
w=>b"1Ga—b"'f+ 5_1Gufuzz crease the slope for increasing valueé_fs(j).f Cr_\oos_e
shorter distances between the operating points in the
Ufuzz = —K{]s]sgn(s)}. (30) middle of regionS, as shown irFig. 14 That is,

The design of SMFLC is concentrated on the fuzzy part:

Ufuzz = —K{[s]sgn(s)} o : o
3.8.3 Normalization of the input and denormalization of
while the choice of the previous terms can be done astime output Normalization is the mapping from the input
SMC. The choice of the transfer characteristic will be exphysical) domain to a normalized domain, while denor-
amined first. malization is the mapping from a normalized domain to a

|s2| > |s1| implies|du/ds|s, < |du/ds|s,.

©1999 Cyber Scientific Machine Intelligence & Robotic Contddl,), 27—41 (1999)



34 S. G. Tzafestas and G. G. Rigatos

LS Ufuzz
Ufuzzjmax
ks
S
> k2
7777777777777777 ki s
u !
\ Oy ©, D

Fig.15 SMFLC as a state dependent filter

For the denormalization of the output in the same second-

Fig.13 Choice of the membership functions such that| > |s1| = order system one has:

|[du/ds|s, > |du/ds|s,
uy = Nyuimpliesu = N, 'uy.

L .. -
S The choice of N, is important for the stability of the

closed-loop system, and depends on the maximum value of
Ky To achieve asymptotic stability of the closed-loop
system we choose:

Kfuzz|max > B{F‘i‘ (1 _5_1)U+D +7’]}

u where
\ Kfuzz| max — maX{KfUZZ(lsD}' (34)
From the relationK ¢,y imax = NuK fuzz| max, WE CaN

calculate the normalization coefficieM,:

K max
N, = fuzzn|ma - (35)

\ Kfuzz| max

Another approach to normalization and denormalization of
SMFLCs would be to leave the coefficients of the equa-
tions unchanged and inflate or deflate directly the input or
the output of the controller.

3.8.4 SMFLC as a state dependent filteEMFLC, like

physical domain. The normalization affects the sensitivigMC, can be regarded as a filter function. If the transfer
of the controller and the gain in the vicinity of the operatcharacteristic between two operating poinend: + 1 is
ing point. The denormalization affects the total gain, ar@PProximately considered to be a linear segment, then a

Fig.14 Choice of the membership functions such that| > |s1| =
|[du/ds|s, < |du/ds|s,

through it, the stability of the closed loop system. gaink;/¢; can be attached to thisth segment. Since the
Assume a second-order system with sliding line gain changes take place from segment to segment one ob-
tains a state dependent filter function [1] ($&g. 15).
s=Xe+¢é=0. For thei-th segment of the transfer characteristic the re-

— S . sulting filter function is similar to the one for SMC:
After normalization the sliding line will be transformed to g

A ki A o -
s=Avex+éx =0 (31) s+bb—1G$s = bb ' Gusgn(s) +a(bb ' G—1)+Af+d

where . (36)
with

N
eEN :eNe, EN :éNé, )\:)\N (F) . (32) {
U; =

€

i—1 ki Zi;ll bu .
— Zuzl (k/’u + T) |f 2 Z 2 (37)
The parameteX plays the role of the rejection frequency 0 if i =1.
for all unmodeled frequencies of the system and has to be

A < v, . Thus the normalized parametey should satisfy is a filter with break frequencyb—"G(k;/¢;), which
the_cgﬁdition also depends on the state vectct (e, ¢). For a large dis-

tance|s| between the sliding line = 0 and the state vector
e, there is no unmodeled frequency that can cause a change

N, Vg
Ne o Vsu 3
N, S (33)
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of sign to the control signal (sinde| is big, the impact that Comparing the coefficients of the above two equations
unmodeled frequencies can have on(sgns negligible). yields :
Thus for a big|s| we select a bigger control gain than for

small|s|. On the contrary, in the neighborhood of the slid- A=y New-2 . A2=2% New-9) e
ing line we choose a small control gain. Nem-n Nem-n
It will be shown that in RC-SMFLC the choice of the ap- yn-1 _ ynet Ne (39)
: ; . . =y
propriate control gain, according to the distance from the N n-1)
sliding line, is done implicitly.
To achieve a big control gain far from the sliding line Newn—2) L Ne _ L (40)
and a small control gain near the sliding line, the following N1 Ne An
inequalities must hold: This means that, ik, Ay and N, are known one can calcu-
ki ko k, late all the normalization fgctors. .
™ < ™ <. < 5 (38) In RC-SMFLC one has just to normalize the scalar con-

trol input (i.e., to use only one normalization factor) and
It should be pointed out that the shape and the positionfoceed to the design of the SMFLC in the normalized re-
the membership functions of the controller inputs and ougion of input values.
puts determine the slopes of the segments of the nonlinear _
transfer characteristic. 4. Design of an RC-SMFLC
_ Compared to the conventional SMC, the balance congi-1 The concept
tion
W-lc ki <) (A< For the design of &educed-Complexi§MFLC the ba-
b (A < vus,) sic conditions for the convergence of a system to the de-

must be satisfied only in the vicinity of the origin of the>irable set-point are taken into account. Considen -
phase plane (since away from the origin the unmodel@§I€r nonlinear non-autonomous system

frequencies cannot change much @gh The quality of M) () = O+ bl t i
tracking is guaranteed by the maximum values 28 = fla t) + bz, tu+
with outputz(¢) and desirable set-point;(¢). The track-
ing error ise(t) = x(t) —x4(t) and the rate of error change
isé(t) = z(t) — zq(t). Generally, we can assume the fol-
lowing relations:

i—1

i—1
Kfuzz| max — Z k, andq)max = Z ¢u
v=1 v=1

aslong as K « If e(t) >0 andé(t) < 0 thenz(t) — z4(t) implies
by S uzElmax oy e(t) — 0.
Prnax « If e(t) >0 and é(t) > 0 then z(t) deviates from
In RC-SMFLC tracking quality will not be of primary im- zq(t).
portance. « If e(t) <0 and é(t) < 0 then xz(t) deviates from

3.8.5 SMFLC for an n-th order systemThe design of an z4(t)- . o
SMFLC for a second-order system can be extended to art If e(t) <0 andé(t) > 0 thenz(t) — zq(t) implies

n-th order system. The crucial point is to produce the nor-  €(t) — 0. N
malization factorsV,, N, - - -, N1, for each one of the The above four convergence conditions can be merged as

states, ¢, - - -, e(=1). The unnormalized sliding surface is(see also [13], [14]):
determined by [1]:

(n—1)
d n—1
_ — o(n=1) (n—2)
(dt )\> e=¢ ( 1 >)\e

If e(t)é(t) < 0thenx(t) — xq(t) = e(t) — 0;  (41)

If e(t)é(t) > 0thenz(t) deviates fromey(t).  (42)

The same conditions could have been derived from the Lya-

e\ — -
tootA e=0, punov function

and the normalized one by

d (n=1) . 1 -
N

+o 4+ A0 ey = 0.

With the use of nhormalization factors, one gets

d (n—1)
@) o

_ (n-1) n—1 Ne(”*Q) (n—2)
¢ + ( 1 >)\NNe(n1> €
N,
+...+)\("_1)7ee =0.
N N_(n-1)

e

(©1999 Cyber Scientific

V= 162 =V =eé.
2
From Egs. (41) and (42) it is obvious that the greater part
of the information, needed to achieve convergence to the
desirable set-point, is containedsd(t) andé(¢).
Define now the sliding surfac€x, t)

s(z,t) = e(t)e(t) < 0. (43)

Then the control law can be expressed as follows:
« If sgn(e(t)é(t)) < 0, then the control action leads to
convergence and should be maintained.
« If sgn(e(t)é(t)) > 0, then the control action leads to
divergence and should be altered.
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Once the state vectde(t), &(t)]7 is found in the semi- 4.3 Analytical description of the RC-SMFLC

planes(z, t) = ;i(t)é(t) < 0, it gradually approaches the , y,q giagonal-type FLC it was necessary to produce a
null veptor[O, 0]". Thus, the goal is to flnd.a control I‘T’“N fuzzy control signal that would be proportional to the dis-
that will be able to keep the state vector in the seml-plalilgnce from the diagonal, where the diagonal was the slid-

s(z,t) = e(t)é(t) < 0. ing surfaces(z,t) = Sp—; (") Ae %), In the RC-
4.2 The rule base of RC-SMELC SMFLC it is necessary to produce a fuzzy control signal

. . ) that will be proportional to the distance from the set-point
There are two possible control actions: increase or de- ) Thus in this case — 0 plays the role of the diago-
crease the control signal That is, we can state: nal

» IF sgrie(t)é(t)) < 0 AND the previous control ac-  Therefore there are two requirements for the control law
tion was to increase the control signal THEN keep o Rc-SMFLC:

increasing. _ - To keep the error state vectfr(t), é(t)]” inside the

. IF sgnle(t)é(t)) < 0 AND the previous control ac- sliding surfaces(z, t) = e(t)é(t) < 0.
tion was to decrease the control signal THEN keep on, 1q magnitude to be proportional to the distance from
decreasing. the diagonat = 0.

* IF sgne(t)é(t)) > 0 AND the previous control action o pc_SMFLC has similar properties to the ones of a
was to increase the control signal THEN now decreaﬁ%\gonal—type ELC as described in Section 3.4. i.e

it. .
« IF sgr(e(t)é(t)) > 0 AND the previous control action 1+ the states ande are bounded;
the control signal is bounded;

was to decrease the control signal THEN now increase?:

it. 3. the states ande that are located on the diagonal pro-
An equivalent formulation is as follows: duce zero control signals;
4. the states andé that are located above the diagonal
IF sgr(e(t)é(t)) < 0 AND Aug >0 THEN Agyq >0 produce negative control signals (because surpass of
IF sgr(e(t)é(t)) < 0 AND Auy < 0 THEN Agyq <0 the diagonal is a result of an “increase” control ac-
IF sgn(e(t)é(t)) > 0 AND Auy > 0 THEN Ajiy < 0 El(;)gc,rve\/:llsc:erl)rpeans that the next control action will be
IF sgnle(t)é(t)) > 0 AND Aug < 0 THEN Agyq >0 5. the states andé that are located below the diagonal

produce positive control signals.

where Aw;, is the change in the control signal at theth It remains to show that RC-SMFLC also satisfies the
iteration of the algorithm. property 6. in Section 3.4, i.e., the magnitude of the control
To ensure that the control signal is increased with the usgnal [u| decreases when the distance from the diagonal
of the FLC the following rules are employed: decreases. The desirable control law should be similar to
the one of a diagonal-type FLC:
IF up isU; THEN Uk 41 is Us
IF uy, is Uy THEN w41 is Us Upuzz = —Kpuzz (€., A)sgr(s)

: or to the control law of SMFLC:
IFug isU,—1 THEN ug4; isU,. Ufroz = —K{|s|sgn(s)}

where|s| is the distance from the diagonal.
To ensure that the control signal is decreased with the userhe use of membership functions with the same shape
of the FLC the rules that must be used are: (e.g. triangular with the same width and slopes) produces

. . a control law of the form:
IF u isUs THEN Uk4+1 1S Uy

IF up is Us THEN Uk 41 is Uy Ufuzz = —ngr(s)

: where K is static. To overcome this problem, the width
IF wg is U, THEN w41 is Uy _1 of the membership functions should be modified at every
crossing of the diagonal = 0. The last two control sig-
nalsuy_; anduy are taken into account:

whereUy, Us, - - -, U,_1, U, are the fuzzy subsets inwhich * u;_1 is the last control signal below (above) the diag-
the fuzzy phase plane of the control input is divided. onal;
If the fuzzy phase plan& is partitioned byn triangu- * wuy is the last control signal above (below) the diago-

lar membership functions with equal widths and slopes, nal.

it can easily be verified that the above rule base can leRécalling the bisection method, the control signalthat

the system to oscillations around the desirable set-poinill produce zero error should be searched in the range
Consequently, in order to achieve convergence, the nonljnz,_1, u).

ear transfer characteristic of the fuzzy controller should be The new fuzzy subseté/,Us,---,U,_1,U, corre-
such that the smaller the distance from the set-point is thpond to the division of the interval between these two con-
smaller the change of the control signal becomes. trol signals[ux_1, ux] in n equal segments.

©1999 Cyber Scientific Machine Intelligence & Robotic Contddl,), 27—41 (1999)



Design and Stability Analysis of a New Sliding-Mode Fuzzy Logic Controller 37
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Fig.16 Partition of the RC-SMFLC into fuzzy subsets @ /

51

Thus the operating point8(s’, u?) are in this case mov-
ing, and the nonlinear transfer CharaCteHS.I'CZ f(s) Fig.17 Approximation of the transfer characteristic of RC-SMFLC (a)
of the fuzzy controller changes. As the diagonal is ap- increase control action, (b) decrease control action
proached, the width of the membership functions is re-
duced, and consequently the control gAiris reduced too.

In this way a control law of the form to stress out is that the change of the magnitude of the con-

trol signal does not tie directly to the size of the controller’s
Ufuzz = _KfuzZSgr(ekek+1)Sgr(s)a s=eé (44) Inputs:

wheree, is the error at thé-th step of the algorithm, and |s2| > [s1] implies|du/ds|s, = [du/ds]s,
er+1 1S the error at thék + 1)-th step of the algorithm, ;
is derived, and the similarity between RC-SMFLC and the

diagonal-type FLC or the conventional SMFLC becomes |2] < [s1] implies|du/ds|s, = |du/ds]s,.

clear. While the algorithm evolves, each change of
o sgnerer+1) clips the ranges of fluctuation of the control

As it has already been discussed the universe of dighich is proportional tgdu/ds|. However, between two
course of the input of the RC-SMFLC can be analyzed Bi/ccessive changes of $gpey 1), |du/ds| remains unaf-
the fuzzy subsets dfig. 16. fected, and therefor&’¢,,.. remains unchanged too. Un-
The center of each fuzzy regidh is denoted by;,. Ac-  like SMFLC, the study of RC-SMFLC as a state-dependent
cording to Wang [3], a fuzzy rule base that consists of Nilter shows that no additional effort is needed in order
fuzzy IF-THEN rules of the type: to achieve different control gains in different areas of the
transfer characteristic. Between two successive changes of
R® : IFzyis F{ AND --- AND z,, is F), THENyis G' the sign ofey ey 1, the local control gains satisfy the equal-

. - : ity
and uses singleton fuzzifier, product inference rule, Gauss- ki ko k.,

ian membership function, and center of gravity defuzzifier b1 = b2 = b

roduces an output of the form: . . .
P P The transition from the one side of the diagonat 0 to the

Mo [ ooz \2 other, results in an equal diminution of all the local gains
Y1 ¥ |Ilimy asexp § — ( ol ) ki/ ;. In SMFLC the reduction of the local control gains,
= " 2 (45) as the output approaches the diaganat 0, is designed
PR [Hf_l ak exp {— (I - ) H beforehand. On the contrary in RC-SMFLC this reduction
occurs during the evolution of the algorithm.
wherej! is the center of thé-th output fuzzy subset, and If the. mput space is partitioned in more fuzzy subsets as
7 is the center of the-th input fuzzy subset. The aboveShoWn inFig. 18, then the output of the closed-loop system
equation indicates that, for example, in the “increase” colll appear to have a lower overshoot. Of course the price
trol mode one should expeg(s;) = s». Therefore the for this would be the increase of rise-time.
operating p0|.nts of RC-SMFLC are: 4.5 Formulation of RC-SMELC
(@) In the increase control mode(si,sz2), (s2,s3), H law | ional SMCi
(83, 84), (84, 85), (85, 56) and(sﬁ, 87). e control law In conventional IS
(b) In the decrease control mode(ss, s1), (s3,s2), -7
(4, 53), (5, 54), (56, 55) and(sz, s). g (@ _Kf) o
Equation (45) also reveals the nonlinear nature of a fuzzy {a— (f’ t)sals/®)}
controller. O el A AN s,
As it can be observed from Fig. 16, at the beginning w="=Ty = Z ( k >)‘ € .
of the controller’s operation the fuzzy subsets have equal k=1
width and identical shape. Therefore a rough approximgthe control law in RC-SMFLC will be the same with only
tion of the transfer characteristi, 1 = f(ux) would be one change concerning the control tefi{z, t)sats/®)
given byFig. 17. Of course, the transfer characteristic bewvhich now become&sgn(es.ex1)sgn(exés), i.e.,

tween two adjacent operating points is not described by a R .
first order linear function, but what the above diagram tries w=>0""(u— f)

f(@)

<
I
>

ISy
I
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() (a) On the contrary in RC-SMFLC rules of the form
U Uy Uy Uy U, IF sgn(exéx) < 0 AND Ay, > 0 THEN Auyyq > 0
‘ | (48)
% i are contained in which the sign @féy, is related to the sign
g of the change of the control signal chandey;., > 0 or
o e w g . Augy1 < 0. The change of the control signal magnitude

is defined by the transitions above or below the diagonal
e = 0 and is declared by the terfisgnexer—_1).
w(u) . (b) A question arising from real implementation of rule-
P based control systems is how a set of control rules of type
(47) can be derived. The success and performance of rule-
based control systems depend largely on the availability
and the performance of the rule-base. When there are no
1 experts or skilled operators available to supply necessary
Up-1 U Ug u knowledge, it is necessary to construct the rule-base by di-
rectly operating the process being controlled. It is also de-
Fig.18 (a) width of the fuzzy subsets before the change dfjraple to refine and improve the rough rule-base derived
292:’“?“;' (b)width of the fuzzy subsets after the change oo axperts that may be incomplete, inconsistent or even
Onekert1 partly incorrect, especially when the operating condition is
changed.

An approach to self-constructing rule-bases would be the
_ ) n=1\ % -k implementation of neuro-fuzzy techniques like training of
~ Ta Z k Ate ' the fuzzy logic controller using back-propagation, orthog-

k=1 . '

onal least squares, nearest neighborhood clustering or ge-
Is a previous estimation of the system’s paramef¢ist) netic algorithms [3]. These techniques consist of initializ-
andb(z, ) always necessary? Assume that the systemiify the rule-base with low confidence level rules provided
stable andb~! = 1 andf = 0. Assume also that’ anda by experts. While the algorithm goes on, the rules are mod-
are selected as: ified according to the deviation of the output from the de-
sirable set-point. Finally, the optimal widths and centers of
the fuzzy subsets of the rules are selected.
whereu is a randomly selected value in the interval of However, according to the previous analysis, to avoid
the permitted input values. Introducing these values in thiee implementation of neuro-fuzzy adaptive control sys-
above RC-SMFLC equations yields: tems, one uses the RC-SMFLC algorithm. Therefore RC-
SMFLC can be considered as an alternative solution to the

4 = G{1 — Ksgnerex11)Sgn(exér)}

n—1

<3

G =1anda = ug

u=1q problem of self-constructing rule-bases.
4 =1 — Ksgn(egex+1)sgnexéy) (46) o , ,
i = ug. 5.2 Similarity with Iterative Learning Control (ILC)

As the name implies, the correct control action in ILC

The absence of estimation of the system's paramet"'r’ﬁ)rogressively learned and hence the desired performance

f(=,t) andb(x, t) means that RC-SMFLC will have to han-i progressively achieved by repeated trial. The modifica-

dle additional parameter uncertainties. However, this ad 5 of the present control is based on the error information

ttl)onal uncertalnté/ Ean rt:e vu;wed as a perturbation that Cg[gained during previous trials. The ILC concept and algo-
e compensated by the robustness property possessedii¥, \ere formally proposed by Arimoto [15].

the fuzzy controller. Neglecting the filtering teryie = 4 gpjective of the learning control is to determine

7 n—1 /m—1 n— . ... .
—b~1G Yy (") Ate™h), makes the system suscePrhe control inputu by repetitive trial such that the error
tible to unmodeled high frequencies and consequently tl’(y&) = ya(t) — y(t) tends asymptotically to zero. The fol-

should be done with caution. lowing algorithms have been proposed:
a) Error correction algorithm:
5. Comments on RC-SMFLC @ g
5.1 RC-SMFLC and the problem of self-constructing up41(t) = ur(t) + grex(t) (49)
rule bases (b) Error and error-derivative correction algorithm:
A great advantage of the RC-SMFLC method is that its
rule base relates the output only to the sign of eerand up41(t) = ur(t) + prex(t) + qréx(t) (50)

rate of error's changé, and not to their magnitude. In con-

ventional incremental fuzzy controllers rules of the form:Wherek denotes the number of iterations, afdpy, 1 are

B learning gains. The above algorithms may be represented
IF eis E andé is E THEN Au isU (47) compact matrix forms as:

are contained. This kind of rules is the core of the majority Wit (t) = up(t) + Pey(t) + Qér(t)
of fuzzy controllers such as fuzzy PD, fuzzy PI or fuzzy
PID ones, or of the SMFLC that was described before. whereP and(@ are learning matrices.
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The change of the control signaltakes place at each 3.0
iterationk, and in the interval between two successive it-
erationsk andk + 1 the controller tries to lead the system
to the desirable output using the same control signél). 2.6

Output of a 1st-order system

This reminds directly of the RC-SMFLC where between<
two successive crossings of the diagomat 0 the slope 3

of the transfer characteristie,+; = f(ux) remains un- g 2.2
changed, while in this interval; (¢) is determined by the 20l

increase or decrease control mode.
Comparing lterative Learning Algorithm to RC-SMFLC 18 |
one can note that although at first look they seem to hav

. ; 1.6

some properties in common, they also have subtle differ 0 20 40 60 80 100
ences. Both in the Iterative Learning Algorithm and in the Iteration k

RC-SMFLC no adaptation of controller parameters (e.g.

feedforward and feedback gains) takes place and the con- Fig.19 Control of the 1st-order linear system (a)

trol input is directly updated. Additionally, both the Iter-
ative Learning Algorithm and RC-SMFLC are intended to , , , i
eliminate the tracking error uniformly in a time interval of! "€ transfer function ofVS is of first order, while the

interest and this objective is achieved with the increase BnSfer function off/Z is given by a second-order one
the iteration number. with relative degree one. Finally, the linearized model of

CR is of second-order with relative degree two.

6. Simulation Results 6.2 The systems under control

A case study of RC-SMFLC was done for the linearized

problem of arc-welding. This difficult from a control point (a) The 1st-order linear system (input: thermal power of
of view application offered a good chance to test the e torch(: output: 17)

pabilities and advantages of the proposed control scheme:

The following systems were considered:

The tests were also expanded to systems of high order and 0.5(z+1)
nonlinear systems. Gm(2) = (== 0.77)°
6.1 The linearized model of arc-welding (b) The 2nd-order linear system (input: thermal power

Arc-welding is a highly nonlinear process that is subje&f the torch@; output: C'R)
to many disturbances and parametric changes due to the se- 011 12
vere environmental conditions. However, its model can be Gm(2) = 11(z+ 1) )
linearized in small regions around specific operation points (2 = 0.96)(z — 0.63)
and thus its geometrical and thermal characteristics can lo
cally be described by linear transfer functions [16]—-[18].

(c) The 3rd-order linear system

The linearized first-order models for the geometrical 0.5(z + 1)2(z — 0.4)

characteristics (weight/, heightH and depthD) are: Gm(z) = =050z —06)(z —0.7)"
W(s) Ko (d) The nonlinear system:
U(s) Tws+1
H(s) K, y(k + 1) = 0.95y(k) + 0.025y*(k) + 0.05u(k).
U(s)  7ns +1 The system models are assumed to be unknown, and the
D(s) _ Ka RC-SMFLC had to operate under total parametric uncer-
U(s)  1a+1 tainty. The behavior of the controllers was tested both for

. . strabilization and tracking. The first two systems were de-
where the corresponding control inputs are the thernm

! . Ived from the linearized model of the arc-welding pro-
?eoevlljerra(t); the torch, the velocity of the torch and the wir€so o [16]-[18] while the other two systems were introduced

. . in order to prove the controller’s efficiency in compensat-
The arc-welding thermal model considers as outputs t

. successfully nonlinear and high-order systems. More-
weld nugget cross sect!dlviS , the heat affepted Z0N€Z, over, the tracking capability of RC-SMFLC was evaluated
and the centerline cooling ratgéR, and as inputs the ther-

. . in the case of the second-order linear model (b) where the
mal power of the torch, which are given by aim was to follow a ramp set-point with either positive or
NS(s) K, negative slope. _ _

Uls) = a1 As can be seen frorfig. 19-Fig. 24, the RC-SMFLC
@ controller showed a superb control performance for the

HZ(s) _ Kp(mps +1) first-and second-order linear models, and was also shown
U(s) (r1s+1)(128 +1) a very good tracking response. A remarkable performance
CR(s) _ K, was also shown in the control of high-order and nonlinear
U(s) (Tas+ 1) (mps+1) processes.

©1999 Cyber Scientific Machine Intelligence & Robotic Contddl,), 27—41 (1999)



40 S. G. Tzafestas and G. G. Rigatos
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Fig.20 Control of the 2nd-order linear system (b ) . . .
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Fig.21 Control of the 1st-order nonlinear system (d)
Fig.24 Tracking of a ramp set-point with negative slope
12
11 ||t { of the closed-loop system will be guaranteed. The control
1 Output of a 3rd-order system law that satisfies the above requirements is described by the
rules:
g 9 - « IF sgn(e(t)é(t)) < 0 THEN maintain the control ac-
> .
5 g | tion
o . .
g . « IF sgn(e(t)é(t)) > 0 THEN change the control action
where the control action can be either an increase or a de-
6 { crease of the control signal. The increase or decrease of
5 | the control signal is realized via the use of fuzzy linguistic
. [ rules.
0 20 40 60 80 100 The problem now is to determine changes in the control

signal that will become smaller as the system'’s output ap-
proaches the diagonal= 0. This is achieved by changing
the widths of the fuzzy subsets in which the control signal
can be analyzed. The adaptation of the widths is performed
each time the system’s output crosses the diagenralo,
either in a positive or a negative direction.

In contrast to the conventional SMFLC, there is no need

A new approach to Sliding-Mode Fuzzy Control wago design in advance the shape of the membership func-
presented in this paper. It combines the basic principlgsns. All membership functions are identical triangular
of diagonal-type fuzzy controllers with sliding mode thefunctions, and therefore the transfer characteristic of RC-
ory, and has the additional advantage that no prior d8MFLC is roughly approximated by a first-order linear
sign of the rule base is required. Instead of trying tfunction. Unlike SMFLC, in RC-SMFLC no previous exis-
keep the system on a sliding surface of the faiim, t) =  tence of a rule base, connecting the error output to the con-

Z;é ("gl))\ke("—k) = 0, the goal now is to find a con- trol signal, is necessary. Thus the problem of unavailable
trol law « which will keep the system in the semiplanexpert’'s knowledge is solved. The RC-SMFLC algorithm
s(z,t) = eé < 0. If the system remains in this semipalnéares a noticeable similarity to other adaptive control tech-
then zero error will be achieved and the asymptotic stabilibiques such as the Iterative Learning Algorithm [15]. The

Iteration k

Fig.22 Control of the third-order linear system (c)

7. Conclusions
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underlying affinity between RC-SMFLC and other robust ] )
or adaptive control schemes becomes clear. Biographies
The performance of the model-free controller RC=

SMFLC has been tested for several systems, both linear arghyros G. Tzafestageceived the B.Sc. degree in Physics and
nonlinear. RC-SMFLC was proved to be excellent. No pr&lectronics from Athens University, the D.I.C. degree in Electri-
vious knowledge of the system’s model was required. Tlgal Engineering from Imperial College, the M.Sc. degree in Au-
RC-SMFLC control scheme was proved to be robust for dfmatic Control Systems from London University, and the Ph.D.
kind of disturbances and parameter changes of the systéffl D-Sc. degrees in Systems, Control and Automation from
Very fast convergence was achieved. As it happens in corputhampton University. N
ventional control techniques, there is a trade-off betweel) e is currently Professor of Control and Robotics, Director of

. . p e Intelligent Robotics and Automation Laboratory and Direc-
the rise time and the overshoot. A great advantage o ¥ of the Institute of Communication and Computer Systems at

method compared to SMC is the elimination of chatteringe National Technical University, Athens, Greece. From 1969
around the operating point. RC-SMFLC can be viewed &$ 1973, he was leader of the computer control group at the
a simple but efficient tool for handling difficult nonlinearComputer Science Department of the Nuclear Research Center
control problems with strong parametric uncertainties arif@emocritos” in Athens, and from 1973 to 1984, he was Pro-
disturbances. lIts application could cover a wide range tsor of Systems and Control Engineering at Patras University,

industrial processes such as arc-welding, injection mouldetras, Greece. His current interests include robust and adap-
ing, robotic manipulators, etc tive control, robot modeling and control, knowledge-based sys-

tems, neural-fuzzy control systems and computer-aided manufac-
turing systems. He has published 30 books and over 600 jour-
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