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DIRECT ADAPTIVE FUZZY CONTROL OF
NONLINEAR SYSTEM CLASS WITH
APPLICATIONS
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Abstract

In this article we propose a direct adaptive fuzzy control method for
MIMO nonlinear plant encountered mainly in robotics. The fuzzy
adaptive law ensures the stability, convergence of the controlled
outputs, and "boundedness" of adaptation parameters. In this
method, the approximation error of the fuzzy logic system is
estimated by an adaptive law independently of external disturbances.
Moreover, the fuzzy adaptive law incorporates a compensatory
sliding term, which in turn depends on this estimated error. It leads
to an adaptive compensation of approximation error. Simulations
for cylindrical robot and induction motor are conducted to show the
effectiveness of the proposed method.

Key Words

Nonlinear plant, fuzzy adaptive law, external disturbances, dy-
namic error, stability analysis, Lyapunov function, three-joint robot
manipulator, induction motor

1. Introduction

There is much interest in fuzzy logic systems (FLS) because
of their ability to treat fuzzy variables and to induce the
control law on the basis of approximate reasoning. By ap-
proximate reasoning we refer to a type of reasoning that is
neither very exact nor very inexact. FLS aims at modelling
the human reasoning and thinking process with linguistic
variables. It are very useful when the controlled plant have
some uncertainties or unknown variations. However, in
order to maintain a consistent performance in the presence
of real uncertainties, recourse to adaptive control is in most
cases unavoidable.

Fuzzy adaptive control has been the subject of inten-
sive research during this last decade [1-9]. Many meth-
ods have been proposed in which the fuzzy logic system
is employed to approximate online the structure plant.
Generally, the model obtained by fuzzy logic systems de-
pends linearly on unknown parameters that lead to use of a
Lyapunov-based learning scheme. It was first applied with
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success in the domain of neural networks [10, 11] because of
their learning ability and universal approximating power.
Hence, the combination of learning, adaptivity, and un-
certainty enabled researchers to derive adaptive (or neuro)
fuzzy controllers. These new models ensure the stability of
the overall system and the convergence of the plant output
towards a given reference signal. As an adaptive system
with a finite number of parameters cannot reproduce the
ideal control law, therefore an approximation error is al-
ways present. In order to compensate for this minimum
approximation error and to ensure the stability in bounded
state region, a sliding-mode term is incorporated in control
law. The researchers in [1-3] give a solution to this inher-
ent error problem, assuming the existence of plant upper
bound. A solution, where the sliding is added to fuzzy
adaptive law, is investigated in [4], whereas in [5] the adap-
tive FLS and SMC are used alternatively, depending on the
switching conditions. The concept of persistent excitation
is introduced in adaptive fuzzy control system in [6]. This
concept ensures the convergence and the boundedness of
adaptation parameters in the presence of approximation
error and external disturbance.

The achievement H, tracking performance using di-
rect and indirect adaptive fuzzy controllers is proposed in
[7]. In [8] and [9] the concept of parallel distributed com-
pensation controller is synthesized for stable direct and
indirect adaptive fuzzy control.

The upper bounds of the minimum approximation er-
ror assigned to the model and the learning coeflicients are
rigidly fixed by the designer. Therefore, in the presence
of uncertain nonlinearities, the controller guarantees that
the output tracking errors lie within a ball whose radius
is proportional to the size of uncertainties. Moreover, the
sliding term, used to counteract the minimum approxima-
tion error, operates by constant coefficients. Therefore,
a large external disturbance may increase this error, and
its elimination is possible only if the sliding term effect is
sufficiently large. In some cases, the process control will
probably fail, and it appears more interesting to investigate
the adaptive fuzzy control law considering the unknown
upper bounds on the structure plant.

In this article a new direct adaptive fuzzy control
method is proposed for a class of MIMO nonlinear plant



encountered in robotics. This method “relaxes” the knowl-
edge of the plant upper bounds by introducing underlying
adaptation law. This law ensures the convergence and
boundedness of adaptation parameters in the fuzzy sys-
tems. Furthermore, it ensures an estimation error on the
plant structure by means of an adaptive algorithm indepen-
dently of the external disturbances. As the compensatory
sliding term itself depends on this estimated error, it leads
to an adaptive compensation. By reducing the sliding term
preponderance, it is possible to avoid the generation of
higher-frequency mode-switching control signals that may
excite high-frequency modes of unmodelled dynamics.

2. Description of the Used Fuzzy Logic System

The fuzzy logic system performs a mapping from
Uix..xU, CR"to R whereeach U; CR,i=1,2,....n.
For the proposed fuzzy logic system we use the implication
and the reasoning method suggested by Takagi and Sugeno
(TS) [12]. Consequently, the fuzzy IF-THEN rules are
expressed as:

Ry: if xq s All1 and....... Ty, 18 Aifthenzk =a" (1)

where x = (x1,....x,)T € R" and z;, € R are, respectively,
the input of the fuzzy logic system and the consequent of
the k-th rule. Here, the label Al associated to input x;
(i=1,2,...,n) is a fuzzy set in U; where the indices li takes
a value in {1,...,m;} and m; is the number of fuzzy sets
characterizing the input x;. The coefficient a* (for k =
1,2,..M) is a constant coefficient of consequent part for the
k-th fuzzy rule. The number of rules M is defined by the
Cartesian product as: M =m1 @ mo ® ... ® my,.

In this article we employ the product operation for
fuzzy implication and T-norm. The definition of the
product operation is the same as in [13]. Besides, the
singleton fuzzifier and weighted average deffuzzification are
used. The overall output value z(x) is :

(2)

where oy denotes the firing strength of the Ry rule, which
is evaluated by using product inference and implication as:

ay = HuAéi(zi)withli e{1,..,m;} (3)
i=1

where ;1 AY (z;) is the membership function of x; associated
to fuzzy set AL

In (1), we fix the p Al (z;)’s and a*’sform the adjustable
parameters; z(x) can be rewritten as :

2(z) = wT (z).0 (4)

where 6 is the parameter vector given by:

0=[a'a®... a7 (5)

and wT () is a regressive vector defined as:

T . aq [eD)] QM
w(z) = % ag Y ag % ag (6)
k=1 k=1 k=1

In the sequel, the fuzzy logic system for multi-input
single output system is represented by the mathematical
model (4).

3. Problem Statement

Our goal is to build a fuzzy adaptive control system for
a certain class of nonlinear dynamic systems encountered
mainly in robotics. This class is of the form:

u=F(X)z® 4+ G(X) @

y=x

where x = [x1...x,]” and the notation x(P) stands for the
p-th order time derivative of the variable (x). Moreover,
the vectors X = [(x®HT . xTT, u = [u;..u,]”, and y =
[y1...yn]T are, respectively, the states, the control input,
and the plant outputs. The control objective is to elaborate
a required control law u that forces the output y to follow
their reference y4. In order to achieve this goal, we first
introduce some realistic assumptions.

Assumption A1. We assume that:

The function F(X)e R7*" is a positive-definite matrix
fulfilling:

HF(X)H < Fy | X|| VX € QuuithFy >0  (8)

where Q. C R™P is a subspace through which the state
trajectory may travel under closed-loop control and FO is
known;

The function G(X)€ R"** is a nonlinear function; it is
composed of ill-known but bounded continuous functions.

The states X € R™P*lare accessible.

Assumption A2: By exploiting the approximation
proprieties of the fuzzy logic system defined in (4), we
assume that the real nonlinear functions F(X) and G(X)
are provided by the zero-order Sugeno-Tagaki fuzzy system
based on M rules:

F(X)=WT(X).0% + cp(X) (9)

G(X)=WT(X).0% +cq(X) (10)

where 0%, 62, are the best (or optimal in some sense) and
er(X), eg(X) are the unavoidable reconstruction errors
[13].



In accordance with the employed FLS the terms W7,
fr, and 0 are organized as:

wl 0 0 0 0%.(1,1) 0%(1,2) ... %(1,n)
WT_ | 0 wroo o — 0%.(2,1) 0%(2,2) ... 0%(2,n)
0 0 0 wTl 0%(n,1) 0%.(n,2) ... O%(n,n)
(11)
. T
06 = (06)" (082)" - (08,)" (12)
where:
0%(i,5) = [allj afj...af\f]Tandi,j =1..n (13)
02, = [aS S .a§) T andi = 1..n (14)
T _ a1 Qi (e %5
w' (z) = | i S : (15)
DORCTID DR T DR.Tt
k=1 k=1 k=1

n
ap = HuAéi(mq;)forli e{l,...,m;}andk € {1,..., M} (16)
i=1
(16)
Remark 1. Notice that, in robotics, the function F(X)
is the inertia matrix, which is symmetrical and positive-
definite. The bounded function G(X) represents globally
the effect of Coriolis and centrifugal forces, the gravita-
tional torques (or forces), viscous and/or dynamic fric-
tion coefficients, unstructured friction effects such as static
friction terms, disturbances, or unmodelled dynamics [14].

4. The Control Synthesis

In this section, our purpose is to develop a suitable direct
fuzzy adaptive control law for the plant represented by the
dynamic (7). We first determine the dynamic of the filtered
tracking error as a function of the fuzzy plant model, the
desired trajectory, and the input vector. We next, using
Lyapunov synthesis approach, search a direct fuzzy control
law in order to ensure filtered tracking error convergence,
the boundedness of the adaptive parameters, and all plant
signals.

4.1 Tracking Dynamic Error
Let us introduce the filtered tracking error as:
S = [S155...8,]F (17)

with:

9 (p—1)
S; = (5'15 + )\i) .eiforh; >0 (18)

where \; is positive coefficient, e; = z4; — z;with i=1...n,
and xg4; stands for the desired i-th output. We obtain:
S; = )\Epil).ei + (p - 1))\£p72)éi + (p - 1))%65;072) + ez(-pil)
with i =1..n
(19)

Notice that S;= 0 achieves the asymptotic stable track-
ing, as the roots of polynomial h;(s) = )\l(-pfl) + (p—
1))\21’72)5 4 eoe(p — 1) A5?P=2) 4 5= 1 related to the char-
acteristic equation of S;= 0 are all in the open left-half
plane via the condition \; > 0 with I = 1..n.

The relation (19) can be rewritten in the following
compact form:

Si=clY; (20)
with:

T
Y, = [ei é ... e egp‘”} (21)

=[N - -] (@2)
Consequently the vector S takes the form:
S=cTy (23)

where:

O7 = diag [clT I } (24)
n " I (nxp.n)
T T T r]"
Y = [yl vl YD, Y] mel) (25)
The dynamic of S; is given by:

S; =Ly + egp)andi =1l.n (26)

where ¢’ is:
ek = [o APTY (= AP 05— 1)(p - 2)A2 (p— 1N }
(27)

and therefore the dynamic of S can be written into the
following form :

S =Cly 4¢P (28)
where:
CT = diag [cfl ek, ..l cfn,l} (29)
(nxp.n)
T
€ = [61 €9 ... En_1 en] (30)



From relation (7) we obtain:

2 = F7H(X) (u(t) - G(X)) (31)
o) =@ =) - F(X) (u(t) - G(X))  (32)

e® =2 — FTYX) (ult) — G(X)) (33)

Let us substitute e(”) given by (33) in the expression
(28) of the dynamic for filtered tracking error; it follows
that:

S=CTy + 2P — F71(X) (u(t) — G(X)) (34)
we define the filtered reference by:

Yyer = 2P +CTY (35)

S =Yres = F7HX) (ult) — G(X)) (36)
This is equivalent to:
F(X)8 = F(X)Yyes + G(X) — ult) (37)

Using assumption A2, the filtered tracking error dy-
namic (37) can be transformed into the final form:

F(X)S =WT 0% Yyer + WE08 + ep(t)Yres +ea(t) —ult)
(38)

4.2 Stability Analysis

Proposition 1. If the system (7) is conducted by the
following adaptive control law:

. o1
u(t) = kaS+WT0pY,er +Whoe + 5FO 1 XS +us (39)

where the vector parameters rand ¢ are updated by the
law :

O = 3oW.S.(Yrep)T (40)

0o =nW.s (41)
and the sliding term ug; is given by:
usy = (EF | Yeetll + €c) sign(S) (42)
with:

er 2 sup [[ep(t)| andég = sup [ec (1) (43)
t>0 t>0

Then, under assumptions (A1) and (A2) we have:
S,Y, x, u, are bounded and S—0, Y—0 as t— oo.

0 — 0 ; g — 0% as t— oo.

Proof. We consider the Lyapunov function candidate:
V; 1STF(X)S+ L 5T+ Ly (0L0p)  (44)
== — —trace
L2 291 T 2y o
with:
éF = 91.: — épa’ndéc = 9& - éG (45)

Differentiating the Lyapunov function V; with respect
to time, we obtain:

. . . o A 1 o A
vV, = %STF(X)S—k STF(X)S — Viegag — 7trace(9£9p)
1 2
) (46)
Substituting in (46) the term F'(X)S by its expression
(38), V becomes:

Vi =L1STP(X)+ ST (WT0%Yrer + WTO08 + cpYoes +c — u(t))
7%9~£0AG — %trace(égép)
(47)
Now, we introduce in (47) the adaptive control law
u(t) given by (39); we obtain :

Vi = —kaSTS + §STF(X)S — 35T Ry | X | .S+
ST (epYes +e4) — STug + (STWT0pY,ey) (48)
—%trace(égép) +STWThg — %égéG

Let us introduce the parameters adaptive law (40),
(41) in expression (48); this leads to:

Vi = —kaSTS+ $8TF(X)S — 28T Fy | X||.S + ST (epYyes +ec)—
STug + (STWTOpY,ep) — trace <0~§WS(Yref)T) +
STWThg — 0EWS
(49)
As STWTéFme) = trace ((ép)TWSme), therefore

V; is reduced to:

Vi = —kgSTS +1STF(X)S - 1STFRy || X| .S+

(50)
ST(epYres +ec) — STug

The following inequality is always fulfilled:

Vi < —kaSTS + 187 HF(X)H S—L1STR | X|.8+]IS].

(lerll- 1Yrefll + llel) — ST ua
(51)

By introducing the sliding terms ug; given by (42), we
obtain:

Vi < —kaSTS + 18T HF(X)H S —1STR||IX].S + ]

(erll- ¥resll + llecll) = [1S1]- (Er- [[Yres | + £6)
(52)



The assumption Al and conditions (43) leads to:
Vi < —kaSTS <0 VS #0 (53)

Therefore, the function V; given by (44) is a Lya-
punov function for the closed-loop system (38), (40),
and (41). Hence, S, 0p,0c are bounded and S—0 as

t—0 [15]. As S—0, from (23), we deduce that ¥ =
e1 1 ... egpfl),..., en €n ... egp_l) } —0 as t—0. As

the desired trajectories x4 and its derivatives are assumed
available and bounded, we have x, X€ L,

The boundedness of control law u(t) is directly estab-
lished from the boundedness of X,é r, and Oc. Now, let us
show that 0r andfg € Ls. First let us define Vyby:

(o}

(R 1 iT g
Vo= — / 0L 0cdr+— / trace(9p0p)dr  (54)
Y1 J Y2 J

From the expression (44) of V1, we deriveVjy:

(oo} oo

Vo = /VldT— 5/STF( )Sdr (55)

0 0

As F(X) is positive-definite, the following inequality is
fulfilled:
STF(X)S > &.||S|* withe = ||[F~|| (56)

Therefore, we can write:

Vi< [vidr =5 [|s)Par 57)
0 0

Note that the expressions (53), (44), and (45) mean
V; is bounded and none is increasing with time; hence it
has a finite limit:

Jim Vi (S, 0r,0c) = Ve < ccand / Vidr € Loy (58)

Moreover, the inequality (53) leads to:
o0 1 o0 ]
[asitir <~ [vidr (59)
d
0 0

/Hﬂl (V= Vo) € Lie (60)
0

with Vo = V1(S(0), (0), 0c(0)). The conditions (58)
and (60) entail that Vp € L., which means that ép
andég € Ly. Because Wg, Wg,Y, ey and S € Lo, it follows
from (40)-(41) that 0 and fg € Lo, which, together with
6r and g € Lo implies, using Barbalat lemma [15], that
0 and 9~G —0as t— oo

O

5. Case where the Bounds F (, ér, and &5 are Ill-
Known

In the precedent case, the developed adaptive control law
for the nonlinear system (7) necessitates the bound Fy of

the function HF(X)

error £€r and &g associated, respectively, to the function
F(x) and G(X). In this section, we assume that the bounds
(Fo, €r, €g) are unknown, and we propose an adaptive
law for these bounds such that the adaptive control law is
able to “force” the plant (7) to follow the desired trajectory
Xd(t).

Proposition 2. If the system (7) is conducted by the
following adaptive control law:

and bounds of the reconstruction

u(t) = kaS + Fo | X .S + WT0pY,er + WG + ép |[Vees|
sign(S) + Egsign(9)

R . (61)

where the vector parameters 6 pand 6g are updated by :
O = 12 W.S.(Vres)" (62)
b = nW.S (63)

and the parameter bounds Fy, £p, £¢ are adapted such
that:

Fy = | X].1IS) (64)
er =2 [[Yoer|l - [1S]] (65)
ga =nzIS|| (66)

where Y1, V25 M1, 772>O
Therefore, under assumptions (A1) and (A2) we have:
1. Y, x, u, are bounded

2.Y—>0ast—>ooandép—>0;;;ég—>9aast—>oo.

Proof. We consider the Lyapunov function candidate:

Vo = 1STF(X)S + 510506 + —tmce(eTop) = (Fp)?+

21 2m
L (ER)? + L ()
(67)
with:

FO:FO_Fv &;F:gF_gFV &;GZEG_ga (68)

Differentiating the Lyapunov function V, with respect
to time, we obtain:

Vo = L8TE(X) + STF(X)S — L0%0c — Ltrace(0%0r)—

1
71
1mfp 1= A 1=z A
7hFOFO wsEFEF — -€GEG
(69)



Substituting, in (69),F(X)S by its expression (38), Vs
become:

Vo =1STP(X)+ ST (WTo' e + WT% + aFYref + cG - u(t))
fLHTGG - —2trace(9T0p) — —FQFO - —EFSF - Esgsg
(70)
Now, we introduce in (70) the adaptive control law
u(t) given by (61); we obtain :

Vo = §8TE(X)S — 1STEy ||IX||.S — L FoFo+
ST(exYres +2a) — ST Er | Ves || +E0)-sign(S)
—n%gpgp — n%gcgc'—‘r (STWTQNFY}ef) — %trace(éf,ép)
+STWT9~G — %égéc)
(71)
Introducing the parameters adaptive law (62) and (63)
in expression (71) leads to:

Vo= —kgSTS +1STF(X)S — LSTFy || X| .S~

LEEy + ST (epYies +26) — ST (Er | Yregll + Ec).sign(S)
—Léper — Lécia + (STWT0pY,erp)—

trace (9 WeS(Yeer)™ ) +STWTh — égWgS

. (72)
Vsis reduced to:

Vo = —kgSTS + LSTF(X)S — 18T Fy |X|.S — L FoFo+
ST(erYres +26) — ST Er Voes || + 26)-sign(S)

—iEFEF - iacae

The following inequality is always fulfilled:

—kaSTS + 1STFy || X| .S — 3STFy || X .S~
= FoFy + 25 | Yees || - 1S] = & [Yresll - 1S — moErér
+ea ISl = éc S|l - 7-écéa

(74)
This is equivalent to:

Vs < kSTSJrlSTFOHXHS 1F0F0+§p||me||.||S||

*L€F€F +éc ||S] — —5(;5G
(75)
Using the adaptive law (48)—(50) of the parameter
boundsFo7 ér, €q, we obtain:

Vo < —kgSTS <0 VS #0 (76)

Therefore, the function Vg given by (67) is the
Lyapunov function for the closed-loop system (38),

(62)-(66). So (S, Or, b, Fo, ér, éc) are bounded
and S—0 as t—0 [15]. As S—0 then from (23),
Y = |:61 €1 ... egn_l),..., en by ... P —0 and as

x4 and its derivatives are bounded, we have x, X€ L.,

The boundedness of control law u(t) is directly deduced
from the boundedness of (x, X,éf 0p.0c, Fo, Ep, £q). To
show thatfr, O, Fy, &7, &, —0 as t— oo we perform the
same procedure (relation from (54) to (60)) by noticing
that, in this case, Vjis defined by :

271
. o (77)
(Fo Qiof F)AT+ 5 {(*G)dT

1

=L f GdT—i—— ftrace 0LOr)dr+
0
2m )

which can be written as:

Vo = /Vsz— %/STF(X)SdT (78)
0

6. Tracking Control of a Three-Joint Robot Manip-
ulator

In this section, the validity and effectiveness of the de-
veloped adaptive fuzzy control law are examined through
the simulation of tracking control for a three-link robot
manipulator. The control objective is to follow a given
trajectory and to produce a torque vector such that the
trajectory tracking error converges to zero. In the simula-
tion, we examine the effects of parametric variation due to
some internal uncertainties on behaviour of the closed-loop
systems.

6.1 Design of Direct Adaptive Fuzzy Control Sys-
tem

Consider the three-joint manipulator whose dynamics is
represented by:

T = [JQ + J3 + (m3(1'3 — l3)2 + moac%] .(El—
2. [md(xd — lg) + m0x3] £C1£E3 + fvl..’tl
Ty = [mo + mg + mg3] .Zo + [mo + ma + m3) .g + foo.Z2

T3 = [mo + ms) i3 + [mo + mg] &1 + fus.ds
(79)
which is equivalent to dynamic plant (7) where the joint

position vector x and vector X denote, respectively, z =
T T

[331 x9 x| » X = [951 %1 X9 ©o x3 &3 | and it appears
that the function F(X) is diagonal matrix.

It easier to search the control signals when the system
(79) is viewed as three subsystems, one for each link.

Therefore, the dynamic plant can be rewritten:

T
w1 = F1(X1)i1 + G1(X1)withX; = {@1 - i‘s} (80)

Ug = FQ(XQ)iQ + GQ(XQ)U}ZthXQ = ig (81)



T
Uz = F3(X3)fi’3 + Gg(Xg)’witth, = |:3;1 T3 x3:| (82)

The functions Fl(X1)7 FQ(XQ),Fg(Xg), él(Xl),
Ga(X5), and G3(X3)are modelled by zero-order TS fuzzy
system. Each input variable is described by three fuzzy
sets.

e calibration For function F; and G; , the rule base
incorporates 27 rules of the form:

REY: if @y is Allandxs is APandis is APthenF}

(83)

RGY . if iy is Allandxs is Aandis is APthenGi

_ ,G1
= ay]

(84)
for 11, 12 13€ {1,2,3} and k={1,...,27}. The overall
output is given by:

. S ob.F} L
Fi(z,0p1) = kzéiil =WZ .0r ;G1(z,061)
. =t (85)
> ap.Gh
= = Wi 0a
> af
k=1
with:
af = pAl (&1).u AR (23). p AR (i3) (86)
Op1 = [ abt .. aB})T (87)
Oc1 = [aS" oS ... aSHT (88)

e calibration For functions F5 and Gs the rule base is of

the form:
R,J:2 s if dois Afflthean2 =al? (89)
RS2 . if iy is AltthenG? = af? (90)

for 14 € {1,2,3} and k = {1,...,3}. The overall output

is given by:
3
. . > ai Ff . . .
Fy(x,0pe) = =—— = Wi, .0F2 ; Ga(2,062) =
> aj
k=1
3 2 2
k21 k- T §
e = Wpy .02
> o
k=1
(91)
with:

0 = pAi(iy) (92)
Opy = [an azFZ a§2 T (93)
Oz = [af? a§? a§?]" (94)

e calibration For functions F3 and Gz the rule base is
described by 27 rules of the form :

RE3 . if @1 is Allandxs is Aandis is APthenF
(95)

R$3 1 if iy is Allandxs is ARandis is APthenG3

= af3
(96)
for 11,12 13€ {1,2,3} and k = {1, ..., 27}.
Therefore, the overall output is given by:
27
A 3 op Fy R . R
Fy(x,0p3) = *=5—— = Wis.0r3 ; Ga(x,063) =
X o
k=1
27
3 op.Gi .
e = Wisbas
PR
(97)
with:
ok = AL (i) AR (2g) AR (ig)  (98)
Ops = [al™® af® ... a2 (99)
Ocs = [aS? a$? ... oS3 (100)
Consequently, the control inputs u; (for j=1,...,3) are

determined by:

wj(t) = kajS; + 3 Foj 1X5.11 .Sj + WE0p;Yjres
+ngécj + Us;

(101)

with:
Sj = (Ejref — T5) + Xj(Tjres — T;5) (102)
Yiref = &jref + Nj(&jref — &5) (103)

Usj = (Erj |Yires| + Ecy) sign(Sy) (104)



where the parameters are updated by the following
adaptive law:

Orj =7 Wr;-S;-(Yirer)" (105)

O =vWa;.S; (106)

and the unknown bounds are corrected by :

Foj = n; 1X;]15;] (107)
Erj = 05 [Yires||Si] (108)
Eaj = n; 155l (109)

6.2 Simulation Results

The control law is constituted by an adaptive fuzzy
model term (ngéFijref + ngégj), the metric term
(kg S;+ %Foj | X;]| S;), and the sliding compensatory term
(usj). It is imperative to look for the control coefficients
such that the adaptive fuzzy model term is preponderant.
Satisfactory results are obtained for the control coefficients
and bounds initial value (Foj, EFj , £gj), which are set up
as indicated in Table 1.

Table 1
Control Coefficients and Initial Bounds

Joint | kg A ¥ n |Fo|ér|éa
n°1| 1500 |100| 100 |1.2] 1 |0.2|0.2
n"2|25000{100f 1 (12| 1|1 |1

n°"3| 750 | 75 (2000|10| 1 |0.5|0.5

The simulation is conducted when the desired trajec-
tory for each joint is a cycloid given by:

qfi — qoj 2t .27t .
Qref; = qu—l—(if] 0]) ( — Sln(tf)> fO’I“] = (1727?))

27
(110)
where qgj, qfj, and ty are, respectively, initial position
joint value, final position joint value, and final time.

The simulations are conducted, first, where the robot
works in empty regime (testl: see Fig. 1); second, where
the robot is initially loaded with a 10kg mass that is let go
at time ¢ = 1s (test2: see Fig. 2); and third, where the
robot starts in empty regime after which all parameters are
increased with 50% around nominal values at the time ¢ =
1s (test3: see Fig. 3). The obtained results show that the
tracking regime is effectively established with acceptable
tracking errors (less than 2x1073) and the control inputs
(u1, ug, uz) appear feasible. When the robot is in testl
the tracking errors and control inputs take their smallest

values. Moreover, the inputs remain continuous (see Fig.
1). However, the control inputs increase somewhat relative
to test1l and present an acceptable discontinuity at time ¢t =
1s when the 10kg mass is slipping and when the parametric
variations are applied.

Figure 1. The robot responses to testl.

Figure 2. The robot responses to test2.

Figure 3. The robot response to test3.

Table 2 shows the maximum control inputs in the
three regimes. It appears that for the first joint maximal
input (u1)maz remains practically constant and (u2)max
increases by 31.5% in test2 to 41% in test3. For the third
joint, (u3)maee increases by 29.5% in test 2 to 40.7% in
test3. The absolute maximal tracking errors concerning
the first and the second joint remain practically unchanged
for these three tests. Meanwhile, the third joint maximum
tracking error increases by 10% in test2 to 20% in test3
(see Table 2). The adaptive sliding terms (us1, uge) keep
sensitively the same form and the same absolute maximum
value; meanwhile, ug3 shows more shattering in test3.

Theses results reveals that the direct adaptive fuzzy
control law is highly robust in the face of internal uncer-
tainties and external disturbances. Moreover, because the
sliding terms evolve in practically the same interval in the
three cases, consequently the adaptive fuzzy model term
remains the preponderant term in the control law.

Table 3
The Maximal Absolute Value of Sliding Terms
51| max 2] max |53 ] max
Test1 2.08 12.90 6.63
Test2 2.09 12.91 7.84
Test3 2.08 12.92 7.35

7. Application to Induction Motor
7.1 Control Law

In (d,q) reference frame fixed to rotor field, the dynamic
of the flux ¢, and the rotating speed pulsation (w,) of the
three-phase induction motor are reduced to the following
equations [16], where (I4 I;) are the components of the
stator current:

_ T, dér 1
Ia = 37 dt M¢T

_ JL, dw, , Loks Lop
I = arg, “at + 2are,wr T g L

(111)

where the motor parameters represent:
. T, : rotor electric constant



Table 2

Maximal Absolute Tracking Errors and Maximal Inputs

(ler1))maz | (er2])maz | (le73])maz | (1) maz | (02)maz | (U3)mazx
Testl | 1.5x1073 | 0.9x1073 | 1073 18.35 | 358.76 | 36.97
Test2 | 1.5x1073 | 0.9x1073 | 1.1x1073 | 20.17 472 47.88
Test3 | 1.6x1073 | 0.9x1073 | 1.2x1073 | 18.35 | 505.29 | 52.01
. Lg, L,: stator cyclic inductance, rotor cyclic induc-
tance FOy = m ol [Si]; FO=mlw|[S2]  (118)

. M: mutual inductance cyclic between stator and rotor

. ks 1 viscous coefficient

. J: inertia

. I, : load torque

. p : pair of poles

In the field rotating reference frame, it is well known

that the dynamic of flux depends only on the control input
I; and the flux ¢,.. Moreover, the dynamic of the speed
depends mainly on the control input I, and the speed w;.
The influence of the flux on the dynamic of the speed is
not taken into account. Therefore, the investigation of the
control inputs is based on the following simple system:

Iy = Fi(¢.)¢r + Gi(or)

(112)
Iq = Fg(wr)djr + GQ(C{.)T)

For the first system, the estimation of the functions F;
and G is carried out with only three rules, so the flux is
described by three fuzzy sets. By contrast, for the second
system, the reconstruction of the functions Fy and Go is
obtained with five rules, and hence the speed is described
by five fuzzy sets.

Using the latter procedure, we compute the control
input as follows:

Iy = ka1 S1 4 0.5.F01 |, Sy + (Wp1) 01 Yye 1+
(We1) g1 + Err [Yres| sign(St) + Eqisign(Sh)

. (113)
Iy = ka2S2 + 0.5.F03 |w,| Sa + (Wr2)"0paYye po+
(Wao) s + Era |Yyera| sign(Sa2) 4+ Egasign(Ss)
where:
Sl = ¢T€f - ¢7‘; SQ = Wref — Wr (114)

Yrefl = éref'i_)\l((bref_(br); YtrefQ = wref+)\2(wref_wr)

(115)
The parameters are updated by the laws:

01 = 111WeiS1 Oaa = 112We2Ss (116)

Or1 = Y21 Wr181Yrep1 Ora = 422 WraSaYeepa  (117)

whereas the upper bounds are estimated by the laws:

Ep1 =M |Yeep1ll - [S1]; Epa = m2 |[Yeep2ll - 1S2|  (119)

Ec1=m|S1|; Ega=mn2|Ss (120)

The controls u(t) = (I4, I,) are the (d,q) components of
the stator current. Because the three-phase induction mo-
tor is voltage fed, it is necessary to determine the required
stator voltage components (u,, ug) that effectively impose
this stator current. This is achieved by feeding the motor
with three-phase current controlled inverter. The structure
of this control scheme is shown in Fig. 4. In this figure,
the adaptive fuzzy controller (AFC) for flux elaborates

the control law I; from variables (d}ref Gref Pr ) and the

adaptive terms Fy, G1,F01, ép1 and ég1. With the same
procedure, the adaptive fuzzy controller for speed com-

putes the control signal I, from variables (wre F Wref Wr )

and the adaptive terms 13'27 G27]3‘027 §F27 and 5@2. In order
to maintain the stator current in acceptable range, the
control inputs (I4, I;) are transformed into limited inputs
(I, Tz). The three-phase reference current (ig, iy, ig) is
obtained from the (d, q) stator reference current (I}, I})
by using the inverse Park transformation (Tp~—!). The
actual stator current (ig, ip, i.) is restricted in hysteresis
bandwidth Ai around the three-phase references currents
by using an appropriate switching of the inverter legs. The
induction motor is modelled by its five nonlinear differen-
tial equations in stator reference frame («, (), including
the stator current components (i, i), the rotor field com-
ponents (¢, ¢3), and the speed rotor w,[16]. The rotor
field position (©), which is used in the Park transformation
(Tp) and its inverse (Tp~1), is assumed available from
measurement (or observation).

Figure 4. Direct adaptive fuzzy control scheme of induction
motor.

7.2 7.2 Simulation Results

The motor under tests is characterized by:
P = 3.7Kw, 220/380V, 8.54/14.8A
M = 0.048H, Ls,= 0.17H, L,= 0.015H, o = 0.0964
T,= 0.151s, T,= 0.136s, J = 0.135mN/rds ™2, K=
0.0018mN /rdS—1



The current-controlled inverter is fed by 600V continue
voltage assumed constant, and the hysteresis bandwidth
of stator current controller is fixed to 1A. The reference
signals of flux and speed vary in physical size in the range [0,
¢n] and [-1.33w,,,1.33w,],respectively, where ¢,, is nominal
flux and w,, the nominal speed. In order to have some
admissible errors, these intervals should be extended, such
as [-0.1¢y,, 1.1¢,,] for flux and [-1.5wy,,1.5w,,] for speed. Tt is
obvious that these intervals become, in relative value, [-0.1,
1.1] for flux and [-1.5,1.5] for speed. Therefore, the fuzzy
sets of flux and of speed are regularly distributed on the
universe of discourse [-0.1, 1.1] and [-1.5, 1.5], respectively.
The desired flux and speed tracking are involved with the
regulator coeflicients tuned to values given in Table 4:

Table 3
Control Coeflicients and Initial Bounds

ka|M~v| n |Fo|ér|éa

Flux | 5 |5]1]1.2] 1 |1.2]1.2
Speed | 5 |5|1|1.2] 1 (1.2]1.2

The flux and speed-tracking responses of induction
motor, under the proposed fuzzy adaptive control, are
shown in Fig. 5 (for both wy;>0 and w,e;<0). These
responses are obtained in the case where the nominal load
torque and parametric variations are applied (at the same
moment) during 1s respectively at the time t = 0.85,
1.3s, and 2.05s. The parameter variations are involved
around nominal values as that the stator and rotor resistors
increase, respectively, by an amount of 50% and 100%,
all stator and rotor inductors decrease respectively by
an amount of 30%. Moreover, in field-weakening regime
(i.e., when the speed reference wy.; grows up to nominal
value w,= 300rd/s), the reference flux ¢,y is reduced
down to the nominal value ¢, (¢, = 0.33Wb) as:¢rey =
d)nwn/w'r'ef .

It appears that the flux and speed track their refer-
ences with a good accuracy and good precision despite the
presence of strong disturbances, as the maximal tracking
errors reported to their nominal value remain weak 1.5%
for flux and 0.14% for speed (see Table 5). Meanwhile, the
tracking regime is lost in the beginning of the transient
stage (for t<0.12s) due to the fact that the control inputs
(Iq I;) are in limitation regime.

Table 4
Maximum Tracking Errors

Max. Tracking Error
‘¢rcf - ¢|

|wref — wl

In Case wycf>0
4.6x1073Wb
0.44rd/s

In Case wyer <0
5x1073Whb
0.33 rd/s

Figure 5. Flux-speed tracking of induction motor.
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8. Conclusion

In this article we have designed a direct adaptive fuzzy
control law for a class of nonlinear system encountered
in robotics. This control law ensures the convergence of
tracking errors and boundedness of the fuzzy logic system
parameters and all signal plants. This law incorporates
an adaptive sliding term to compensate the unknown min-
imum approximation error between the fuzzy logic model
and the controlled plant. This compensation is performed
independently of internal or external disturbances. The
application of the developed method is carried out for a
cylindrical joint robot and induction motor. The obtained
simulation results shows that this direct adaptive fuzzy
control law maintains the tracking errors in an acceptable
interval with feasible control inputs in the presence of hard
parameter variations or external disturbances.
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