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Abstract The paper presents a novel fuzzy feedback linearization control of non-
linear multi-input multi-output (MIMO) systems for the tracking and almost distur-
bance decoupling (ADD) performances based on the fuzzy logic control (FLC). The
main contribution of this study is to construct a controller, under appropriate con-
ditions, such that the resulting closed-loop system is valid for any initial condition
and bounded tracking signal with the following characteristics: input-to-state stability
with respect to disturbance inputs and almost disturbance decoupling. The feedback
linearization control guarantees the almost disturbance decoupling performance and
the uniform ultimate bounded stability of the tracking error system. As soon as the
tracking errors are driven to touch the global final attractor with the desired radius,
the fuzzy logic control immediately is applied via a human expert’s knowledge to
improve the convergence rate. One example, which cannot be solved by the previous
paper on the almost disturbance decoupling problem, is proposed in this paper to ex-
ploit the fact that the tracking and the almost disturbance decoupling performances
are easily achieved by the proposed approach. In order to demonstrate the applicabil-
ity, this paper has investigated a full-vehicle suspension system.
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1 Introduction

Two well-known tasks of stabilization and tracking problems are important topics in
the field of control. Tracking problems are generally more complicated than stabiliza-
tion problems for nonlinear control systems. Many approaches for nonlinear systems
are introduced, including feedback linearization, variable structure control (sliding
mode control), backstepping, regulation control, nonlinear H* control, the internal
model principle and H® adaptive fuzzy control. Recently, variable structure control
has been introduced to deal with nonlinear systems [18]. However, chattering behav-
ior which may create unmodeled high frequency due to the discontinuous switching
and imperfect implementation and may even drive systems to instability is inevitable
for variable structure control schemes. Backstepping has been a powerful tool for
synthesizing the controller for a class of nonlinear systems. However, a disadvantage
of the backstepping approach is the explosion of complexity which is caused by the
complicated repeated differentiations of some nonlinear functions [32, 42]. An out-
put tracking approach is to utilize the scheme of the output regulation control [14], in
which the outputs are assumed to be excited by an exosystem. However, the nonlinear
regulation problem requires solving the difficult solution of partial-differential alge-
braic equations. Another problem of the output regulation control is that the exosys-
tem states need to be switched to describe changes in the output and this will create
transient tracking errors [27]. In general, the nonlinear H°® control has to solve the
Hamilton—Jacobi equation, which is a difficult nonlinear partial-differential equation
[2, 15, 36]. Only for some particular nonlinear systems can we derive a closed-form
solution [13]. The control approach based on the internal model principle converts
the tracking problem to a nonlinear output regulation problem. This approach de-
pends on solving a first-order partial-differential equation of the center manifold [14].
For some special nonlinear systems and desired trajectories, the asymptotic solutions
of this equation via ordinary differential equations have been developed [6, 9]. Re-
cently, H* adaptive fuzzy control has been proposed to deal with nonlinear systems
systematically [4]. The drawback with H®® adaptive fuzzy control is that the com-
plex parameter update law makes this approach impractical. During the past decade,
significant progress has been made in the research of control approaches for nonlin-
ear systems based on the feedback linearization theory [7, 12, 18, 26, 30]. Moreover,
the feedback linearization approach has been applied successfully to address many
real controls. These include the control of electromagnetic suspension systems [16],
pendulum systems [5], spacecraft [29], electrohydraulic servosystems [1], car-pole
systems [3] and bank-to-turn missile systems [21].

For the past two decades, fuzzy logic control has attracted a great deal of atten-
tion [31]. Despite the success, many fundamental issues remain unanswered. Almost
disturbance decoupling analysis and systematic design are among the primary issues
to be further addressed. The almost disturbance decoupling problem, the design of
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a controller which attenuated the effect of the disturbance on the output terminal to
an arbitrary degree of accuracy, was originally developed for linear and nonlinear
control systems in [39] and [24], respectively. Henceforward, the problem has at-
tracted considerable attentions and many significant results have been developed for
both linear and nonlinear control systems [23, 28, 38]. The almost disturbance de-
coupling problem of nonlinear single-input/single-output (SISO) systems was inves-
tigated in [24] by state feedback and solved in terms of sufficient conditions for sys-
tems with nonlinearities which are not globally Lipschitz and disturbances appearing
linearly but possibly multiplying nonlinearities. The resulting state feedback control
is constructed following a singular perturbation approach. The sufficient conditions
in [24] require that the nonlinearities multiplying the disturbances satisfy structural
triangular conditions. The result of [24] indicated that for nonlinear SISO systems
the almost disturbance decoupling problem could not be solvable, as the following
example showed:

f10) =t~ 1 +00). (60| > 3
X2(1) = u
y=x

where u, y denoted the input and output respectively and 6(¢) was the disturbance
of the system. On the contrary, this example can be easily solved via the proposed
approach in this paper.

Fuzzy logic control has been applied not only to cement kilns and subway trains
but also to industrial processes. Its designing procedures are as follows. First, rep-
resenting the nonlinear system as the famous Takagi—Sugeno fuzzy model offers an
alternative to conventional models. The control design is carried out based on an ag-
gregation of linear controllers constructed for each local linear element of the fuzzy
model via the parallel distributed compensation scheme [37]. For the stability analy-
sis of fuzzy systems, a lot of studies are reported (see, e.g., [20, 33—35] and the ref-
erences therein). The stability and controller design of fuzzy systems can be mainly
discussed by Tanaka—Sugeno’s theorem [33]. However, it’s difficult to find the com-
mon positive definite matrix P for linear matrix inequality (LMI) problem even if P
is a second-order matrix [17]. To overcome the difficulty of finding the common pos-
itive definite matrix P for the fuzzy-model approach, we will propose a new method
to guarantee that the closed-loop system is stable and the almost disturbance decou-
pling performance is achieved. The proposed designing structure is as follows. First,
based on the feedback linearization approach, a tracking control is proposed to guar-
antee the almost disturbance decoupling property and the uniform ultimate bounded
stability of the tracking error system. As soon as the tracking errors are driven to
touch the global final attractor, the conventional fuzzy logic control immediately is
applied via a human expert’s knowledge to improve the convergence rate. In order
to exploit the significant applicability, this paper also has successfully derived the
tracking controller with almost disturbance decoupling for a full-vehicle suspension
system. Throughout the paper, the notation || - || denotes the usual Euclidean norm or
the corresponding induced matrix norm.
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2 Controller Design

In this paper, we consider the following nonlinear uncertain control system with dis-
turbances:

X S1Ger, x2, .00, x0)
X2 Hlxr,x, ..., %)
Xn Sa(x1,x2, ..., %)
+ g1 22, X)) @ x2, X)) e g (XX, )
ul(-xla-x27~"a-xn)
U (X1, X2, ...y Xp) b
*
x : + D a}6j (1a)
: o
U (X1, X2, ..., Xp)
yi(x1, x2, ..., Xn) hi(x1,x2, ..., X,)
y2(x1, X2, ..., Xp) ha(x1,x2, ..., Xp)
. = . (1b)
ym(xlaXZ,---,xn) hm(xlsXZs---,xn)

i.e.,

p
X(0)=f(X®) +g(XO)u+ Y _ g7

j=1
y(t) =h(X(1))

where X (1) = [x1(¢) x2(2) --- xn(t)]T € M" is the state vector, u = [u] uz -+ U]’
€ W™ is the input vector, y = [y; y» --- ym]T € W™ is the output vector and
Oa = [0a1(t) Oa2(t) -+ Oap ()]T is a bounded time-varying disturbances vector. The
functions q;‘ eN, f=[fifo - fulleR andg=[g1 g2 - - gm] € R are
smooth vector fields. The function i = [h] hy -+ hpy]T € R™ is a smooth vector-
valued function. The nominal system is then defined as follows:

X0 = f(X®) +g(X0)u (2a)
y(t) =h(X (1)) (2b)
The nominal system of the form (2) is assumed to have the vector relative degree
{ri,ra, ..., rm} [12], i.e., the following conditions are satisfied for all X € N":
@
ngLl}hi(X) =0 3)

forall 1 <i <m, 1< j<m,k<r;— 1, where the operator L is the Lie deriva-
tive [12]and ri +rp+ -+ 1y =7.
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(ii)) The m x m matrix

Lol () o Ly, L ()
Lo L2 "ho(X) -+ Lg, L7 hy(X)

A= 81~ f . 8 f (4)
L, L””_l hw(X) -+ Ly L“”‘1 B (X)

is nonsingular.
The desired output trajectory yfi, 1 <i < m and its first r; derivatives are all uni-
formly bounded and
[ 1 [ i [ .
i iy < BY, 1<i<m )

where Bé is a positive constant.

The objective of the paper is to propose a control that includes a feedback lin-
earization controller and a fuzzy logic controller to achieve the almost disturbance
decoupling and tracking performances.

2.1 Feedback Linearization Controller Design

Under the assumption of well-defined vector relative degree, it has been shown [12]
that the mapping

¢ : RN >N 6)
defined as
i ¢ Lhi(X)
& = % = q)é = L}h_i(X) , i=1,2,....m (7)
ol Lo
¢k(X(t))Enk(t), k=r+1,r+2,....n 8)
satisfying
Lei(X(0)=0, k=r+1,r+2,....n,1<j<m )
is a diffeomorphism onto image, if
(i) The distribution
G =span{g1, 82, ..., gm} (10)

is involutive.
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(i) The vector fields

are complete, where
Yi=(Dlad g Tsjsm 1<k<ry

f(X> = f(X) — g(X)A (X)b(X)

L’flhl(X)
L'?hy(X)
b(X) = ’
L;:”hm(X)
g=[& & - Em]=gXAT'(X)
adig =[f, adi'g]
9
Lf, ]-—-——f(X)—~4£ (X)

For the sake of convenience, define the trajectory error to be
J y
=gy =12 m =12

=[e o - eﬁi]Teﬁﬁ”

(1)

12)

13)

(14)

15)

(16)

A7)

(18)

19)

The trajectory error is multiplied with some adjustable positive constant ¢ as follows:

e_j.zsj_leé, i=12,....m, j=1,2,...,r;
— - - —1T e
e’z[ll el ... e’r,-] e N
el
2
e
e = . ef”
e
and let
&1
&
E=| . | en
&
= T gl‘l—r
n@) = [n41() nrg2(®) - ma(0)] €N
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q(E@) . n@®) = [Lydr1(t) Lydria(t) - Lf¢n(l)]T
=[gr+1 Gry2 - Qn]T (25)

Define a phase-variable canonical matrix A’. to be

0 1 0 0
0 0 1 0
Al=| : : , I<i<m (26)
0 0 0 1
op —oy —ay e o—op |
where ozi, aé, e, oeﬁi are some chosen parameters such that Ai. is Hurwitz and define
the vector B to be
B'=[0 0 -~ 0 1]}, 1<i<m (27)

Let P’ be the positive definite solution of the following Lyapunov equation:

(A)'P 4P AL=—1, 1<i<m (28)
Amax (P') = the maximum eigenvalue of P/, 1<i<m (29)
Amin(P') = the minimum eigenvalue of P/, 1<i<m (30)
Max = M0 {Amax (P1)s Amax (P). - Ama (P™) 3D
Hin = M0 {Amin (P1). Amin(P2). ... mm( ")} (32)

Assumption 1 For all > 0, n € "™ and & € N, there exists a positive constant
M such that the following inequality holds:

lg22(t, n.8) — gaa(t, 1, 0)|| < M(Jlell) (33)
where g22(t,n,e) =q (&, n).

For the sake of stating precisely the investigated problem, define

dij=Lg L'} 'hi(X), 1<i<m 1<j<m (34)

ciEL;ihi(X), l<i<m (35)
and

jzaiz+aég+~--+a£ie_£i, 1<i<m (36)

Definition 1 [18] Consider the system x = f (¢, x,60), where f :[0,00) x R" x
NRN" — N" is piecewise continuous in ¢ and locally Lipschitz in x and 6. This sys-
tem is said to be input-to-state stable if there exists a class KL function B, a class K
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function y and positive constants k; and kj such that for any initial state x(¢p) with
lx(t0)|| < k1 and any bounded input 9(¢) with SUP;>, 16(t)|| < kp, the state exists
and satisfies

x| < B(]xt0)

Lt —10) —i—)/(t SuptHG(r)”) (37)
0=T=

for all + > 79 > 0. Now we formulate the tracking problem with almost disturbance
decoupling as follows.

Definition 2 [23] The tracking problem with almost disturbance decoupling is said
to be globally solvable by the state feedback controller u for the transformed-error
system by a global diffeomorphism (6), if the controller # makes the closed-loop
system enjoy the following properties:

(i) Itis input-to-state stable with respect to disturbance inputs.

(i1) For any initial value x.o = [e(p) n(to)]T, any ¢ > g and any 79 > 0

1

1y (@®) = ya(®)] < Bu1 (|| (t0) T

,t—to)—i—

IB up 9 T 38
33 <tOS<f<t || ( )”) ( )
and

t 1 t
/ [y(r)—yd(w]zdrsm[ﬁss(umnﬂ / /333(}!9(f)||2)df] (39)
1 to

0
where 77, Bsa are some positive constants, 33, Bs5 are class K functions and

B11 is a class KL function.

Theorem 1 Suppose that there exists a continuously differentiable function V :
M — N such that the following three inequalities hold for all n € K"~

@ o> <V <mlnl? o,w0>0 (40a)
(b) ViV 4+ (Vy V) gn(t, 1,0) < —2a,nlI>, x>0 (40b)
© IVyVI<wslnll, @3>0 (40c)

then the tracking problem with almost disturbance decoupling is globally solvable by
the controller defined as

Ufeedback = A~ {—b + v} (41)
m T

b= [L?h] L;czhz L;c hm] (42)

v=[v; vy - v’ (43)

. , —r . . —r . ) i(1
vi =y — e ol [LShi(X) — yi] — e T [Lhhi () — yU] -

—e ol (LT () =y P] 1<ism (44)

i
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and the influence of disturbances on the Ly norm of the tracking error can be arbi-
trarily attenuated by increasing the following adjustable parameter Ny > 1:

. ko1 KledIZIet 1 K lgg PP )? o wse
E———i—...———— a
=5 36 &2 36 g2
a)%M2 1 5 2
koo =200 = = = w3l | (45b)
N> = min{k1, k22} (45¢)
m+ 1( 2
T Csup |6 r)) (45d)
=g (e 6@
Qg % Qg %
eqxhig) eq3xhigay,
Pt (e) = : : . 1<izm (45e)
e g L gt - g L hig),
iXd)r+1ql gixqbr—&-lqz
Pn(e) = ; : (45f)
i %qbnq;" e e

where k(e) : R — RT is any continuous function satisfying

3
lim k(e) =0 d lim — =0 45
O =0 and i iy e

Moreover, the output tracking error of system (1) is exponentially attracted into a

sphere By, r =,/ %, with an exponential rate of convergence

1/ N N 1
Sl (L (45h)
2\ Amax Amaxﬁ2 2

where

k
Amax = max { w3, 5)\’:;121)( } (451)

Proof Applying the co-ordinate transformation (6) yields

g 991dX _ 3’“
179X ar

f+e ”+ZCI79dji|

j=1

ohy dohy ohy
__f‘i‘ﬁglul‘f‘ + gmum"‘Z >mdj

8h doh oh
Tt Z L1045 = 52+Z S (46)
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L el _iax AL} Thy
srl—l = "av . - T av

P
f+g-u+Zq79dj]

X dr 93X ,
j=1
aL;}‘zhl aL;}‘zhl BL’fl_zhl
= 39X f+ IY% gl”l+"'+T§m”m
P AL 2h,
+Z 4564
aL"‘2h1 P 9L " 2hy P 9L’ hy
f f ri—1 *
=1 — g0y =L}""h 1 *e, (47
5% f—l—j; e 0 1+]2% e q;j0aj (47)
—1
. 3¢1 dX L"} hy P
1 r f *
= ox s x|/t u+j2_;q, ij
aL}'“hl aL}'“hl oLt 'y
= 53X f+ X 81Ul ‘|‘"‘+Tgm“m
P 3Lr171h1
f «
t2 x4t
j=1
y o P aL” Tny .
_L hl—i-LglL h1M1+ +LgmL hlum—k;qude
p aLrl l 1
=ci+diur + - +d1mum+za—x 704 (48)
j=1
APV AX Bhy,
m 1
- 9
ST 9K ar T ax [Hg “+;‘11 dJ}
Y- iy
= —f + g1u1 + - + gmum + Z jedj
)4 P
ah ah
=Lihm+y a—;’q;fedj =& 4y 3—,}"‘179611 (49)
j=1 j=1
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) 3™ ax L™ hy, r
m rm—1 f *
S aX dt X f+e “*;‘1/ dj
aL}m”hm +3L}m*2hm .\ +3L}"’*2hm
= 93X f X 81Ul aX EmUm
P 8L””_2h
+Z 4304,
1 L’m*zh P AL hy,
— 17y, +Z q7304; = st — g0, (50)
—1
) " ax AL hy r
m "'m f *
& 35X dr 3% f+g u+;q, aj
oL 'h Ly, L’
39X f+ 53X giup+---+ 39X EmUm
? aL’m‘1
+Z =4},
4 8L’m_1h
ZL}mhm—i_LglL’}m_ hmul +- +L8erm mum+2 q/ d]
P L Ui
=cp +dmiur + - +dm1num+Zqued/ (51)
j=1
O dX _ O
1= —— = 6
) == fte u+;q] ij
_ 0 . 39 d¢ 0,
= ol o am S m+jZan, i)
L y
N
j=1
—qk+2 030, k=r+1,r+2,....n (52)
Since
ci(®),n@®)=Lhi(X (@), l1<i<m (53)
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dij=Le L'} 'hi(X), 1<i<m, 1<j<m

qk(é;‘(t),r;(t)) =Lipp(X), k=r+1,r+2,...,n

the dynamic equations of system (1) in the new co-ordinates are as follows:

5= ,+1(t)+2 — L g0y, i=1.2,...n— 1

£ =c1(E), n(t)) +di (), n@)ur + -+ dim (50), 0 () )um

ri—1 *n
+Z§Lf hlq.jgd]

14

. i .

g =&",)+ § :ﬁL’f Vg 0aj. i=1.2,. =1
j=1

5:2 (1) = cm(E@), () + dm1 (E@), n(D)ur + - - + dym (§(0), (1) )

m— 1 *n .
+ Z 3_XLf hing;0aj

() = (), n(0)) +Z P00, k=r+1,.n

yi)y=£@), 1<i<m

(54)
(55)

(56)

(57)

(58)

(59)

(60)

(61)

According to (18), (44), (53), and (54), the tracking controller can be rewritten as

u=A""=b+v]

(62)

Substituting (62) into (57) and (59) yields the dynamic equations of system (1) as

follows:
() 0 1 o1 [ &o 0
gé(:) 0010 0 éﬁ(t) 0
= : : v
rfl(r) 000 - 1 rfl(;) 0
E(1) 000 0] & !
p

j= 13X lqjed]

p 9
+ j= 1axL h,q"/.*@d]

P il
13X } hijed]
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p

Nr+1(2) gr+1(1) =1 3X¢r+lq/ 0 |
Nr4+2(t) gr+2(1) Z?:l ﬁ‘/’rﬂqj- Ouj
: = ; + : (64)
fqul(t) qn—1(1) / 13X¢n 19704j
1 (F) gn (1) r lax¢"q]9dj |
E{(1)
&)
yi=[1 0 - 0 Olixy : =&@), 1<i<m (65)
SN0
g0 1,

When we combine (18), (20), (21), (26), and (44), it is easily verified that (63)—(65)
can be transformed into the following forms:

(1) = q(E@), n()) + ¢ya = g2 (1, 1(1), &) + G4 (66a)
eel(t) = Alc +¢l6,, 1<i<m (66b)
Vi)=&, 1<i<m (67)

We consider L(e, 1), defined by

L@ =V +kEW@ =V +kE (W (el)+---+W"(em)) (68
and
W@ =W!'(e)+--+W"(em) 69)

to be a composite Lyapunov function of the subsystems (66a) and (66b) [19, 22],
where W (e?) satisfies

Wi(el) = %ZTPi; (70)

In view of (18), (33), and (40), the derivative of L along the trajectories of (66a) and
(66b) is given by

[(eT)TPTel + (ele!) P! (ef) + -
) P(em)]

k[(1 — 1 T o —
=[V:V +(v,WTi] + §[<gAgel + g¢§9d> Plel

N

=[ViV + Wi +

3

+ () P + (e

1

— — 1
+(e")' P! (EAgel + ;pged) +
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11 r. 1 1
+ <—A2"em + —qbg"@d) Pmem (em )TP'" (—AZ”e’” + —¢g”€d):|
& & & &

k — —
=[ViV + (VyW) (g2(t, n(0), €) + ¢pba)] + {g(el)T[(Ai)TPI +Pl(AD]e!

b (@) (A7) P P (A7) T

k — _
+ =@ () P+ (ed)T(qsg")TPmem]}
< [ViV + (VW) g (t.n(0). 2) + (V, V) 04 ]

krenyTer o\ T
—5gl(e) ettt (o) e ]

k 1 m m ||| 5
+ E[”@dIIH¢§ P et -+ neal oz | 2™ e ]
< [ViV + (v, V) g (t, n(1), 0)] + (V, V) [q22(t, n(2), €) — g22(t, 1(2), 0)]

k 1 ) —
A I vy o e N
1 k2 _
+ 2 2 ISP 1P et + oneal® + -
1 k2 ) .
+ 2 e P12 IPlem ] + oneal?

< [ViV + (V) g (t, n(1), 0)] + IV, V Il | g22 (. n(2), €) — g2a2(2, n (1), 0) |
1 k2

k - 2 2177112
19, VI8l = 5-[1E12] + 52 = [t 1P P [T + 9nea)®

1 k2 2 Py
T I e W e T

< =20 |Inll* + wslnliM el + wslinllligy16al

k- ISRTE 2077412
R O L R O

1 k2 o
+5g 2 o PP lem | + 9neal?

1 _ 1
< =20, Inl* + %w%Mznnu2 +9)ie)? + %wgll%llzllnllz +91164112

1

k> )
< |01 P12l + 9n6al + -

k el +
_ Kz s L
2¢ 36 ¢

1 k2 i
+ 3¢ I 12" P12 +oneal’?
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1
= —||n||2[2ax ~ 3695 IM*— — 3||¢,7||2}
18 - IR P - - 5 Slor Pl -]
2¢ 3 82 3
+ 2 Loae (71)
(1/9)
i.e.
m+1_
L <—kilel? = knlinl? + —— 75, 1ol (72)
From (45c¢), we obtain
o m1
L<—Nao(lel® + %) + = (1/9) L ioal? (73)
Define
el
2 1
e=|“ | = [e_l] el g (74)
o erlem
em
Hence
. — 2 _—
L<—=No(Inll?+ [e]* + | el )+Wne a2 (75)

Utilizing (75) easily yields

t
Ll 2 L(t()) m+1 /
/m(yl(r) y(0) dt < —— Nt TN, |6a(0)|* dr (76)

Similarly, it is easy to prove that

! ] i 2 L(to) m+1
/t;) (yz(f) _yd(f)) dt < N, + /9N,

/ l6a@)|>dz, 2<i<m (17)
so that statement (39) is satisfied. From (73), we get

L < —Na(IIyeoll®) + 64(0)||* (78a)

(1/ 9 |
where

I ytotat 12 = IE11% + 1111 (78b)

By virtue of ([18], Theorem 5.2), (78a) implies the input-to-state stability for the
closed-loop system. Furthermore, it is easy to see that

Amin(I11* + 1711%) < L < Amax (1217 + 7117 (79)
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ie.

Amin(”ytotal“z) <Lc< Amax(||yt0tal”2) (80)
where Apjn = min{wl, >hmint and Apax = max{wg, Afax)- From (73) and (80), we
get

. N> m—+1 2
i<- L+—< sup [6a(7) ) 81)
Amax (1/9) tofrpgt” “
Hence,

Ny _
max (t to)

i 2L(10) -
[yi(0) =y, (0] < /;
Amax(m + 1) .
’ \/%Qoq ) 2=i=m (82

which implies

1 (lo M g Amax(m + 1)
t)— t << 2Amax 0 83
Iyi@) =y, @) < o + /180 W, tosSquStH d(T)“> (83)

Similarly, it is easy to prove that

i 2L(t9) _
|yi(6) =i ()] < \/;
Amax(m + 1) .
+\/%( ). 2<i=m 34

Thus statement (38) is proved and then the tracking problem with almost disturbance
decoupling is globally solved. Finally, we will prove that the sphere B, is a global
attractor for the output tracking error of system (1). From (78a) and (45d), we get

Ny _
A —10)

L < —No(lIywowll?) + Ny (85)

For || yiotal || > r, we have L <0. Hence any closed ball defined by

B, = {[;] 1212 + il fz} (86)

is a global final attractor for the tracking error system of the nonlinear control sys-
tems (1). Furthermore, for y ¢ By, we have

L _ =Nalyoal? + N _ =Nyl + N1 _ =N, Ny
L~ L - Amax”ytotal”2 T Amax Amax”)’total”2
—N> Ni

Amax Amax[2

< =—a* (87)
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ie.,
L <—a*L
According to the comparison theorem [25], we get
L(yiotat (1)) < L(yrotat (10)) exp[—a*(r — 10) ]
Therefore,
Aminllyiotal I < LYot (1)) < L(yiotal (f0)) exp[—a* (¢ — 10)]
2
< Amax || Yowl (70) |~ exp[—a*(t — 10)] (88)

Consequently, we get

A 1
ytotatll < [ 5 | Yota1 () | exp[——a*(r - to)}
Amin 2
i.e., the convergence rate toward the sphere B; is equal to «*/2. This completes our
proof. g

If the sum r; +rp + - - - 4y, is equal to the system dimension 7, then Theorem 1
will be reduced to the following simplified version with cancelling Assumption 1
and (40).

Theorem 2 The tracking problem with almost disturbance decoupling is globally
solvable by the controller defined by (41) and the influence of disturbances on the L,
norm of the tracking error can be arbitrarily attenuated by increasing the following
adjustable parameter ki1 > 1:

k1 Kot I71 P2 1 K IR P™ 1 39)
"= 2 7 36 £2 36 &2
Ny = — |6 )||)2 (90)
= — su T
T a9 (,053’5, ¢
D hog* 2 h.g*
Eaxtid, €axtidp
Pi(e) = : : . l<izm (O
8”%L;"_1hiqf 8”%L;"_1hiq;

2.2 Fuzzy Controller Design

Based on using the feedback linearization control as a guarantee of uniform ultimate
bounded stability, the multiple-input/single-output fuzzy control design can be tech-
nically applied via expert’s knowledge to improve the convergence rate of tracking
error. The block diagram of the fuzzy control is shown in Fig. 1. In general, the track-
ing error e(¢) and its time derivative é(t) are utilized as the input fuzzy variables of
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Rule Base

y e _ _
o . *| Inference
Output B Fuzzifier . Defuzzifier—» .,
differentiator > Engine
Va

Tracking

A

\i

Signal

Fig. 1 Fuzzy logic controller

-1 -05-02002 05 T -1 -05-02002 05 T -1 -05-02002 05 1

(@) e(®) (b) é() (©) U

Fig. 2 Membership functions for (a) e(?), (b) é(¢) and (¢) ufuzzy

Table 1 Fuzzy control rule
base Ufuzzy e(r)

NB NM NS ZE PS PM PB

é(t) NB PB PB PB PB PM PS ZE
NM PB PB PB PM PS ZE NS
NS PB PB PM PS ZE NS NM
ZE PB PM PS ZE NS NM NB
PS PM PS ZE NS NM NB NB
PM PS ZE NS NM NB NB NB
PB ZE NS NM NB NB NB NB

the IF-THEN control rules and the output is the control variable uf,,,y. To make it
easier to compute, the membership functions of the linguistic terms for e(?), é(¢) and
Utuzzy are all chosen to be the triangular shape functions. We define seven linguis-
tic terms: PB (Positive big), PM (Positive medium), PS (Positive small), ZE (Zero),
NS (Negative small), NM (Negative medium) and NB (Negative big), for each fuzzy
variable as shown in Fig. 2.

The fuzzy control rule table for ufyzzy is shown in Table 1. The rule base is heuris-
tically built by the standard MacVicar-Whelan rule base [40] for usual servo control
systems. The Mamdani method is used for fuzzy inference. The defuzzification of the
output set membership value is obtained by the centroid method. Therefore, we can
combine the designs of feedback linearization control and fuzzy control to construct
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the overall controller as follows:

UfuzzylUs t—1)

. Utuzzy2Us (t—1n) .
Utettu = A~ {—b + vius (1) + : , l=<i=m  (92)

UtuzzymUs (t —tm)

where u;(#) denotes the unit step function and #;, 1 <i < m are the time variables
that the tracking error of states touch the global final attractor B,.

According to the previous theorems and discussions, an efficient algorithm for
deriving the almost disturbance decoupling control is proposed as follows:

(1) Calculate the vector relative degree r1, 2, ..., 1y, of the given control system.

(2) Choose the diffeomorphism ¢ such that Assumption 1 is satisfied.

(3) Adjust some parameters a’i,aé, e, ozii such that the matrices Aﬂ are Hurwitz
and calculate the positive definite matrices P’ of the Lyapunov equation (28) by
some software package, such as MATLAB.

(4) Based on the famous Lyapunov approach, design a Lyapunov function to solve
the conditions (40a)—(40c). If the relative degree r; + ry + - -+ + rp, is equal to
the system dimension 7, then this step should be omitted and we immediately go
to the next step.

(5) Appropriately tune the parameters k, ¢ such that N> > 1 and go to the next step.
Otherwise, we go to step 3 and repeat the overall designing procedures.

(6) According to (41), the desired feedback linearization controller ufeedhack can be
constructed such that the uniform ultimate bounded stability is guaranteed. That
is, the system dynamics enter a neighborhood of zero state and remain within it
thereafter.

(7) Finally, the conventional fuzzy control uy,,,y is immediately applied to improve
the convergence rate of the tracking error dynamics.

3 Illustrative Example

A full-car model active suspension system is introduced in this section. The sys-
tem entails four suspension mechanisms and four control units as shown in Fig. 3
[8, 10, 11, 41], and is represented as a nonlinear seven-degree-of-freedom (7-DOF).
All suspensions consist of a spring, a damper and an actuator to generate a pushing
force between the body and the axle. The sprung mass is assumed to be a rigid body
and has freedom of motion in the vertical (heave), pitch and roll directions, while the
unsprung masses are free to bounce vertically with respect to the sprung mass. The
suspension between the sprung mass and the unsprung masses are modeled as linear
viscous dampers and spring elements. The tire is assumed to contact the surface of
the road when the automobile is travelling; and is regarded as a spring with a mass.
From Fig. 3, the displacements of the sprung mass are given in the following:

o Front-left wheel

zs1 =2+ asinf +dsing (93)
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Lz, =,

23 = Xip

N

#”l sky =B, 2, = x,

m, = Xg

Fig. 3 Full-vehicle suspension system

e Front-right wheel

Zs2 =2+ asinf — csing (94)
o Rear-left wheel

g3 =2 —bsinf +dsing 95)
e Rear-right wheel

Zs4a =2z —bsind — csing (96)

Here z is the front-left body displacement, z;7 is the front-right body displace-
ment, zg3 is the rear-left body displacement, z54 is the rear-right body displace-
ment, a and b are the distances from front wheels and the rear wheels to the center
of mass of the sprung mass, ¢ and d are the distances from the right wheels and
the left wheels to the center of mass of the sprung mass, and z, 6, ¢ are the vertical
displacement, the pitch angular displacement and the roll angular displacement of
the center of mass of the sprung mass. The equivalent forces in each portion of
half-cars are given in the following:

e Front half-car

Fi1 = ks (252 — zu2) + Bs2(252 — Zu2) + ks1 (251 — zZu1)

+ By1(Z51 — Zu1) —u1 —u2 G
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e Rear half-car

Fy = —kga(zs4 — zZua) — Bya(Zsa — Zua) — ky3(253 — 2u3)

— By3(253 — Zu3) +u3 +uy (98)
e Right half-car

F3 = —ks2 (252 — 2u2) — B2 (252 — Zu2) — ksa (254 — Zud)

— Bya(Zs4 — Zua) — uz — Uy (99)
o Left half-car

Fy = ksl(Zsl —Zul) + le(isl - Zul) + kg3 (zs53 — Zu3)

— By3(253 — Zu3) +u1 +u3 (100)
where u1, us, u3 and u4 are the front-left, front-right, rear-left and rear-right force
inputs. Bs1, By, Bs3 and Byg are the front-left, front-right, rear-left and rear-right
damping coefficients k1, kg2, kg3 and kg4 are the front-left, front-right, rear-left and

rear-right spring coefficients and z,1, z,2, z,3 and z,4 are the front-left, front-right,
rear-left and rear-right wheel displacements.

By applying Newton’s second law and using the static equilibrium position as the
origin for the displacement of the center of gravity and the angular displacement of
the vehicle body, the motion equations for the suspension system can be formulated.
The equations of motion for heave are written as follows:

L1 .
Z= m—{—(kxl + k52 + kg3 + ksa)z — (Bs1 + Bs2 + By3 + Bs4)z

N

+ [—alks + k) + blkg3 + ksa) ] sin6 + kg12u1 + By1Zu1

+ [~a(Bs1 + By2) + b(By3 + Bya) |0 cos 6 + ksazuz + ByoZuo

+ [e(ksa + kya) — d (k1 + ks3) ] sing + k3243 + By3Zus

+ [c(Bs2 + Bsa) — d(Bs1 + By3) ¢ cos ¢ + ksazua + ByaZua
—ul—ug—u3—u4} (101)

For the pitch motion of the sprung mass:

196 = aF; cosf — bF,cos0
= acos0{ks1(zs1 — zu1) + Bs1(Zs1 — Zu1)
+ ks2(z52 — zu2) + B2 (252 — Zu2) — w1 — uz}
— beos0{ks3 (23 — 2u3) + By3(Zs3 — Zu3)

+ ksa (254 — Zus) + Bya(Zss — Zua) — u3 — us} (102)
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For the roll motion of the sprung mass:

ly¢ = —cF3cos@ + dFycos @
= —ccosp{ko (252 — 2u2) + Bs2(Zs2 — Zu2)
+ k4 (254 — 2us) + Bsa(Zs4 — Zua) — U2 — us
+d cos {ks1(zs1 — zu1) + Bs1 (Zs1 — Zu1)
+ ks3(253 — 2u3) + B3 (253 — Zu3) — u1 — u3} (103)

where m is the mass of the car body, and Iy and I, are the centroidal moments of
inertia for pitch and roll.

Applying Newton’s second law once again on the front-left, front-right, rear-left
and rear-right wheels’ unsprung masses, for each side of the wheel motion (vertical
direction) can also be formulated as follows:

o Front-left wheel

mu1Zu1 = Ku1(zr1 — zu1) + ks1(zs1 — 2u1)

+ Bs1(2Zs1 — Zu1) +ui (104)
o Front-right wheel
mynZu2 = K2 (2r2 — zu2) + ks2(252 — 2u2)
+ By (252 — Zu2) +u2 (105)
o Rear-left wheel

mu3Zu3 = Ku3 (23 — zu3) + ks3(253 — 2u3)
+ By3(253 — Zu3) +u3 (106)

e Rear-right wheel

MyaZus = Kua(2ra — zua) + ksa (254 — Zua)

+ Bsa(Zs4 — Zua) +uq (107)

where my1, myo, my3 and m,4 are the unsprung masses of the front-left, front-
right, rear-left and rear-right wheels. K1, K;2, K,3 and K,4 are the front-left,
front-right, rear-left and rear-right tire spring coefficients, and z,1, z,2, zr3 and z,4
are the front-left, front-right, rear-left and rear-right terrain height disturbances.

From equations (93)—(96) and (101)—(107), the system state variables of the full-
car active suspension model are assigned as follows:

x1 =2z, ride height (heave)

xp =z, payload velocity
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x3 =060, pitch angle

x4 =0, pitch velocity

x5 =¢, roll angle

x6 = ¢, roll velocity

X7 =241, front-left wheel unsprung mass height

X3 = zy1, front-left wheel unsprung mass velocity

X9 = 7,2, front-right wheel unsprung mass height
X10 = Zy2, front-right wheel unsprung mass velocity
X11 = zu3, rear-left wheel unsprung mass height
X12 = z,3, rear-left wheel unsprung mass velocity
X13 = Zu4, rear-right wheel unsprung mass height

X14 = Zy4, rear-right wheel unsprung mass velocity

Therefore, (93)—(96) and (101)—(107) can be rewritten in the following form of state
space model;

¥ =x (108a)

. 1
Xy = —{—(ks1 + ks2 + k3 + ksa)x1 — (Bs1 + By + By + Boy)xa

N
alksy + ks2) + b(ksz + kya) | sinxs + kg1 x7 + Byixg — ug
a(By1 + By2) + b(By3 + Bys) | x4 cos x3 + kgaxg + Byaxio — uz
c(k2 + ksa) — d (kg1 + kg3) ] sinxs + kg3x11 + Bgaxiz — u3

+[-

+[-

+

+ [¢(Bs2 + Bsa) — d(By1 + By3)|x6 cosxs + kgax13 + Bsaxia — us}  (108b)

X3 =24 (108c¢)
COS X3

X4 = 7 {[—alks1 + ks2) + b(ks3 + ksa) Jx1 — aui + u3)
9

— [a*(ks1 + k2) + b* (kg3 + ksa) | sinx3 + akg1x7 + a By xg
[az(le + By2) + b*(Bs3 + By4) x4 cos x3 + aksaxo + aBspxio
+ [c(aksz — bkyy) — d(akg) — bks3)] sinxs — bkyzx11 — bBg3x12
+ [c(aBsz — bBys) — d(aBy) — bBy3)|x6 cos xs — bksaxi3 — bByaxi4
+ [—a(Bs1 + Bs2) + b(By3 + Bya) Jx2 + b(uz + us) ) (108d)
X5 = X6 (108e)
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. CcOSXs5
X6 = {[clhs2 + kea) — d kst + kg3) |x1 — c(uz + ua)
@
+ [c(aka — bkys) — d(aky) — bks3)]sinx3 + dkg1x7 4 d By1xs
+ [c(aBsz — bBgs) — d(aBy) — bBy3) |x4 cos x3 — cKy2x9 — cByax1o
- [Cz(kx2 + ksa) + d* (ks + ks3)]sinxs + dkg3x11 + d Byaxin
- [Cz(Bsz + By4) +d*(By) + By3) | xg cosxs — ckax13 — cByaxig
+ [c(Bs2 + Bsa) — d(Bs1 + By3) |x2 + d(uy + u3)} (108f)
X7 = X3 (108g)
xXg = {kxlx] + Bg1xp + akgy sinx3 + aBg1x4 cos x3 + dkg sin x5
ul
+ Ku12r1 4 dBgi1x6 cos xs — (K1 + ks1)x7 — Bsixg +u1} (108h)
%9 = X10 (108i)
X10 = {ksle + Bgoxp + akgo sinx3 + aBgox4 cos x3 — ckyp sin x5
my2
+ Ku22r2 — ¢Byaxe cos xs — (Ky2 + ks2)Xo — Bsaxio + 2} (108j)
X111 =x12 (108k)
X1 = {kx3x1 + Bg3xpy — bkgz sinx3 — bBgzxg cos x3 + dkg3 sinxs
u3
+ Ku32,3 4 d Bysxg cos xs — (K3 4 kg3)x11 — Bsaxiz + us} (1081)
X13 = X14 (108m)
X4 = {ks4xl + Bgaxy — bkgg sin x3 — bBggx4 coS x3 — ckgq Sin x5
my4
+ Kuazrs — cBgaxe cosxs — (K4 + kga)x13 — Bgaxi4 + u4} (108n)
Y1 =X1+x2:=h (109a)
V2 =x3+x4:=ho (109b)
y3=2x11+x12:=h3 (109¢)
Y4 =X13+X14:=hy (1094d)

In our simulations, the parameters of the full-car suspension model selected for this
study are listed in Table 2. Hence the mathematical model can be rewritten as

X1 =X

Xy = —97.33x; — 2.8xp +20.8 sinx3 + 0.63x4 cos x3 — 48.67 sin x5
— 1.4xgcos x5 + 23.33x7 + 0.67xg + 23.33x9 + 0.67x19 + 25.33x7
+0.73x12 4+ 25.33x13 + 0.73x14 — 0.00067 (11 + uo + u3 + uy4)
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Table 2 System parameter values used in the full-car suspension model

Parameter Value Parameter Value Parameter Value
mg 1500 kg b 1.7m kgo = kgq 3800 N/m
Mmyii=1,...,.4 59 kg c 1m le :BsS 1000 N/m/s
Iy 2160 kg/m?> d 2m Bg» = By 1100 N/m/s
Iy 460 kg/m? Kyiiz1...4 190000 N/m Zriiel,.. 4 0.1sin(471)
a 14 m kg1 = kg3 3500 N/m

X3 =2x4

X4 = 14.44x1 cos x3 + 0.44x, cos x3 — 165.2sinx3 cosx3 — 4.76x4 cos? X3
+ 7.22 sin x5 cos x3 + 0.22x¢ cos x5 cos x3 + 22.69x7 cos x3 + 0.65xg cos x3
4+ 22.69x9 cos x3 + 0.65x19 cos x3 —29.91x; cosx3 — 0.87x1 cos x3
—29.91x13cosx3 — 0.87x14cosx3 — 6.48 x 10™*(u; + u3) cos x3
+7.87 x 107*(uz 4 uq) cos x3
X5 = Xg
X6 = —158.70x1 cos x5 — 4.57xp cos x5 + 33.91 sin x3 cos x5 + 1.02x4 cos x3 cos x5
— 793.48 sin x5 cos x5 — 22.83x¢ cos’ x5+ 152.17x7 cos x5 + 4.35x5 cos x5
— 76.09x9 cos x5 — 2.17x19cos x5 + 165.22x11 cos x5 + 4.78x17 cos x5
—82.61x13c0osx5 —2.39x14cosx5 —2.17 x 10_3(142 + u4) cos xs
+4.35 x 1073 (u; + u3) cosxs
) (110a)
X7 = X3
xg =593.22x1 + 16.95x, + 830.50 sinx3 + 23.73x4 cos x3 + 1186.44 sin x5
+ 33.90x6 cos x5 — 3813.56x7 — 16.95xg + 3220.34z,1 + 0.01695u
X9 = X0
X10 = 593.22x1 4+ 16.95x7 + 830.50 sin x3 + 23.73x4 cos x3 — 593.22 sin x5
— 16.95x6 cos x5 — 3813.56x9 — 16.95x1¢ + 3220.347,2 + 0.01695u,
X1 =Xx12
X120 = 644.07x; + 18.64x7 — 1094.91 sinx3 — 31.70x4 cos x3 + 1288.14 sin x5
+ 37.29x¢ cos x5 — 3864.41x11 — 18.64x12 + 3220.34z,3 + 0.01695u3
X13 =X14
X14 = 644.07x; 4+ 18.64x7 — 1094.91 sinx3 — 31.70x4 cos x3 — 644.07 sin x5
— 18.64x6 cosxs — 3864.41x13 — 18.64x14 + 3220.347,4 + 0.01695u4
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yi =x1+x2:=h

Y2=Xx3+Xx4:=hy
(110b)
y3=Xx11+X12:=h3

Y4 =Xx13+ X14:=hq

Now we will show how to explicitly construct a controller that tracks the desired
signals y é = yﬁ = yj = yg =0 and attenuates the disturbance’s effect on the output
terminal to an arbitrary degree of accuracy. Let’s arbitrarily choose ozll = oe% = af =
af =0.06, Al =A2=A3=A%=-0.06, Pl = P2=P3 = P*=25/3 and 1}, =

min —
Afax = 25/3. From (41), we obtain the desired tracking controllers

up = 818.564[(x2 —97.33x1 — 2.8x2 +20.8sinx3 + 0.63x4 cos x3 — 48.67 sin x5
— 1.4xg cos x5 + 23.33x7 + 0.67xg + 23.33x9 + 0.67x19 + 25.33x1;
+0.73x12 +25.33x13 + 0.73x14) + 0.066 ! (x1 + x2)]

696.874

[(x4 + 14.44x cos x3 + 0.44x) cos x3 — 165.2 sin x3 cos x3
COS X3

+

— 4.76x4cos2x3 + 7.22 sin x5 cos x3 + 0.22x¢ cos x5 cos x3 + 22.69x7 cos x3

+ 0.65xg cos x3 + 22.69x9 cos x3 + 0.65x10cos x3 — 29.91x11 cos x3

— 0.87x12cosx3 — 29.91x13 cos x3 — 0.87x14 cos x3) + 0.06 ™! (x3 + x4)]

+ 59.069[()612 +644.07x1 + 18.64x — 1094.91 sin x3 — 31.70x4 cos x3

+ 1288.14 sinx5 + 37.29x¢ cos x5 — 3864.41x11 — 18.64x12)

+0.06e ™! (x11 + x12)] (111)
Uy = 673.989[(x2 —97.33x1 — 2.8x2 +20.8sinx3 + 0.63x4 cos x3 — 48.67 sin x5

— 1.4xgcos x5 +23.33x7 + 0.67xg + 23.33x9 + 0.67x19 + 25.33x1

+0.73x12 4 25.33x13 + 0.73x14) +0.066 ! (x1 +x2)]

696.874
COS X3

[ (x4 4 14.44x; cos x3 + 0.44x; cos x3 — 165.2 sin x3 cos x3

— 4.76x4cos2x3 + 7.22sin x5 cos x3 + 0.22x¢ cos x5 cos x3 + 22.69x7 cos x3

+ 0.65xg cos x3 + 22.69x9 cos x3 + 0.65x19cos x3 — 29.91x11 cos x3

— 0.87x12c08 x3 — 29.91x13 cos x3 — 0.87x14 cos x3) +0.06e ™" (x3 + x4)]

+ 58.996[(x14 4 644.07x1 + 18.64x2 — 1094.91 sin x3 — 31.70x4 cos x3

— 644.07 sinxs — 18.64xg cosxs — 3864.41x13 — 18.64x14)

+0.06e " (x13 + x14)] (112)
uz = —59.069[(x12 + 644.07x1 + 18.64x2 — 1094.91 sin x3 — 31.70x4 cos x3

+ 1288.14 sin x5 + 37.29xg cos x5 — 3864.41x1; — 18.64x12)
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+0.06c 7" (x11 + x12)] (113)
s = —58.996[ (x14 + 644.07x1 + 18.64x, — 1094.91 sinx3 — 31.70x4 cos x3

— 644.07 sin x5 — 18.64x¢gcos x5 — 3864.41x13 — 18.64x14)

+0.066 ! (x13 + x14)] (114)

It can be verified that the relative conditions of Theorem 1 are satisfied with
£=0.005, B =B3=B=Bi=0,ki1=61.02, k=150 =, =1, 03 =2,
ay =1, M =+/5 and k = 10,/¢. Hence the tracking controllers will steer the output
tracking errors of the closed-loop system, starting from any initial value, to be as-
ymptotically attenuated to zero by virtue of Theorem 1. The complete trajectories of
the outputs are depicted in Fig. 4 and Fig. 5.

w

Fig. 4 (a) The tracking error x{
driven by uge for (93). (b) The
tracking error x3 driven by ufe
for (93). (¢) The tracking error
x11 driven by ug for (93).

(d) The tracking error x13 1

driven by ug, for (93) \
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Fig. 4 (continued) 3
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4 Comparative Example to Existing Approach

Reference [24] exploited the fact that for nonlinear SISO systems, the almost distur-
bance decoupling problem could not be solvable, as the following example showed:

@] _ tan~!(x2) 0 1
[xz(t)} = [ 0 } + Hu + Me(t) (1152)
y(0) =x1() :==h(X (1)) (115b)

where u, y denoted the input and output respectively, 6(¢) := 2sinf[ug(t — 1.1) —
ug(t — 1.31)] was the disturbance shown in Fig. 6 and u;(¢) denotes the unit step
function. Assume that the desired tracking signal is equal to sin#. The almost dis-
turbance decoupling problem can be easily solved via the proposed approach in this
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Fig. 5 (a) The tracking error x| 3 T T T T T T T
driven by uge for (93). (b) The
tracking error x3 driven by
Ufefy for (93). (c) The tracking
error x11 driven by ufe g,

for (93). (d) The tracking error 1 q
x13 driven by uge g, for (93) e,

1] 1 2 3 4 5 B 7 8 9 10
Time(sec)
(a)
3 T T T T T T
2k
1_
L

Time(sec)

(b)

paper. Following the same procedures shown in the demonstrated example, we can
solve the tracking problem with almost disturbance decoupling problem by the state
feedback controller u defined as

u=(1+ xg)[— sint — 42(x; — sint) —42(tan™" xp — cost) |us (1) + utuzzys (t — 11)

(116)
The tracking error dynamics driven by ufe+fy and ugeedvack for (115) are depicted in
Fig. 7 and Fig. 8, respectively. It is easy to see that the convergence rate driven by
both ufeedback and Utyzzy, 1.€., Ufetfu, is better than that driven only by ufeedback-

It is worth noting that the sufficient conditions given in [24] (in particular the struc-
tural conditions on nonlinearities multiplying disturbances) are not necessary in this
study where a nonlinear state feedback control is explicitly designed which solves the
almost disturbance decoupling problem. For instance, the almost disturbance decou-
pling problem is solvable for the system (115) by a nonlinear state feedback control,
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Fig. 5 (continued)

Fig. 6 The disturbance of
feedback-controlled system for
(115)
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Fig.7 The tracking error driven 1
by ufefy for (115) o8l
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Fig. 8 The tracking error driven 1 T T T T -
by Ufeedpack for (115) 08
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Time(sec)

according to our proposed approach, while the sufficient conditions given in [24] fail
when applied to the system (115). The design techniques in this study are also entirely
different than those in [24] since the singular perturbation tools are not used.

5 Conclusion

In this paper, we propose a novel fuzzy feedback control to solve globally the track-
ing problem with almost disturbance decoupling for MIMO nonlinear systems. The
discussion and practical application of feedback linearization of nonlinear control
systems by parameterized co-ordinate transformation have been presented. One com-
parative example is proposed to show the significant contribution of this paper with
respect to some existing approach. Moreover, a practical example of a full-vehicle
suspension system demonstrates the applicability of the proposed fuzzy feedback
linearization approach and composite Lyapunov approach. Simulation results exploit
the fact that the proposed methodology is successfully applied to feedback lineariza-

BIRKHAUSER



990 Circuits Syst Signal Process (2009) 28: 959-991

tion problems and achieves the desired tracking and almost disturbance decoupling
performances of the controlled system.
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