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Abstract: We consider the problem of designing a feedback con-
trol law in order to reject the unknown bounded disturbance and
achieve tracking of reference inputs in control systems described
by a class of nonlinear time-delay differential-algebraic equations.
Based on the input-output feedback linearization technique and Lya-
punov method for nonlinear state feedback synthesis, a robust glob-
ally asymptotical output tracking controller design methodology for
nonlinear time-delay control systems with delays on the states and
the input is developed. The underlying theoretical approaches are
the differential geometry approach and the composite Lyapunov ap-
proach. For the view of practical application, the proposed control
methodology has been successfully applied to the famous nonlinear
automobile idle-speed control system problem.

Keywords: disturbance rejection, automobile idle-speed con-
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1. Introduction

Recently, robust stabilization of systems with time delays has been treated as a
challenging and interesting problem. As we know, in general, existence of time
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delays degrades control performance and sometimes makes the closed-loop sta-
bilization difficult, especially for nonlinear systems. Appropriate mathematical
descriptions incorporating time delays are the differential-difference equations,
i.e., differential equations with deviating arguments. Several related reports
have shown that differential-difference equations have been widely applied in
theory of automatic control, the theory of self-oscillating systems, the study of
problems connected with combustion in rocket motion, the problem of long-
range planning in economics, a series of biological problems and in many other
areas of science and technology (Driver, 1977; Goérecki et al., 1989). In the past,
there has been a number of interesting developments in stability criteria and
controller designs for time-delay control systems, but were mostly restricted to
linear cases; see, e.g., Gosiewski and Olbrot (1980), Kwon and Pearson (1980),
Lewis and Anderson (1980), Mori et al. (1981), Mori et al. (1982), Thowsen
(1982), Mori (1985), Wang et al. (1991), Wang (1992), Yanushevsky (1992),
Trinh and Aldeen (1996) and Phoojaruenchanachai et al. (1998). In general,
the global stability test of control systems with time delays is not as easy, even
in the linear case, as without time delays. It involves some disgusting tasks
as solving nonlinear matrix equations (Kwon and Pearson, 1980). It is clear
that the investigation of nonlinear time-delay systems is worthwhile. In this pa-
per, the globally asymptotical tracking problem of a general class of nonlinear
time-delay control systems is investigated.

A typical approach for the analysis of nonlinear time-delay system is the
local linearization approach. First an approximated linearization model on the
operating point is obtained and then a linear control is constructed for the
linearization model. In particular, some stability criteria and stabilization ap-
proaches have been developed for this linear time-delay differential equations
(Brierley et al., 1982; Mori, 1985; Cheres et al., 1989; Mahmoud and Muthairi,
1994; and Cao and Sun, 1998). It is known that each local approximated model
is valid only for a certain range of operating points and so these results can only
guarantee local stability of the original nonlinear time-delay system.

In the past few years differential geometry approach (Banks, 1988; Nijmeijer
and Van Der Schaft, 1990; Isidori, 1989) has proved to be an effective means
of analysis and design of nonlinear control systems as it was in the past for
the Laplace transform, complex variable theory and linear algebra in relation
to linear control systems.

The problem of designing a feedback controller, which results in a system
that rejects the unknown bounded disturbance and asymptotically tracks a de-
sired reference output is a significant subject for the design of an efficient con-
trol system. In this paper, we present a systematic analysis and a simple design
scheme that guarantees the uniform ultimate bounded stability of a feedback-
controlled time-delay system and achieves globally asymptotical output tracking
and disturbance-rejection performance for a class of nonlinear time-delay con-
trol systems. Finally, the developed control methodology is successfully applied
to an automobile idle-speed control system. Throughout the paper, notation |||
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denotes the usual Euclidean norm or the corresponding induced matrix norm.

2. Problem formulation and main result

In this paper, we consider the following single-input single-output (SISO) non-
linear time-delay control system with unknown bounded disturbance:

2(t) = f(2(t) + g(x(®)u(t) + fa(z(t = 0)) + ga(x(®))ult —0) + 3,
= f(2(t) + g(x(®))ult) + Y (@(t), 2t = 0)ult —0) +3,  (la)
S7 (alt), a(t — 0), u(t — 0)) = fa(a(t - 0)) + gala(t))u(t - 0) (1b)
y(t) = h(z(®)) (1c)
where 2(t) := [21(t) 22(t) --- xn(t)]" € R are the state variables, u € R'
is the input, y € R! is the output, >, is the unknown bounded disturbance

(noise) and fq := [fa1 fa2 -+ fan] € R™, g4 := [gd1 ga2 -+ Gan] € K™ are the

time-delay terms. f(z(t)) := [f1 fo ... fa]" and g(z(t)) :=[g1 g2 -~ gn]" are
smooth vector fields on R", and h(x(t)) = h(x1(t),z2(t), ..,z (t)) € R! is a
smooth function. The nominal system is then defined as follows:

#(t) = f(x(t)) + g(x(t))ult — 0) (2a)
y(t) = h(z(t)). (2b)

The nominal system possesses relative degree r (Henson and Seborg, 1991), i.e.,
there exists a positive integer 1 < r < oo such that

LgL%h(x(t)) =0, k<r—1, (3)
LyLy™ h(a(t)) # 0 (4)

for all X € R™ and t € [0, 00), where the operator L is the Lie derivative (Isidori,
1989). The desired output trajectory yq(t) and the unknown disturbance )
are bounded and

[ et @) < Ba (52
120 < Ba (5b)
where By and B,, are some positive constants.
DEFINITION 1 Consider the following dynamical system
2t) = f(t,2(t), zeRP, z(to) =20

where z € NP is the state and f(-) is a smooth function. We use z(t;to, z0) to
denote the solution of system with z(to;to, z0) = 2z0. A closed set S is called
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a global final attractor for the trajectories z(+) : [t,00) — RP, z(tg) = 20, of the
system, if for any initial state zo, there exists a finite constant T'(zg,S) € [0, 00)

such that
z(t;to, 20) € S, Vt = to + T(20, 5).

It has been shown (Isidori, 1989) that the mapping

¢: R — R

is described as

¢i(x(t) = L h(x(t), i=1,2,--

and

Lypp(z(t)) =0, k=r+1,r+2,---

For the sake of convenience, define

<Z)z(x(t)) = gi(t), 1= 1,2,'-- , T

S (@(t)) == mw(t), k=7+1,r+2,---

is a diffeomorphism onto image.
Define the trajectory error to be

ei(t) =& —yi V@), i=1,2,--

e:=[er(t) ea(t) --- en(t)]" € R
and

ei(t) == tei(t), i=1,2,--- 7

e:=[e (t)ex(t) -~ &.(t)] e R

where € > 1 is some adjustable constant, the uncertainties

I Ooh

_ a@’j 3 (a(t),2(t - 6),u
Ay = %Z(l‘(t),x(tfﬁ)’u
» :

L Oz

9 D (@(t),z(t — 0),u(t - 6))

AA = E%L}hZ(w(t),:c(t —0),u(t — )

i sHa%L;—th (z(t), z(t — 0), u(t — 0))

(t—9))
(t—9)

Z (x(t)vx(t - H)au(t - 9))

(14a)

(14b)
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_ @ -
ox
9
o= | oLttt (14c)
9,
r—1 r—1
L€ et ]
[ a¢r+1 T
or
a¢r+2
o, = or (14d)
20,
L Oz
and
1) = [aa() &) - &@)] € R (15)
n(t) = [ (8) mesa(t) - pa(t)]” € R (16)
(&), n(t)) == [Lydrir(t) Lydrin(t) -+ Lydn(t)]" . (17)
Define a phase-variable canonical matrix A. to be
0 1 0 e 0
0 0 r 0--- 0
A, = : : (18)
0 0 0 e 1
—Qq —Qlg —Qg “ee —Qy
where a1, as, -+ ,a, are any chosen parameters such that A, is a Hurwitz ma-

trix and let P be a symmetric positive definite matrix satisfying the Lyapunov
equation

A7'P+ PA. = 1. (19)

ASSUMPTION 1 For allt > 0, n € R" " and £ € R", there exists a positive
constant L such that the following inequality holds:

llg(&,m) —q0,m)| < L] - (20)

ASSUMPTION 2 For the delayed term, there exist positive constants 1, Y2, V7,
Y3 V3 M1, M2, by loy 1305, 05, L, lie and I3 such that

|2PAA| <O+ (@)l + 711 IEE = )]l + 722 [ln(t = )]~ (21a)
[l <71 €@ +73 In@] + 3 (21b)
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and

[AY] < L IE@ + L2 [In@)]] + s + o 1§ = )| + L2 In(t = 0)]  (22a)
[Pl < T NE 413 [In(@) | + 15 - (22b)
Now we present our main result.

THEOREM 1 Suppose that there exists a continuously differentiable function Vy :
R — R such that the following three inequalities hold for all n € R™~":

(@) kylnll> < Vo) < k2lnll®, ki k2 >0 (23a)
()  (VaVo)"q(0,n) < —ks|nll*, ks >0 (23b)
(c) [VoVoll < Ealinll, k4 >0, (23c)

then there exist constants €, p, tq1, tqe such that the output tracking error of
system (1) satisfying Assumption (1)-(2), and subject to the tracking controller
u defined by
-1
u= [LgL;flh(x(t))} {—L’}h(x) + y((i ) ey [L?ch(ac) — Y
—e'ay [Lih(@) — o] = - ey LR — Y]} (24)

is finally attracted in every closed sphere By ::{ {;} : HEH2 + H77||2 <72 T > z},

where

N
r= F; (25a)
N = (91Ba + £911Ba + 2||P|| Bavi Bae + 2 | Pl| Buvze)?

kal ks LB, k4l1B kali1Bg + k4B, 15 B k:Bnl,*2
+{M43+u4 d + pRal1 Bg + pkal11 bg + Ry 1Dq + Ky 3] >0 (25b)
V ks

1

Ny = 3 M- tar — €272 — €293y — 2||P|| Bpyje > 0, tq1 >0 (25¢)

3 "
N22 = ZMkB — Mk4l2 — /ﬂfdg — k‘4Bnl2

1
— (pkaL + €2 + pkaly + 2||P|| Bays + k’4Ban)2 3 >0, t42>0 (25d)

1
Nog :=tq1 — Z — (,uk4111)2 >0 (256)
1
Noy = ptae — Z — (,uk4122)2 >0 (25f)
Ny = min { Ny, Naa, Nog, Nag > 0} (25g)

whose radius T can be selected appropriately small by a suitable choice of relative
parameters, i.e., the sphere By is a global final attractor for the output tracking
error of system (1).
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Proof. Applying the co-ordinate transformation (7) yields

G = 200 8n OO [0 4 ga) -t~ 0) + 5+ 5,

= L}h(:ﬂ(t)) + LgLS)rh(l‘(t))u(t) + ag(xfﬂ)z n afg(xx) s

= &(t) + agf)Z + 82;:0) . (26)
o dr OLYh(x
%‘é_t — fa; ®) f(@@) + g(x(t)) - u(t) +Z+Zn}

OLYh(x(t)) OLYh(x(t))
f@x 2+ f@x 2on

() =

= L3h(x(t)) + LeLsh(x(t))u(t) +

— e+ MOy M) 1)

ér—l(t) = a(?)i;l (fl_‘:
oL *h(x
= % F@@) + g(z@®) -ult —0) + 3 + Zn:|
OL} h(x(t))
fTZ

= L h(a(t) + Ly Ly h(x(t))u(t) +
ALY 2h(x(t))

ox "
s 6L}’ai;(x(t)) - 6L}’ai;(x(t)) - o9
. x  OLY 'h(z
iy 2etn 25 OO o) + et - u) + £ + 5]

AL h(z
b (t))Z

= Lph(a(t) + Lo Ly hla(®)u(t) + ——2

. oL h(x(t))
Ox "

in(t) = 28D L OO ) 4 (o) -u) + 3+ )

- 0 i 20,

_ Op(x ) 5¢k( Oy ()
=~ 24_

x Z’I’l
= Lyow(z) + >+

kfr+1r+2 (30)

(29)

5¢k( )
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Define
c(§(),n(t)) := Lh(x(t)) (31)
d(&(t),n(t)) == LyLy " h((t)) (32)
qr(E(t),n(t)) = Lygp(x), k=r+1,r+2,--- ,n. (33)

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

E01) = 61 (1) + L (S + 5oL () S,

i=1,2,-r—1 (34)

£(0) = e(€(0) m(0) + A€, n(O)) + =Ly (e (0) X
+ %L;—lh(z(t))zn (35)
(1) = (€000 + oS+ S-S, k=rtle . (36)
o) = &a(t) (37)

v = y((f) —c "oy [L?ch(ac) — yd] — el Ty {L}h(m) — yfll)}
— = ta, [L;flh(ac) - yc(f*l)} . (38)

According to equations (6), (10), (31) and (32), the tracking controller can be
rewritten as

u=d '[-c+uv]. (39)

From equations (35) and (39), the dynamic equations of system (1) can be
derived as follows:

&i(t) 01 0 0 &i(t) 0
&(t) 0010 0 &(t) 0
: = : : : tl v
&o1(t) 000 - 1 &r—1(t) 0
& (1) 000 --- 0 &(t) 1
. 9 _ _ 9 i
PR P
+ + : don (40)
8 r—2 6 r—2
%Lf I %Lf h
0 r—1 0 r—1
_aLf hz_ _%th_
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-9 - -9 _
= Pri1) = Pri
777‘+1(t) Q7'+1(t) O . Oz .
777‘+2(t) Q7'+2(t)
: = + 5 : + 5 Zn (41)
ﬁn—l(t) Qn—l(t) _¢n71 _¢n71
M) n(t) o > o
L %d)nz ] L gﬁbn ]
&u(t)
&a(t)
y=[1 0 -~ 0 0], . : =&(t). (42)
gr—l(t)
€7‘<t) rx1

Combining equations (10), (12), (19) and (38), it can be easily verified that
equations (2)-(42) can be transformed into the following form with uncertainties:

0(t) = q(€(t),n(t)+AV+2, > =qi(t, n(t),e(t)+A¥+2,5>°,  (43a)

ee(t) = A +ecAA (43b)
y(t) =&(t). (44)
Let ,
Vi(e)=ce' Pe+ty | e (r)e(r)dr (45a)
J
Va(@) = Van) +taz [ 0 (r)n(r)ar (45b)
t—0

where tg41, tgo are positive constants and P is the positive definite solution of
the following Riccati equation:

ATP 4+ PA. = 1. (46)

With these Lyapunov functions Vi (€) and V2(n) at hand, we consider V (e, n)
defined by a weighted sum of V;(€) and Va(n),

V(& n) = Vi(e) + uVo(n), (47)

as a composite Lyapunov function of the system (43) (Khorasani and Koko-
tovic, 1986; Marino and Kokotovic, 1988), where p is a strictly positive constant
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to be adjusted. In view of (24)-(25), (45) and (46), the derivative of V (€, n) along
the trajectories of (43) is given by

V=Vi+puVs= s(éT Pe+e"Pe) +tye'e—tae (t — 6)e(t — 6)
o [Vo + tagn™n — taan” (t — O)n(t — 9)}
= e (AT P+ PA.)e+eAAT Petee? PAA+t g ||E])* —tar [e(t—0)|
e (®eY],) Pe+cel P(®B:Y))

od%
b G faten + A%+ 2,5,] 4t 0l i e - 0

= (=1 +taq) e + 2ce" PAA — tqy e(t — 0)||” + 2 TP (D:,)
o Vo o Vo

o [q(&,m)—q(0, n)Ha—nqm, n)+a—nA\If+a—n (®n2_,,)

Htaz [nll* = taz [In(t — 0)|°
< (=1 —tar) [l* + e[l (v €l + 2 Imll +yan €t — O)]]
+ 32 It = O)1) — tar [t — 0)|1* + 2¢ ]| | PIl |®el| 13,
Lka Il 1€ = Es Inl* + Ea Inll (2 1611+ L2 lInll + L
+ug Hu € —=0)| + a2 [lnt - 0)])
Htaz [l = taz [In(t = O)1* + Ka ]l 1|2 132,
< (=1+tar +em1 + 2| Pl Buyie) lel* + el (e71Ba + ev11Ba
+ 2||P|| Byvi)Bae + 2 ||P|| Bpvie))
+ ||77||2 (Mk4l2 — pks + ptas + k4Bnl§)
+ el Inll (ukaLl + ev2 + pkaly + 2||P|| Bpvs + kaByl)
+ ||l (ukals+pks LBa+ pkaly Ba+ pkalin Ba+kaBpli Ba+kaBpl3)
—tar [6(t = 0)1* — pu taz [In(t — 0)1* + evaa el [lE(t — 0)]]
+ ez [[ell In(t — O)| + pkalaz [|In|| In(t — O)[| + pkalvy (0] [[€(t — 6) ]

* —= 1 —=
< (=1+ta +ey + 2P| Burie) [l + 1 [k

+p

+ (ev1Ba + ev11Ba + 2 ||P|| Bpyi Bae + 2||P|| Bavie)?
1011 (pkals — pks + pitas + kaBl3)
+ |0l (ks L + 2 + pkaly + 2| P|| Buvs + kaBol})?

1. _2 1, 5
- - k
+ 2ol 4+ 2 ol ks

N {mlg+uk4LBd+uk4led+uk4and+k4Bnl{Bd+k4Bnl§ }2
V ks
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_ 1 _
— tar [[E(t — O)I|* — ptaz |t — 0)||* + 7 et~ O)I* + llel* (e711)*
_ 2 2, 1, %
—ta1 [[E(t = 0)|I” — ptaz ||77(t—9)|\ + 7 |\€(t—9)|| + [lell* (eva)
1 2 | -
+ 7 (¢ = O)I" + [ (5722 - HUH
2 2 _ 2 2
+ In(t = O)[I” (nkalaz)”™ + Z 1 + [e(t = )1 (1kalaz)
Therefore, we get
. 1 * -
V< *(5 —em — tar — €297 — €73, — 2| P|| Banie) el
_3 "
- Zﬂk:s — phaly — ptas — kaBply — (pkaL + ey + pkaly
* *) 2 1
+ 2Pl By + kiBali)” = 5 | Inl*

r 1
= |tar — — — (ﬂk4l11)2} [e(t — )|

4
r 1
= [ptar = 3 = Gukalzn)? | It — )
(ev1Ba + ev11Ba + 2 | P|| Buvi Bae + 2| P|| Buvie)?
+ [uk4l3 + pka LBy + pkali Ba + pkali1Bg + kaBpli Bg + ka By, l3
vV ks
—No(I[el® + lInl® + It — 0)I1* ) + N1 == —=Na(lly1|* + lya (t = 0)1*) + Ny
2 2
where [[y1]* = [[e]* + [In]|>.
Define
Pp— Nl
roi= N

For ||ly|| > r, we have V < 0. Hence any sphere defined by

BT::{[A 2l + lln]* < 7 7>f}

is a global final attractor for the tracking error system of the nonlinear control
systems (1). [ |

According to the previous theorem and discussions, an efficient algorithm for
deriving the tracking and disturbance rejecting control is proposed as follows:

(Step 1): Calculate the relative degree r of the given control system.

(Step 2): Choose the diffeomorphism ¢ such that the Assumptions 1 and 2 are
satisfied.

(Step 3): Adjust some parameters ai, s, -, @, such that the matrix A. is
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Hurwitz and calculate the positive definite matrices P of the Lyapunov equations
(19) by some software package, such as Matlab.

(Step 4): Based on the famous Lyapunov approach, design a Lyapunov function
to solve the conditions (23a)-(23c).

(Step 5): Appropriately tune the parameters e, u, tq1, t42 such that (25a)-(25g)
are satisfied and go to the next step. Otherwise, go to Step 3 and repeat the
overall designing procedures.

(Step 6): According to the equation (24), the desired controller u can be con-
structed such that the tracking and disturbance rejecting performances are guar-
anteed. That is, the system dynamics enters a neighborhood of zero state and
remains within it thereafter.

3. Practical application—nonlinear automobile idle-speed
control system with time-delay

Consider the following automobile engine for the idle-speed control system
(ISCS) with the disturbance torque shown in Fig. 1. The input of the ISCS
is the throttle position «(t) that controls the rate of airflow into the manifold.

Air flowe meter

Figure 1. An automobile engine representation for the idle-speed control system.

The relative variables are described as follows:

Ty : disturbance torque due to application of auto accessories = constant
qi(t) : amount of airflow across throttle into manifold

¢o(t) : amount of air leaving intake manifold through intake valves

gm/(t) : average air mass in manifold

7p(t) : time delay in engine

J : inertia of engine
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w(t) : engine speed
T'(t) : engine torque
B : viscous-friction coefficient of engine.

Some assumptions and dynamic relations between engine parameters are
stated as follows:

(A1) dqéit) = Kia(t)
(A2) dq;gt) = Koqm(t) + Ksw(t)

(A3) T(t) = K4gm(t — D)
dgm(t) _ dai(t)  dgo(t)

T dt dt
(A5) T(t) = sz—ff) + Bw(t) + Ty

where K, Ko, K3 and K, are constants. It is an easy routine to arrive at the
following dynamic equation:

. B Ky Ty
1 L
T2 —K3r1 — Koo 0 0 '

y(t) = w(t) := h(x(t))

where w(t) := x1(t), gn(t) := x2(t) and u(t) := at). The objective of this
problem is to reject the unknown bounded disturbance and make the rate of
airflow across throttle into manifold equal to the rate of air leaving intake man-
ifold through intake valves. For the sake of simplicity, the following dynamic
equation is adopted for simulation:

i;(t) _ :ZI:;Q L[wme-on ], 0], (480)
y{(t)@)hgx(t)){:xz(t)-} { : } [1} (48b)

For the automobile idle-speed control system with the disturbance torque
shown in Fig. 1, our goal is to find a tracking controller u that will reject
the unknown bounded disturbance and steer the output tracking error € =
y —yqg = x2 — 0 of the closed-loop system, starting from any initial value,
to be asymptotically attracted in a sphere B whose radius can be selected
appropriately small. Let us arbitrarily choose a; = 1 such that A, = —1is a
Hurwitz matrix and P = 0.5. The original system (48) is a system of relative
degree one. From (24), we obtain the desired tracking controller

u=x1+39—c tuy. (49)
n) = , the

It can be verified that with the choice of e = 1, p = 1 and Vj(n) 2
=0,k =k =1,

relative conditions of Theorem 1 are satisfied with By = 0, L
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k3 =ks =2, 1 =% =07 =7 =004 =10 =103 =0,I0; =001,
122:Oa7f:75:Oaﬁ)/;:lvq:l;:ovlgzlvtdl:0~357td2:17
N21 = 015, NQQ = 05, N23 = 01, N24 = 1.75 and NQ = 0.0875. Hence the
tracking controller (49) will steer the output tracking error € = y — yq = 22 — 0
of the closed-loop system, starting from any initial value, to be asymptotically
attracted in a sphere Br in view of Theorem 1. Some output trajectories of the
uncontrolled and feedback-controlled system are depicted in Fig. 2 and Fig. 3,
respectively.

Loverage air mass in manifeold

Time (seconds)

Figure 2. Output trajectory of the uncontrolled time-delay system.

Average qir mass in manifold

T

-3

Timea(seconds)

Figure 3. Output trajectory of the feedback-controlled time-delay system.
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4. Conclusion

A nonlinear state feedback control law is designed which ensures globally that
the tracking error in the closed-loop system lies within any adjustable bound
if the reference inputs are bounded. The discussion and practical application
of input-output feedback linearization of nonlinear time-delay control systems
by parameterized co-ordinate transformation have been presented. A practical
example of an automobile idle-speed control system with time delay demon-
strated the applicability of the proposed differential geometry approach and
the composite Lyapunov approach. Simulation result exploited the fact that
the proposed methodology is successfully applied to input-output linearization
problem and achieves an interesting disturbance-rejection performance of the
controlled system for globally asymptotical output tracking.
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