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Cheap Suboptimal Control of an Integral Sliding Mode for
Uncertain Systems With Delays

Valery Y. Glizer, Leonid M. Fridman, and Vladimir Turetsky

Abstract—A cheap control problem for a system with state delays and
matched uncertainties is studied. First, such a cheap control problem
is considered for the nominal linear system associated with the original
one. A suboptimal state-feedback composite control for this problem
is constructed using a singular perturbation technique. Employing this
composite control in the nominal system generates the suboptimal nominal
trajectory. Secondly, based on the composite control, an integral sliding
mode controller is designed for the original system, providing its robust
motion along the suboptimal nominal trajectory. An illustrative numerical
example is presented.

Index Terms—Cheap control, singular perturbation, sliding mode con-
trol, time delay system.

I. INTRODUCTION AND PROBLEM FORMULATION

Dynamics of real life controlled systems often contains unmeasured
terms (uncertainties). Assuming the uncertainty to be zero, one can
construct an optimal control (with respect to a prechosen cost func-
tional) for the resulting (nominal) system. However, the employment
of this nominal control in the original system generates the trajectory
depending on a realization of the uncertainty. Thus, the system motion
subject to this control is sensitive to the uncertainty. The sliding mode
method is one of the most simple and effective tools of designing a
controller providing an insensitivity of a desired system motion with
respect to the matched uncertainties (see, e.g., [1]-[3] and references
therein). This motion takes place in a sliding manifold, and it is called
a sliding mode. Due to the insensitivity of the sliding mode to the un-
certainties, an optimal sliding mode can be realized with respect to a
given cost functional. The extension of the sliding mode approach is
the integral sliding mode one (see, e.g., [4]). A controller, constructed
by this approach, uses not only the information on the current value of
the state variable but also the full history of the system motion. The
latter (in contrast with a conventional sliding mode controller) allows
an integral sliding mode controller to track a nominal trajectory from
the very beginning of the control process, ensuring the insensitivity of
the system motion to the matched uncertainties.

In this paper, we consider the following controlled uncertain system:

0

dz(t)/dt = Az(t)+ Hz(t — h)+ G(r)z(t+7)dr
—h

+ [B4+C(2(t), z(t—h),t)]u(t)

4+ w(z(t),z(t—h),t), 2(1)=¢(7), TE[—h,0]
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where t € (0,T]; z(t) € E", u(t) € E", n > r (u is a con-
trol); A > 0 is a given constant time delay; A, H, G(7), and B are
given t-invariant matrices of corresponding dimensions; rankB = 7;
G(7) is piecewise continuous for 7 € [—h, 0]; C(z(t),z(t—h), ) and
w(z(t),z(t — h),t) are an unmeasured control coefficient uncertainty
and an unmeasured disturbance; T" > 0 is a given control process du-
ration; and () is a given vector-function continuous for 7 € [—h, 0].
The following is assumed.
Al) The uncertainty C(z(¢),z(t — h),t) and the disturbance
w(z(t), z(t — h), t) satisfy the following matching conditions:
there exist an r X r-matrix U (z, {, t) and an r-vector v(z, {, t)
such that

C(z,¢,t) = BU(z,(,t), |
w(z,(,t) = By(z,(,t),

Uzt <6<1 @)
”')'/(Za Ct)H S f(/‘.’ C=t> (3)

where (z,(,t) € E" x E™ x [0,T]; 6§ and f(z,(.t) are a
known positive constant and a known positive continuous func-
tion, respectively; and ||- || denotes the Euclidean norm of either
a matrix or a vector.

The performance index of the control process for (1) is

T -
J(u) £ /0 [2'(H)D=z(t) + Ez'u/(t)ﬂr['u(t)]dt — 151&1)1 “)

where the prime denotes the transposition; D is symmetric pos-
itive semidefinite and M is symmetric positive definite matrices
of corresponding dimensions; and € > 0 is a small parameter
(¢ < 1), meaning that the control in (4) is “‘cheap” with respect
to the state.

The cheap control problem has considerable importance in
many topics of control theory and its applications (see, e.g.,
[5]-[7]). The smallness of the control cost yields the singular
perturbation in the Hamilton—Jacobi-Bellman equation and
in the Hamilton boundary-value problem, associated with the
original problem by control optimality conditions. The cheap
control problem for systems without delays was extensively
studied (see, e.g., [6] and [8]-[10] and references therein).
However, in spite of the considerable importance of studying
delayed dynamics controlled systems (see, e.g., [11]-[13]), the
cheap control problem for such systems was considered only
in a few works [14], [15]. Also, only a few works study an
application of the integral sliding mode approach to uncertain
systems with delays (see [16] and [17], where systems with
matched disturbances and control delays in the dynamics are
considered).

In the sequel, we assume the following.

det(B'DB) # 0.

Transform the state and the control in (1) and (4) as follows:

A2)

) = L2, Z(t) = col(x(), y(1))
w(t) == u(t) )

where z(t) € E" ", y(t) € E";L = (L1, B), L1 = B. —
B(B'DB) 'B'DB.;and B, is a complement matrix to B.
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Due to (5), (1) and (4) become

de(t)/dt = Fix(t) + Foy(t) + Kix(t — h)
0
+ Koy(t—h) + / [Ni(T)a(t+ 1)
—h
+ N, (’T)y(t + T)]d"—? te (07 T] (6)

edy(t)/dt =< {F;s»r(t) + Fay(t) + Ksz(t — h)
0
+ Kay(t —h) + / [Ns(T)x(t+ 7)
—h

+ Na(m)y(t+ T)](lr}
+ (I + V(Z(¢), Z(t — h),t))v(t)
+:0(Z(t), Z(t — h),t), te(0,T] 7
y(r) = y(7), 7€ [-h,0] ®)
MOE / (0D (1) + ¥ (1) Dyu(t)
+O1;’(t)M v(t)]dt — min 9)

v(t)

(1) = ¥ (7).

where I}, is the k-dimensional identity matrix;

col(t, (7). 1y (7)) = L™ p(r) £ iz (7

and
nR B\ _ 4,4

(F3 F4>_L AL=F

K, K»\ _ 4 -

e I(4> =L "HL=K

17V1(’T) ;VQ(T) _ —1 _ ,é AT
<N3(T) N4(T)> =L "G(r)L=N(r)

V(Z(t),Z(t—h),t)=U(LZ(t),LZ(t — h),1)
T(Z(t),Z(t — h),t) = ~v(LZ(t),LZ(t — h),1)

D,=1I'DL,, D,=B'DB.
In the sequel, we deal with this new control problem.

Note that dynamics (6) and (7) in this problem is singularly perturbed
[9]. Due to (2) and (3), for all (Z,n,t) € E™ X E™ x [0,T]

IV(Zn <o <1

||F(Z5779t>|| S!J(Zﬂ]et) éf(LZL??«f) (10)

The objective of this paper is to design a robust controller trans-
ferring system (6)—(8) to a preconstructed “manifold” in zero time,
keeping it there until the end of the control process and providing the
systems motion on this “manifold” to be suboptimal with respect to (9)
for all sufficiently small = > 0. This objective is achieved by two steps.
First, the nominal optimal control problem (NOCP), associated with
(6)—(9), is treated. The NOCP is obtained from (6)—(9) by setting there
V(-)=0,T(-) =0, ie, it consists of the nominal system [(6)—(8)
with V(-) = 0 and I'(-) = 0] and performance index (9). For the
NOCP, a suboptimal state-feedback composite control is constructed
by its asymptotic decomposition into two lower dimension -free sub-
problems (the slow and fast ones) and employing optimal feedback
controls of the latter. Secondly, based on this control and using the in-
tegral sliding mode approach, a required robust controller for system
(6)—(8) is designed.

To our best knowledge, the combination of the integral sliding mode
approach and cheap control approach to design a controller, providing a
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robust and suboptimal motion of an uncertain system on some precon-
structed “manifold,” never has been considered in the literature. Such a
combination allows one to design a controller gathering the advantages
of both approaches.

II. ASYMPTOTIC DECOMPOSITION OF NOCP

A. Slow Subproblem

Setting formally £ = 0 in the NOCP, and then redenoting in the
resulting problem the variables x, y, v, and J by zs, ys, vs, and Js,
respectively, one obtains after some rearrangement

dus(t)/dt = Fias(t) + Kixs(t — h)

0
+/ Ni(r)zs(t+ 7)d7

—h

+ Foy.(t) + Koy (t — h)

0
+ / No(m)ys(t + 7)dr, t € (0,7 an
J—h
ws(7) = ¥a(7), 7 € [-h,0]
ys(7) =y(r)., 7 €[=N,0) (12)
ve(t) =0, te0,T] 13)

T
J. = / [z, (t) Dy (t) + yo (1) Dyys (£)]dt — min. (14)
0

Since y.(t),t € [0,T] does not satisfy any equation, the minimiza-
tion of (14) can be fulfilled by a proper choice of ys(¢),¢ € [0,T],
i.e., y.(t) can be considered as a control in (11), (12), and (14). This
optimal control problem is called the reduced optimal control problem
(ROCP). The ROCP has the delay not only in the state variable but also
in the control variable. The ROCP, along with (13), constitutes the slow
subproblem associated with the NOCP.

Based on results of [18], one directly obtains the following lemma.

Lemma 1: Under assumption A2), the optimal control of the ROCP
exists, is unique, and has the feedback form

Ys [I'.; (t)* 'Tsh(t)7 Ysh (f) t]

__p; {[ngsm + Qlat0)]e.(1)

0

+ [ [F2Qa(t,7) 4+ Ry (t,7,0)]a(t + 7)dT
—h

0
+ [F;Q.qz(t,rwR,ﬂ(t.o,ﬂ]ys(tH)dr} (1)
—h

where x5, (t) = {x:s(t+7) V7 € [, 0)}, ysn(t) = {ys(t+7)VT €
[—h,0)}; the matrices P, (t), Qsi(t,T), Rsi(t, 7, p), (i = 1,2), along
with an additional matrix R.o(t, 7, p), form the unique solution of the
set of Riccati-type functional-differential equations in the domain 7 =
{(t.7,p): t € [0,T],7 € [-h.0].p € [—D,0]}

dP.(t)/dt
= —P()Fy — F{P:(t) — Q:1(¢,0)
— Qui(t,0) = Dy + [Po(t) 2 + Qu2(t,0)] D,

X [Po(t)F2 + Q.2(t,0)], P(T) = 0 (16)
()0t —8/07)Qs1 (¢, T)
= —F Qi (t,7) — P;(t)Ni(7) — Rs0(t,0,7)
+ [P() Py + Qua(t.0)] Dy [F3Qar (t,7)
+ R (t,7,0)], Qu(T,7)
=0, Qsa(t,—h)=P(t)K, (7
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(90t — 8/0T)Qe2(t, T)
= —F{Qu(t.7) = P.(t)N2(7) = Ra1 (£,0,7)
+ [P()F2 + Qu2(t,0)| Dy ' [F3Qua(t, 7)

+ R (£,0,7)], Qua(T,7)
=0, Qua(t.—h) = P.(t)K> (18)
(0/0t —0/0T — 3/0p)Rso(t, T, p)
= —N{(TQa(t,p) = Qui(t,7)N1(p)
+ Q% (t, 7)Fo + R (t,7,0)]D,
X [F3Qs1(t,p) + Roi (t,0,0)],  Rso(T,7,p) =0 (19)
(8/0t —9/0T1 — 3/9p)Ra1(t, T, p)
= —Ni(7)Qs2(t, p) — Qur (t, ) N2(p)
+[Qu(t,7)Fo + Ryi (t,7,0)]D; "
X [F3Qs2(t, p) + Rs2(1,0,p)], Ra(T,7.p) =0 (20
(0)0t — 8/0T — 8/0p)Rea(t, 7, p)
= —Né(T)Qsz(fw p) — ng(ta T)Na2(p)
+[Q'2(t, 7)Fs + Rax(t,7,0)]D,
X [F3Qu2(t,p) + Rz (1,0,p)],  Rez(T,7,p) =0 (1)
Ruo(t,—h,T)
=KiQu(t.7), Reolt.7,—h) = Q4 (t,7)K,
R (t,—h,T)
= KQw(t,7), Ralt,7,—h)= QL (t,7)K>
Reo(t,—h,T)
= K5Qu(t.7), Rao(t,7.—h) = QlLy(t,7)Ks. (22)

Remark 1: Although (16)—(22) look like an unsimple problem, it
is simpler (less dimensional) than the set of Riccati-type matrix func-
tional-differential equations associated with the NOCP by the control
optimality conditions (see, e.g., [18]). Taking into account the sym-
metry of the respective unknown matrices in both sets, one obtains that
in the latter set the number of the unknown scalar functions, depending
ont, (t,7)and (t, 7, p),isn(n+1)/2,n%, and n(n+1)/2, respectively,
while in (16)—(22), the number of such functions is (n — 7)(n — r +
1)/2,n(n—r), and n(n+1)/2, respectively. Moreover, the set of Ric-
cati-type equations, associated with the NOCP, depends on ¢, while
(16)—(22) is e-free, which allows one to solve it once and then to use
its solution in designing the NOCP suboptimal composite control for
all sufficiently small £ > 0.

Remark 2: There are two main approaches to approximate solution
of (16)—(22). The first one is based on a finite-difference approxi-
mation of the derivatives with respect to 7 and p (see, e.g., [19] and
references therein). The second one is based on an iterative solution
with an approximate linearizing the problem at each iteration (see,
e.g., [20] and references therein). In the case K2 = 0, N2(-) = 0,
i.e., when the slow subsystem does not contain the delayed fast state
variable, the ROCP does not contain the delayed control. The latter
circumstance allows one to simplify (16)—(22) considerably. In this
case, Qs2(-) =0, Ra1(-) =0, Re2(-) = 0; (16)—(22) becomes the
set of three (16), (17), and (19) with the respective boundary conditions
for Rso(t, T, p) from (22), while (15) becomes ys[zs(t), zsn (t),t] =
—Dy ' F}[P(t)x.(t) + [°, Qa1 (t,7)s(t + 7)d7]. Further simpli-
fication is obtained in the undelayed case (h = 0), where (16)—(22)
becomes (16) with Q.;(t,0) = 0,(i = 1,2) and (15) becomes
ys[xs(t), 1] = —D;lFéPs(t)xs(f).

Remark 3: Animportant feature of the ROCP optimal control is that,
at any current time-instant ¢, this control depends on the state and con-
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trol values distributed over the interval [t — h, t), i.e., on the distributed
state and control delays. It was shown in [21] that a digital computer
implementation of a control law, depending on a distributed control
delay, is a very unsimple task. Fortunately, the ROCP optimal control
is only an intermediate result needed for obtaining a composite subop-
timal control in the NOCP. This composite control is independent of a
distributed control delay (see Section III), although it does depend on
a distributed state delay. The latter circumstance does not create prob-
lems for its digital computer implementation (see Section V).

B. Fast Subproblem

Using the fast subsystem of the NOCP, corresponding to (7), and

cost functional (9), the fast subproblem is obtained in the way.

1) The state x( - ) is removed from the fast subsystem of the NOCP
and (9).

2) The transformation of variables t = =€, y(&) = yr(&),v(ef) =
vi(8), T(v(€)) = eTp(vp(€)) is made in the resulting equa-
tions, where {, y 7, vy, and Jy are new independent variable, state,
control, and cost functional.

Thus, one has the problem

dy(&)/dE = e[Fayy (&) + Kayy(§ — h/e)
+ / Na(rys(€+ 7/2)dr] + s (€),

£€(0,T/2]
T/=
Tr(vy) 2/0 [ (&) Dyys(€) + v (€) Muy(€)]de — Hfl(lg
(23)

Neglecting in (23) the terms multiplied by =, and replacing there T'/¢
by 400, yields the fast subproblem associated with the NOCP

dys(€)/d§ = vs(§),
oo / .
Trton = [ WHODs©
0
+ v ()Mo (€)]dé — min .
’ v(€)

£>0

(24)

Using [22], one directly has the following lemma.
Lemma 2: Under assumption A2), the fast subproblem (24) with a
given y7(0) has the unique state-feedback optimal control
vrlys(€)] = =M™ Prys () (25)
where P is the unique positive definite solution of the algebraic Riccati
equation PyM~'P; — D, = 0. The optimal trajectory y () of this
problem satisfies the inequality ||y+(&)|| < aexp(—FE)||lys(0)]].& >

(). Here and in the sequel, @ and 3 denote some positive constants in-
dependent of .

III. COMPOSITE SUBOPTIMAL CONTROL OF NOCP

The algorithm of the formal designing the composite control consists
of two stages. At the first stage, the following auxiliary control function
v, 18 constructed:

Va[Z(t), Zp(t),t] = vs(t) + vely(t) — ys[x(t), 2n(t), gr(t), t]]
(26)
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where v, (t) and vs[-] are given by (13) and (25); Z»(t) £ {Z(t +
TIVE € [=h.0)}: () £ ya(t) — yra(t/2),ypn(t/e) = {ysl(t +
7)/=IVT € [=h. 0]} ys(€) = 0 VE < 0.

Calculating (26) yields, after some rearrangement

0alZ(8), Zn(t).1]
=-M'P;
x{mw+DfﬁﬂRu>
-0

+Qb®®ﬂ@+/

—h

(F2Qu(t,7)
0
+ R (t,7,0))a(t + 7)d7 + / (F3Qs2(t,T)
—h

+Rﬂm0m»wu+rwﬂﬁw+rwqw{}.an

It is seen that (27) depends not only on x(-) and y( - ) but also on
ys(-). At the second stage, we eliminate y¢(-) from v,(-). Using
Lemma 2 yields the estimate for all sufficiently small ¢ > 0 and ¢ €
[0, T): || [, (FsQua(t, 7)+ Rez(t,0,7))ys[(t+7)/2]d7|| < as. Due
to the latter, the term in (27), depending on y¢( - ), vanishes as = —
+0. Neglecting this term converts (27) to the composite state-feedback
control of the NOCP

ve[Z(t), Zn (1), 1]
—M7'p

x{mw+D?ﬂmau>

-0
+Q;mmnw+/ (FiQu (t.7)
-0

(F3Qua(t,7)

h

+ R (t,7,0) (t+T)dT+/

+ Ra(t,0,7))y(t + T)dT:| } . (28)

Let J be the optimal value of the cost functional in the NOCP
and 7= (v.) be the value of this cost functional obtained by employing
v(t) = v.[Z(t), Zi(t), 1] in the NOCP.

Theorem 1: Under assumption A2), there exists a number £, > 0
such that the following inequality is satisfied for all ¢ € (0,£.]: 0 <
To(ve) = TF < az?(||¢z(7)||c)?, where || - || denotes the uniform
norm in the space C[b, ¢; E*] of k-dimensional vector functions, de-
fined and continuous on a closed interval [b, ].

Proof: The theorem is a direct consequence of [15, Theorem 5.1].

1895

IV. ROBUST CONTROL OF ORIGINAL SYSTEM (6)—(8)

In this section, a robust controller for (6)—(8) is designed using the
integral sliding mode approach. For any given = > (), consider the
following integral sliding mode “manifold” subject to (8):

a[Z(-), Zn())()
£ y(t) = ¥, (0)

t
_/ {F3m(s)+F4?/(9)
JO
+ Ksa(s —h) + Kay(s — 1)

-0
+
—h

Yol Z(s), Zn(s), 5]} ds=0, te[0,T]. (29

[Ns(T)a(s+ 7) + Na(T)y(s + 7)]d7

+ e

Let Z(t), t € [0,T] be a solution of (6)—(8) for some given v(t).
Theorem 2: Let assumption A2) and inequalities (10) be satisfied.
Letdo[Z(-), Zn(-)](t)/dt = 0 for some t € (0,T]. Then, for this ¢
and any given ¢ > 0, Z(t) satisfies the nominal system with v(t) =
vl Z(1), Za().1].
Proof: By using (29), the equality do[Z(-), Z,(-)](t)/dt = 0

yieldsdy(t)/dt _ Fg’b(t) — F,ly(t) — Ksz(t — h)
0

- I(4y(t — h) — / [Z\T;;(T

J—h

2t +7)

+ Na(m)y(t+ 7))dr — e 0 [Z(t), Zu(8),8] = 0. (30)

Substituting (7) into (30), one obtains after some rearrangement the
algebraic equation with respect to v(t). This equation, due to the first
inequality in (10), has the unique solution

v(t) =L+ V(Z(t), Z(t = h), )]}
x{uc[Z(t), Z (1), 1] —<T(Z(1), Z(t = h),1)}.

Substituting (31) into (7) directly yields the statement of the theorem.

Corollary 1: Let assumption A2) and (10) be satisfied. Let (29) be
satisfied on some interval (¢1,t2] C (0,T]. Then, for all ¢ € (¢1, 2]
and any given ¢ > 0, Z(t) satisfies the nominal system with v(t) =
UC[Z(t), Zn (t)., t].

Proof: Since (29) is satisfied for all ¢ €  (t1,t2],
da[Z(-), Zx(-)](t)/dt = 0 for these t. Now, the corollary is a direct
consequence of Theorem 2.

Let us extend the approach, suggested in [23] for the case of unde-
layed systems, to the case of system (6)—(8). Namely, let us consider
the following integral sliding mode controller:

Llsul[Z(f) Zh (f) 7“]
/UUS[Z(t)’ Zy, (f)v f] + UC[Z(f)v Zh(t)v f] (32)
where the variable structure part v,,; has the form shown in (33) at the
bottom of the page, and, for any fixed t € [0, T], \[Z(t), Zn(t),t] isa
given functional defined on the direct product E™ x C[—h,0; E™] and
satisfying the inequality

XZ(), Zn(t). 1] 2 {6l|vc[Z(2), Zn (1), H]|| + =9(Z(t)

Z(t—h),t)+a}/(1=206)

« > 0 is a given constant. In the sequel, v}, [Z(t), Z (1),
the suboptimal integral sliding mode controller.

(3D

v

(34)

t] is called

2@, Zu(), t/lloZ(- ), Zn(-

vus[Z(t), Zn(t),t] = { 0

(OIDONelZ(-), Zu (1),

ifo[Z(-). Zn()](t) #0 (33)
()=

ifo[Z(-), Zn(-)]
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Theorem 3: Let assumption A2) and (10) be satisfied. Then, for any
given £ > 0, the trajectory Z = Z(t) of (6)—(8) subject to control (32)
satisfies (29) for all ¢ € [0, 7.

Proof: Consider the Lyapunov—Krasovskii functional

WIZ(-). Zn(-)N(2)

= (1/2)a'[Z(+). Zu()Nt)aZ(-), Zn (- )](H). (35)

Differentiating W[Z( - ), Z;, (- )](¢) with respect to ¢ along the trajec-
tory Z( - ) of (6)—(8), (32) yields, after some rearrangement

dWI[Z(-). Zn(-))(t)/dt
=0'[Z(). Zu()](t)do[Z(-), Zu(-)](t)/dt
=o'[Z(-), Zu(DI) {7 [
+ V(Z(t), Z(t = h). )]viga[Z(1). Zn(t), 1]
+T(Z(t), Z(t = h),t)
— e e [Z(t), Zu(t). 1]},

te[0,T). (36)

Leta[Z(-),Zn(-)](t) # 0 atsome t € [0,T]. Using (32), (33), and
(36), one has

= =x[Z(t), Zn(t). tllo[Z(-). Zn()]D)]/=
+0'[Z(), Zu()I() {7 V(Z(6), Z(t = 1), )

X viga[Z(t), Zn(1). 1] + T(Z(), Z(t = 1).t)} (37
yielding, by using (10) and (34)
AWIZ(-), Zu( )0 /dt < == allolZ(-), Zu( D)
olZ(-), Zn()](t) #0. (38)

Due to (8), (29), and (35), W[Z(-),Zxn(-)](t) = 0 for t = 0. The
latter, along with (35) and (38), implies that W[Z(-), Zx(-)](t) =
0 Vt € [0,T]. Hence, o[Z(-), Zn(-)](t) = 0Vt € [0,T], which
completes the proof of the theorem.

The following proposition presents the case where, for all suffi-
ciently small £ > 0, the functional x[Z(t), Z,(t),t] can be chosen
subject to a simpler inequality than (34).

Corollary 2: Let assumption A2) and (10) be satisfied. Let a con-
stant g > 0 exist such that ¢(Z, n,t) < p¥(Z,n,t) € E™ x E™ X
[0,T]. Let, for some constant «« > 0, the functional x[Z(t), Zx(t), t]
satisfy the inequality x[Z(t), Zn(t),t] > {6||v[Z(t), Zn(t),t]|| +
a}/(1 = 6). Then, for any ¢ € (0, /), the trajectory Z = Z(t) of
(6)—(8) subject to control (32) satisfies (29) for all ¢ € [0, T7.

Proof: Considering Lyapunov—Krasovskii functional
(35) and using the same arguments as in the proof of The-
orem 3, one obtains dW[Z(-),Zy()](t)/dt < —e Ha —
cg(Z(1). Zu (D). D12 (). 20 (Dl oTZ( ). Zu(D)(1) # 0.

This inequality, along with g(Z, n,t) < p, directly yields the state-
ment of the corollary.

Remark 4: Two important features of the integral sliding mode con-
troller (32) should be emphasized. First, the variable structure part (33)
of (32) is not derived as a solution of an optimal control problem.
Therefore, cost functional (9) is not used directly in the design of (33).
This cost functional is used directly only for design of the composite
state-feedback control (28) of the NOCP, the second term in (32). Due
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to Theorems 2 and 3 and Corollaries 1 and 2, the first term in (32) is re-
sponsible for keeping the original uncertain system on the “manifold”
(29), where its motion coincides with the motion of the nominal system
subject to (28). According to Theorem 1, the second term in (32) makes
the motion of the original system on (29) be suboptimal with respect to
(9). Due to such a structure of controller (32), cost functional (9) cal-
culated along the trajectory of the original system, generated by (32),
depends, in general, on the uncertainties, while the trajectory is insen-
sitive to the uncertainties. The value of cost functional (9), in which
only the second term of (32) is taken for the calculation, is robust with
respect to the uncertainties. Moreover, if the uncertainties vanish, the
full value of cost functional (9) coincides with [7-(v.). The second fea-
ture is that (32) transfers the original system from its initial position to
(29) in zero time, i.e., the system motion, generated by this control, is
a sliding mode fromt = O tot = 71'.

V. EXAMPLE

Consider a particular case of (1) and (4) withn = 2,7 = 1, h = 0.5,
T = 2, and

3 -2 —1.6 5.4

A‘(z —3) H‘<—0.4 2.6)
(3 (024 —0.56 _
cr=0n= (1), b (02 0Y

1.64
(1) = col(167 + 7, 97 + 3). The matrix C'( - ) and the vector w( - )
in (1) satisfy (2) and (3) with 6 = 0.5, f(-) = 1. Based on these data,
one obtains the matrix L in (5)

= (1 3)

da(t)/dt = x(t) + 2y(t) — «(t — 0.3)
z(r)=74+1,7 € [-0.5,0]
edy(t)/dt = =[2z2(t) — y(t) + =(t — 0.5) + 2y(t — 0, 5)]
+[1+V(Z(t),Z(t—0.5),t)]u(t)
+e0(Z(1), Z(t = 0.5),t);  y(7) =47 +1,
7 € [~0.5,0]

yielding (6)—(9) as

(39)

2
Jv) & / [27(8) + 247 () + o> (£)]dt — m(if?. (40)
JO v(t)

In 39),t € (0,2);Z(-) = col(x(-),y(-)); and V(-) and T'(-)
satisfy (10) with § = 0.5 and g(Z,7n,¢) = 1. Due to (11), (12), and
(14), the ROCP, associated with (39) and (40), has the form

drg(t)/dt = 2,(t) — 25(t — 0.5) + 2y.(t),
zs(t)=7+1, 7 € [-0.5,0]

2
Tolys) 2 / [rf(f) + Zg/f(t)] dt — min .
Jo

ys(t)

t € (0,2]

(41)
By Lemma 1 and Remark 2, the optimal feedback control of (41) is

ys[xs (), won (t), 1] = — |:Ps(t);vs(t)

0

+ Qa(t,m)vs(t+ 7)dr

J—0.5

(42)
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(a)

Fig. 1. Integral sliding modes and nominal trajectories.

where P,(t) and (QQs1(t, T) are obtained from the unique solution of

the set of equations

dP.(t)/dt

= —2P,(t) — 2Q.1(t,0) — 1 4+ 2P%(1), P.(2)=0
(0/0t —9/0T)Qs1 (¢, T)

= —Qu(t,7)[1 = 2P:(t)] = Reo(t,0,7),  Qa1(2,7) =0
(0/0t —0/91 — 9/0p)Rso(t. 7. p)

=2Qu(t,7)Qu1(t,p).  Rwo(2,7,p) =0
Qs1(t,—0.5)

= —P (1), R.o(t,—0.5,7) = Roo(t, 7, —0.5)

= —Qu(t, 7). 43)

In this example, (43) is solved numerically by using the first-order fi-
nite-difference approximation of the derivatives with respect to 7 and
p, and then by applying the Euler method to the obtained set of ordi-
nary differential equations.

Due to (24), the fast subproblem, associated with (39) and (40), has
the form

dyp(€)/d§ = vy(&)
Tr(vy) £ /+OQ [2: HOEXT (€)] d¢ — min
FNYf) = . Yr I €’

vy

(44)

By Lemma 2, the optimal feedback control of (44) is vy[ys(€)] =
—/2y¢(€). Now, using the latter, along with (42) and results of
Section III, one obtains the composite suboptimal control for the
NOCP, associated with (39) and (40)

1202000 = V2 { P00 + 11

0

+ Qs1(t, T)x(t+ T)dT} . (45

—0.5

Based on (45), the integral sliding mode manifold (29) becomes in this
example as

olZ(-), Zn(-)(t)
éy(t)—l—/t{%(s)—y(s)
+ (s — 0..5)0+ 2y(s — 0.5)
+ e 0] Z(5), Zu(s), s]}ds = 0,

t€[0,2]. (46)

0.5 1 1.5 2

1897

K 05 1 L 2
t
(b)
TABLE I
VALUES OF Jgo . Jx . Jso , AND Ji |
€ 0.1 0.08 | 0.06 | 0.04 0.02
Joom 11.2353 11.0839 1 0.9535 | 0.8387 | 0.7351
Jrom | 1.1884 | 1.0605 | 0.9433 | 0.8352 | 0.7345
Jgo 11.2457|1.0935 | 0.9626 | 0.8472 | 0.7433
JEm | 1.1996 | 1.0708 | 0.9529 | 0.8441 | 0.7427

50

The suboptimal integral sliding mode controller v, [y(t), yn(t), ]
is obtained by using (32) and (33) with wv.[Z(t), Z(t),t]
and o[Z(-),Zn(-)](t) given by (45) and (46). More-
over, using Corollary 2 and that 6 = 0.5, one can take
X[Z(t), Zn(t),t] = |ve[Z(t), Zn(t),4]] + 0.22, implying that the
controller v{3,[Z(t), Zn(t),t] is robust at least for = € (0,0.11).
This controller is compared to the integral sliding mode controller
VismlZ (), Z(t)n, t], constructed by using (29), (32), and (33) where
the composite control v.[Z(t), Zx(t),t] is replaced by the optimal
state-feedback control v*[Z(t), Z,(t),t] of the NOCP. The set
of Riccati-type functional-differential equations, associated with
this control, is solved similarly to (43). The functional x[-] in the
expression for viy,,[-] has the same form as in the expression for
via,[ -] with replacing v.[-] by v*[-].

Employing i, [ - ] and vi;,[ - ] in the original uncertain system (39)
yields the integral sliding modes Z7, () = col(@ia, (¢), yim (t)) and
Ziem () = col(xigm (1), Yiam (1)), respectively. These integral sliding
modes are evaluated by cost functional (40). Let J%, and .Ji5,., be
the respective values of this cost functional. Also, let .J),.., be the
optimal value of the cost functional in the NOCP and J;,., be the
value of the same cost functional obtained by employing the com-
posite control in the nominal system. In Table I, all these values are
presented as functions of . The calculations for (39) are carried out
with V[Z(t), Z(t — 0.5),t] = —0.5, T[Z(t), Z(t — 0.5),t] = 1. The
numerical solution of the set of Riccati-type equations, associated with
v*[Z(t), Zn(t), 1], is obtained for the numbers of mesh points of 150
in 7 and p, and of 2400 in £. These numbers provide the accuracy of the
respective value of the cost functional in the NOCP to be within 0.25%
for all considered values of =. The numerical solution of (43) is obtained
for the same numbers of mesh points. It is seen from Table I that 0 <
JEe = Jrom < 4.69¢% for £ € (0,0.1]. The initial function [see (39)]
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stz (7) = col(r + 1,47 + 1), 7 € [=0.5,0] and |2z (7) || = V2.
Thus, one directly obtains 0 < J32, — Ji . < 2.352%(||vz(7)||c)?
for £ € (0,0.1], which accords Theorem 1. Moreover, one has from
Table I that 0 < J2% — Jim < 2.31=%(||¢z(7)||)? for = € (0,0.1].
Comparison of this inequality to the previous one for .J35,, and J},m,
shows that, in spite of the presence of the uncertainties in the original
system, the suboptimal integral sliding mode controller keeps the same
accuracy of the corresponding value of the cost functional as is obtained
for the composite control in the NOCP.

In Fig. 1(a), the first components of the integral sliding modes
i (t) and x5, (t), as well as the first components of the corre-
sponding nominal trajectories x5, (t) and a7, (t), are depicted
for ¢ = 0.06. In Fig. 1(b), the respective second components
are shown. It is seen that the integral sliding modes practically
coincide with the respective nominal trajectories. Moreover, the
integral sliding mode Zi0,(¢t) = col(xif,(¢),yio.(t)) is close to

Z{;II](t) = CO](:I"TEIU(t)’:Ul*bl!l(t))'

VI. CONCLUSION

The controlled system with matched uncertainties and point-wise
and distributed state delays was considered. The control cost in the
performance index for this system is small with respect to the state
cost. Using the singular perturbation technique and the integral sliding
mode approach, an integral sliding mode “manifold” and a respective
robust controller were designed for this system. It was shown that this
controller transfers the system from its initial position to the integral
sliding mode “manifold” in zero time, keeps this system on the “mani-
fold” until the end of the control process, and provides the system mo-
tion on the “manifold” (the sliding mode) to be suboptimal with respect
to the cheap control performance index.
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