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INVERSE OPTIMAL CONTROL FOR LINEARIZABLE
NONLINEAR SYSTEMS WITH INPUT DELAYS

X1USHAN CAIL, JIE WU, XISHENG ZHAN AND XIANHE ZHANG

We consider inverse optimal control for linearizable nonlinear systems with input delays
based on predictor control. Under a continuously reversible change of variable, a nonlinear
system is transferred to a linear system. A predictor control law is designed such that the
closed-loop system is asymptotically stable. We show that the basic predictor control is inverse
optimal with respect to a differential game. A mechanical system is provided to illustrate the
effectiveness of the proposed method.
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1. INTRODUCTION

Predictor-based techniques have been developed for stabilization linear/nonlinear sys-
tems with input delays [11 2] [3| [7, [8] [10, [14] (18], tracking control [26] 27], optimal per-
formance analysis of networked control systems [23] [24] 25], as well as observer design
for a class of nonlinear system in cascade with counter-convecting transport dynamics
[@.

The inverse optimality concept is of practical importance since it allows the design of
optimal control laws, which may minimize/maximize a physical quantity of interest and
which may possess certain robustness margins, without the need to solve a Hamilton—
Jacobi-Isaacs partial differential equation (PDE) [19].

Inverse optimality, as an design objective for delay systems was pursued by Jankovic
[12, 13]. Inverse-optimal re-design of the predictor-based feedback law was presented by
using a low-pass filter in [I7]. Input-to-state stability (ISS) and inverse optimality of
linear time-varying-delay predictor feedbacks have been investigated in [5]. The method
in [5] is extended to multi-input linear systems [6]. Inverse optimal control for strict-
feedforward nonlinear systems with input delays also exists [11].

If we can find coordinate changes to transform a class of nonlinear systems into linear
systems, it will be very meaningful. It is revealed that the family of feedforward systems
contains a substantial class that is linearizable by a diffeomorphic coordinate change
in [15, [16). An algorithm along with explicit transformations that linearizes a class of
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feedforward nonlinear systems is in [2I]. Sufficient and necessary conditions are given
for a control-affine mechanical system that can be transformed into a linear system by
a diffeomorphism coordinate change in [20].

In this paper, we extend the result of [I7] to inverse optimal control design for a
class of linearizable nonlinear systems with input delays. First, using a continuously
reversible change of variable, a nonlinear system is transferred to a linear system. A
predictor control law is designed such that the closed-loop system is asymptotically
stable. It is shown that the control law is inverse optimal with respect to a meaningful
differential game. Inverse optimal control for a class of linearizable nonlinear systems
with input delays has never been published from the knowledge of authors.

Notation. We use the common definitions of class K, Ko, KL functions from [I8].
Amax and Apin are the maximum and minimum eigenvalues, respectively of the corre-
sponding matrices. For a vector X € R", | X| denotes its usual Euclidean norm. For a

1/2
scalar function u(-,t) € Lo (0,1), |Ju(t)| denotes <f01 u?(z,t) dx) . For a scalar func-

) D,y 1/2
tion U € Ly (0, D), |U(#)|| denotes (fo U2() d9) .

2. SYSTEM DESCRIPTION AND BACKSTEPPING TRANSFORMATION
Consider the system with input delay

Z(t) = o(Z(t),U(t- D)) (1)

where Z € R"™ is the state, U € R is the input signal delayed by D units of time, and
¢ : R"x R — R"™ is continuously differentiable. Suppose that there exists a continuously
reversible coordinate change

X(t) = [f(z®) (2)
such that system is converted into a linear system as
X(t) = AX(t)+BU(t—D) (3)
with A € R"*™, B, € R™.

Remark 1. Sufficient and necessary conditions are given for a control-affine mechanical
system that can be transformed into a linear system by a coordinate change in Theorem
1 of [20). More information can be found from [4] for linearization of mechanical control
systems and [22] for linearization of Hamiltonian and gradient systems.

Remark 2. In [21], for a class feedforward systems
&= f(x) +g(x)u (4)

Yv\here f = [fl)f?v"' 7fn]T7 g = [gla927"' 7gn]Ta and f](x) = szj(x]-‘rla 7xn) +
fi@ins - san)s 95(2) = 2;9;(xj00,- s 20) + G5(2541,- - s 2a), [3(0) = 0,5;(0) =
0, fn = 0, f;(0),9n € R/{0} can be transformed into a linear controllable system via a
coordinate change.



Inverse optimal control 729

Using the transport PDE to express the delay, system can be rewritten as

X(t) = AX(t)+ Biu(0,t) (5)
u(z,t) = wug(z,t), z €[0,D] (6)
u(D,t) = U(t) (7)

where u(z,t) = U(x +t — D).
The infinite-dimensional backstepping transformation is defined as

w(z,t) = ulz,t)—keATX(t) — k / A=) BLu(y, 1) dy, (8)
0

for all € [0, D]. The gain vector k is selected so that A 4+ B1k is hurwitz.
Under the backstepping transformation, system f@ is transferred as

X(t) = (A+Bik)X(t)+ Biw(0,t) 9)
wt(l'vt) = wx(xat)7 T e [OvD] (10)
D
w(D,t) = U(t)—ke*PX(t) —k / APV Bru(y, t) dy. (11)
0

The inverse backstepping transformation of w is defined as follows:
u(z,t) = wlz,t)+ keAHBRTX (1) 4 k:/ eATBIRE=Y By, t) dy,  (12)
0

for all z € [0, D]. With , system @7 is transferred to system f.
3. ASYMPTOTICAL STABILIZATION FOR LINEARIZABLE NONLINEAR
SYSTEMS
The control law for system is designed as follows:

C

v = c+1

Ui(t) = U*(?) (13)
where .
Ui(t) = ke P f(Z(t) + k / A= B U(0) do (14)
t—D
and ¢ > 0 is sufficiently large, and the vector k is selected so that A + Bk is hurwitz.

Theorem 3.1. Consider the closed-loop system , and , there exist ¢* > 0,
and a class of L function §(s,t) such that for all ¢ > ¢*,

I'(t) < B(I'(0), t), forallt >0, (15)

with
I@t) = 2@+ U@ (16)
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The proof of Theorem 3.1 is based on a series of technical lemmas which are given
next.

First, we will prove that system (| @ under the control law and
D
Ur(t) = keAP X (8) + k / A=) B (y, 1) dy (17)
0

where k is given by , is exponentially stable.

Lemma 3.2. Consider system f@, together with the control law and , for
any 0 < p < 1, there exist

. ,U/mln{ mm(Q) alb}
A= vD (18)
max{/\maX(P), %}
max{B;,14+ B> el _ _
R= m#%max{AmaX(P)’ A tmax{ay, 1+ as}, (19)
and
. \/ebDa max { oo %} 2
c = T /i 9 ( )
such that for all ¢ > ¢*, it holds
Q(t) < RQ(0)e ™, for ¢ > 0, (21)
with
Q(t) = [X@) + [lu(®)]]*. (22)
Proof. The proof is similar to that in [5], it is omitted. O

Noting that u(y,t) = U(y+t— D), it is not difficult to find that can be rewritten
as

UL(t) = keAP X (1) +k/ A9 B, (9) df. (23)

Lemma 3.3. Consider the closed-loop system , 7 for any 0 < p < 1, there
exist A > 0, R > 0 and ¢* > 0, which are given by (18)), 1 ), (20 , respectively, such
that for all ¢ > ¢*, it holds

Q(t) < RQ(0)e= . forall ¢ > 0, (24)
with N
Q) = X + lU@)]* (25)

Proof. The proof is similar to that in [5], it is omitted. O
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Lemma 3.4. Under the condition , there exist class K functions aq, as such that
XA+ UMD < ea(|Z@)]+ U@, (26)

1Z@)] + U < co(IX @]+ [U@D]])- (27)

Proof. With the help of , f(-) is continuously reversible, there exist class Ko
functions @y, @y such that

[F(Z(1)] <a(|Z(1)]), (28)
and
X @) < @(X @) (29)
So it can be deduced that
(X@ + [IU@)]l (30)
= [fZO+ TGO < (20D + UG < ar (|20 + [T @]
and
20|+ U ) o
= [fH XN+ VO < @(XO) + U@ < e2(IX (@) + [U@])
where a1 (s) = @1(s) + s, as(s) = @a(s) + s. The proof is completed. O

Proof of the Theorem 3.1. Under the condition (2)), it is easy to see that can be

described as . With , , , we get

2O+ U0 < axX() |+ o)
< a (V2IXOP+UOP) )
< ar (VaROXOP + O )
< ar (V2ROXO)+ O )

< (VIRIX O] +[UO)])e ")
<z (V2Rax(12(0)| + [U(©0))e 3" )
= B(T'(0),¢), forallt>0, (32)

where 8(s,t) = as(V 2Ra1(s)e%ﬂ). The proof is completed. O
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4. INVERSE OPTIMAL DESIGN FOR LINEARIZABLE NONLINEAR SYSTEM

Theorem 4.1. Consider the closed-loop system , , , there exists a ¢** > c*
such that for all ¢ > ¢**, the control law , minimizes the cost functional

! ﬁalebD
J = lim <2BV(t) +/ (L(T) + U2(7)> dT) , (33)
t—o0 0 c
where L is a functional of (Z(¢t),U(#)), for all t — D < 6 < t, such that
L(t) > Bas(T(1)), (34)
for arbitrary > 0,b > 0, a; = i%, as is a class Ko, function, I' is given
by and V is
a [P
V(t) = FZe)PIZ0) + 5 / e w?(x, 1) da. (35)
0

Proof. Choose

L(t) = 202U, ()2 + 26X T ()QX (1) — 48X (t) PBy1w(0, 1)

+a1 fw?(0,t) + a1 8 fOD beb®w?(z,t) dx (36)

where a; = i% Uy, w are given by (23), (8], respectively, and b, 3 are

arbitrary positive scalars. Using and ., after some calculations, we get
(X + u®)]* _ <X
max{f,,1+ By} ~

OF + lw®)|? < max{@, 1+ @}(X (O + [lu@)*)  (37)

where AlD
2
@ =3 (1 + |k[?| B2 < ‘2|‘A|_1) 7
B 9 e2lAID_ 4
22 = 3|k| 2|,a;| ) e (38)
B, =3 (1+ k[ B W) ’

= 9 2lA+B1kID _
By = 3lkI* Smmm—

With , , we have

Ui(t)* <a(|X (@) + [lw(®)]?) (39)
where @ = 2|k|?e?41P (1 + | By |*)max{B;,1 + B,}. With , , we get

L(t) > =B (IX ()2 + w(®)[|?) + 28\ min(Q)| X (1)
_48 |XT(t)PB1|2 +aibB [ drw?(x,t) da
> =BT (|X ()2 + [[w(D)]?) + BAmin( Q)X ()2 + a1bB [, " w? (. t) dz

bD

> 3 (=227 + min{Auin(Q),a1b} ) (XOF + uw(®)]?).

(40)



Inverse optimal control 733

Choose ¢ > ¢** where ¢** is such that

bDg ay 1
c** > max 2aa g2 \/e amaX{ Zoin ) b} (41)
= min{Amin(Q),a1b}’ Vi—p ’

for some 0 < p < 1. By and , we get from that

Mﬂz%mﬁyﬁng?HOXmP+HMﬂW)
MINY Amin , A1 2 2
> W(‘X@” + [[u(®)]%) (42)
= Ppalban DL (X (O] + IUOI).
With , one has
XOI+ UG = o (1ZO] + U @)])- (43)

By (42)), (43)), we get

min{Amin arb
L(t) > Pl BB (X (1) + U (1))

Bmin{Amin(Q), a1b} (X®O|+IU®))?
2max{f,,1+8, i 2 (44)
Bmin{Amin(Q), a1b} (04171(|Z(25)|-‘-\|U(t)\|)2
2max{f;,1+8,} 2

Y

v

2
So is obtained with ag(s) = n;;{ai?g(?lglf} = 2( -

With the help of , , ., and the fact that U* (t) =70 (t), we have

L(t) = — B2V (1) + Bare (w(D, 1) — 285 ) — 26V (1)
= %“;‘2;2 11 + Bare? (U () — U (1) — L) — 28V (1) (45)

= 22 (@2 (1))? + ar e (U(0) - U*(1))? — 2100 2677(s).

It can be deduced that

Jy (L) + 222202 (7)) dr

46
:—mw)+wv +kﬁme(ugﬂwﬂ—m@Wdr (46)
We get
J =28V (0)+ [,° Bare®® (1+ 1) (U(r) — U*(r))? dr. (47)
So the minimum of is reached with
U(t) =U"(t) (48)
such that
=28V (0). (49)

The proof is completed. O
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5. EXAMPLE

Consider the following mechanical system given by [20] as follows:

Zi(t) = Zy(t)

Zy(t) = U(t— D)

Z3(t) = Za(t)

4t = 21+ 2t + 2020

FEAG)

(50)
(51)
(52)
(53)

where Z1,75,725,7Z4 € R with Z; > —1 are the states and U € R is the input sig-

nal delayed by D units of time. Denote X (t) = [X1(t), X2(t), X
[Z1(t), Za(t), Z3(t), Z4(t)]T, with a change of variable
Z1(t)
X(t Z(t 220
= = z
O = JED=1 70 - 3 (B
Z4(t)
15209
the plant 7 can be converted into
Xi(t) = Xaft)
Xy(t) = U(t-D)
X3(t) = Xa(t)
X4(t) = Xq(v).
Denote
01 0 0 0
00 0O 1
A=lo o001 |" B = o
10 00 0
we have
1 ¢t 0 0
0 1 0 0
M=l ooy
28
t 5 01
By , we have
Xi(t)
_ Xo(t)
Zt) = fUX(@) = 2
0 = FEO =] g0

Choosing

Xa@0), 2(t) =

(54)

—~ o~~~
(&1 BN G2 S
o ~J O O
= D

(59)

(61)

(62)
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then A + B1k is a hurwitz matrix. Using Theorem 3.1, the control law

Ut) = Ui(t) =U*(t 63
(t) =~ Ui = U* (1) (63)
where ¢ > 0 is sufficiently large, and
Uir(t) = ke AP f(Z(t) + k [}, eA =0 BU(8) df (64)
asymptotically stabilizes system f. Solving the matrix equation
o 1 0o o]" 0 1 0 -1 0 0 0
-9 -5 -2 -7 -9 -5 -2 -7 0 -1 0 0
o 0o o 1| PP 0 0o o =l o 0o -1 0
1 0 0 0 1 0 0 0 0 0 -1
(65)
we get
3.5833 0.4722 1.6389 3.7500
p_ 0.4722 0.1944 0.2500 0.5278 (66)
T | 1.6389 0.2500 2.8056 3.1944
3.7500 0.5278 3.1944 6.4167]
By calculating, one has a; = 0.1505, and
Z1(t) T
Vit 50
= Z
O =1 Zy(t) - § (22
a 1+Zl(t)
3.5833 0.4722 1.6389 3.7500
o 0.4722 0.1944 0.2500 0.5278 (67)
1.6389 0.2500 2.8056 3.1944
=37500 0.5278 3.1944 6.4167]
i
Zo(t
0.1505 D =z
| Zy(t) — %(1 ) 200 7 e"w?(x,t) du,
Z4()
L 1+2:1(t)
0.15058e"” Zi(t) \? ’
L(t) = =220 U, (1) + 28721 (1) + 28Z5(1)? + 28 <Z3(t) -3 (1+4z(1()t)) )

Z4 (t)

+28 g 45 (0.47222, (t) + 0.1944Z,(t) + 0.25 ( Z5(t) — L(-Z21))2
121 (t) : 1 : 2 : 3 2\15Z, (v)

Z4(t)

+0.5278 2410

) w(0, ) + 0.15058w2(0, £) + 0.15058 [ e?w?(x, t) d.

(68)
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By Theorem 4.1, the control law , minimizes the cost functional

J = lim <26V(t) + /O t (L(T) + 0'1505’86DU2(T)) dT) (69)

C

for arbitrary 8 > 0 and ¢ > 0 is sufficiently large and V' (¢), L(t) are given by , 7
respectively.

Responses of the states and the control law of the closed-loop system 7, ,
are shown for D = 3, ¢ = 100 in Fig.1. One can observe that the closed-loop system
is asymptotically stable and the control law , is inverse optimal with respect to
the cost functional .

1 2
0.5 '
0
—~ 0
= 05 =
N S
-1
15 -2
-2 3
0 5 10 15 0 5 10 15
¢ ¢
5 3
4 2
3 1
= =
N N
1 1
0 2
0 5 10 15 0 5 10 15

Fig. 1. Responses of the states Z1(t), Z2(t), Z3(t), Z4(t) and the
control law U(t) of the closed-loop system 7,, for
initial conditions Z1(0) = 0.1, Z2(0) = 0.2, Z3(0) = 1.1, Z4(0) = 0.44
and U(9) =0, for 0 € [0, 3].
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6. CONCLUSIONS

We consider inverse optimal control design for linearizable nonlinear systems with input
delays based on predictor control. A nonlinear system is transferred to a linear system
with a continuously reversible coordinate change. We show that the basic predictor
control is inverse optimal with respect to a meaningful differential game. A mechanical
system is given to illustrate the validity of the proposed method.
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