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Abstract

This project proposes a new control
design for linear time-varying systems.
The design is based on an inversion state
transfromation, which converts the prob-
lem of stabilizing the system state into
that of de-stabilizing the transformed
state. The new design utilizes aforward
Riccati equation while conventional con-
trol ustilizes backward Riccati equation.
The forward Riccati equation design has
the advantage that only present and past
information of the system matricesis
required in calculating the control. The
other advantage is that no differentiation
of the time-varying system matricesis
required so that the new control can be
applied to systems whose time-varying
parameters are piecewise continuous
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only.
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Introduction

There are essentially two approaches
to the state feedback control design of
Linear Time-Varying (LTV) systems. In
the first approach, one assumes knowl-
edge of future information on the system
matrices, and uses such information to
synthesize the state feedback gain. A
well-known example is the LQ control
(Kaman, 1964; Kwakernaak and Sivan,
1972), in which the control Riccati equa-
tion is solved backwards starting from
some future time to the present time.
However, their assumption is rarely met
since prediction of how system matrices
vary in the future can be very difficult in
most practical applications. The second
approach to the state feedback control
design of LTV systems is the pole-
placement-like control (Wolovich, 1968;
Vaasek and Olgac, 1993). In this ap-
proach, one must differentiate thesystem
matrices with respect to time consecu-
tively up to the order of the system di-
mension. In practice, information of the
system matrices is often obtained through
sensor measurement. Such measurement
inevitably introduces noise that can easily
destroy the fidelity of the
required information in a time differen-
tiation process. Hence, it is generally not
advisable to calculate the state feedback
gain by differentiating a noise-corrupted
system matrix.

The goal of this project is to devise a



control design that avoids the shortcom-
ings of the above approaches. In other
words, the control design should require
neither time differentiation of the

system matrices nor prediction of future
information of the system matrices.

The calculation of the control law should
be based soly on past and present infor-
mation of the system matrices.

In this project, it will first be shown that
by the introduction of an inversion state
transformation, the problem of stabilizing
the system state is converted into that of
destabilizing the transformed system.
Second, it is shown that the differentia
Riccati equation for destabilizing the
transformed state becomes a forward
Riccati equation with the boundary con-
dition set at the initial time of operation
instead of at some future time, similar to
the differential Riccati equation used in
the Kaman filter design. The require-
ment of future information on the system
matrices can thus be avoided.

Preliminaries

Consider amultivariable linear time-
varying system:

x=At)x+ B(t)u(y),
y=C(Hx
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where x(f) is the system state, w(f) is
the control input, (f) isthe system out-
put, the system matrix A(t) , the input
matrix B(f), and the output matrix C(f)
are time-varying matrices with piecewise
continuous and bounded elements.

It is assumed that the system (1) is
uniformly controllable as defined below.

Definition 1 : The par (A, B(f) is
uniformly controllable if there exist a
constant D and another constant a de-
pending on D such that the controllability
grammian /(t- D, t) satisfies
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where Y (tt) is the state transition ma-
trix of the free systemin Eq.(1).

The godl is to find a state feedback gain
K(t, x) such that the control input

u(t) = K(t, X) x(1)
stabilizes the closed-loop system expo-
nentially.

Control Design

The proposed control design is based
on the construction of an inversion state
transformation

Aty =210
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It follows from this definition that
1
Al =7 (©)
|

By differentiating Eq.(2) along the tra-
jectory (1), one obtains

&) = T()ADZAD + T(X)BOUD,  (4)

where Wf) is the transformed input de-
fined by
t
v =40 ©)
)
and T(x) is a Householder transforma
tion (Chen, 1984)
(0 =1 - 220X (0
X" (1) x(2)
It is important to note that 7(X) is sym-
metric and remains uniformly bounded
forany x(f)! O since
1T =1. (6)

Equation (6) can be verified by checking
that

T?(X) = 1.
Another consequence of the above equa-
tion is that T(x) is invertible for any
nonzero x(1):

T H(X) = T(X).



One can aso verify that T (X) A1)
=- At);hence, At)=-T'(X)At). Sub-
stituting this relationship into the right-
hand side of Eq.(4) yields

&1) = At A1) + B()A1),
Al =- T(HADT (X, (7)
E(t) = T(X) B(1).

Here, both A(f) and B(f) are functions
of x(f); however, the argument x is
omitted for the sake of brevity.

Equation (3) suggests that stabiliza-
tion of the original system state x(f) is
achieved if one can find a transformed
input VWt) in Eq.(7) to destabilize the
transformed system (7). Such a destabi-
lizing control input is given by

W) =R (OB ()ADAD, (8

where A(f) satisfies the forward differ-
ential Riccati Equation

P(t)=- AT()P(1) - P(O)A(L) + R(t)

- P(B( R ()BT (H (D),

H0)=FR >0, 9)

in which A(f), B(f) are defined in
Egs(7), R(t)>0, R(H)>0, and
R, R(), RY), R ae al
uniformly bounded. It follows from
Egs.(8), (2), and (5) that the actua con-
trol input w(?) isgiven by

ut) = R (OB (A x(D). (10)

Observe that A(tf), and hence the
state feedback gain in the above control
depend only on past information of the
system matrices Alt) and B(t), and
the past state x(t), where t 1 [0,4. In
other words, the proposed control (10) is

in fact a nonlinear dynamic state feed-
back control that does not require future
information of system matrices.

Under the assumption of existence of
solutions, the computation of A(f) is

directly based on an on-/ineintegration of
the forward differential Riccati equation
(9) starting at ¢ =0. This is quite differ-
ent from the computation of the back-
ward differential Riccati equation ap-
pearing in the time-varying LQ control,
where the integration has to be done off-
line, starting from some future time.

The following lemmas state some
properties of the transformed system ma-

trices A(f) and B(f).

Lemma 1. If the pair (A(f),B(f) in
Eq.(1) is uniformly controllable, the pair
(A(t), B(t)) in Eq.(7) is aso uniformly
controllable.

The second lemma, whose proof is
omitted, is an immediate consequence of
Lemma 1 and Dudlity (Cdlier and
Desoer, 1992).

Lemma 2. Under the Hypothesis of
Lemma 1, the pair (A(%), B(f)) is uni-
formly observable in the sense of Defini-
tion 1.

Observe that the differential Riccati
Equation (9) can be re-written as

A1) =(- A7) Pt + (O(- AT (D)
+R(0)- PO(B®) R ()(B" (D) A),

which has exactly the same form as the
observer Riccati Equation below:

&) = ADQ(D) + QA (1) + V(D)
- ANCT OV, (A,
QA0 =Q,>0



Therefore, based on Lemma 2, one can
follow the procedure in Wonham, 1968
and Anderson and Moore, 1968, to show
that A(t) in Eqg.(9) is uniformly bounded
above and below.

Lemma 3: Under the Hypothesis of
Lemma 1, there exist positive constants
g, and g, such that the solution A7)
of the Riccati Eq.(9) satisfies

gl EPEG, I "t>0.

One can now state the main theorem
of this paper, which shows that the pro-
posed control (10) is globally stabilizing
for the system (1).

Theorem: Consider the system (1) and
the state feedback control (10) and (9). If
the system (1) is uniformly controllable,
the closed-loop system is globally expo-
nentially stable.

Simulation Example

Example: Consider a multivariable time-
varying system (1) with

é - 1+1.5c0s’t 1- 1.5sintcost 1
At)=g 1- L5sintcost - 1+15sin’t 1
g 0 - sint - 5+sintE|
a2y
— u
B(t)—g’s 1(j
& 1g

The initiad condition of the system is
x"(0) =[333]. From simulation studies,
it is found that the open-loop system is
unstable. The proposed control (10) is
then applied to the system with the fol-
lowing design parameters P(0) =1,

R(t)=1 and R,(f)=1 inEq. (9).
Figure 1 shows the time history of the
System State, which converges to zero as
guaranteed by Theorem 2, and Figure 2
shows the time history of the control in-
puts.
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