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SUMMARY

This paper investigates the problem of finite-time-horizon robust H,, tracking, for linear continuous time-
varying systems, from the game theory point of view. Three tracking problems are considered, depending
on whether the reference signal to be tracked is perfectly known in advance, measured on line, or
previewed in a fixed interval of time ahead. No a priori knowledge of a dynamic model for the reference
signal is assumed, and the parameters of the system are not completely known. A game is defined where,
given the specific information on the tracking signal, the controller plays against nature that can choose
any initial condition, any bounded energy disturbance input and measurement noise, and any set of
parameters in a prescribed bounded region. A standard quadratic pay-off function is defined where the
energy of the tracking error signal is weighted against the energy of the disturbance, the noise signal, and
the Euclidean norm of the initial condition.

Conditions for the existence of a saddle-point equilibrium in this zero-sum game are not easy to find.
‘We, therefore, augment the state-space description of the system to convert the parameter uncertainty into
exogenous bounded energy signals. An augmented game is then defined on the new perfectly known
system, and it is shown that its saddle-point equilibrium solution, if it exists, guarantees a prescribed H..-
norm performance of the tracker, in the original system, for all possible parameters.

Necessary and sufficient conditions for the existence of a saddle-point solution to the augmented game
are determined. H..-tracking controllers, which guarantee the prescribed performance level for all possible
parameters, are derived for both the state and the output feedback cases.

KEY WORDS robust tracking; uncertain systems; H,, control; game theory

1. INTRODUCTION

One of the main reasons for the vast attention that has been paid in the last decade to the
methods of H,, control is the good robustness properties of the resulting control, in comparison
to the ‘conventional’ L, design.! The linear H, problem has been solved generally by
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transforming the problem to fit the model of the ‘standard problem’, and using the well-
established solution of this problem to obtain the required output feedback.>

The H. design problem is, in fact, a design that aims at minimizing the effect that the
exogenous signals have on the system, at the worst-case situation. It has been recognized very
quickly that this problem can be looked at as a zero-sum dynamic game, where the controller
plays against nature that can pick the worst possible disturbance to increase the performance
index the controller wants to minimize.**

The main practical disadvantages of the H. /game theory approach are:

(1) Although it provides a reasonable robustness, the solution of the standard problem does not
guarantee a prescribed performance level in case of plant parameter uncertainty, where the
parameters are allowed to stay anywhere in a given closed set.

(2) The solution aims at securing a prescribed performance level for all possible exogenous
input signals, and it therefore entails a significant overdesign in cases where some of the
input signals are measurable. These include the case where the disturbance is partially
measurable and the case where the system is required to follow an a priori given, or a
causally measured, reference signal.

The theory of H,, control and filtering has been recently extended to deal with structural
uncertainties in a prescribed range.>® The method of Reference 5 has a game theory meaning
where nature can be considered as the adversary of the controller. Nature selects not only the
exogenous signals to maximize the pay-off function, but also the parameters of the plant. The
overdesign that was entailed in solving H_ control problems with measured signals has been
elevated lately by Reference 7. A method has been introduced there which does not consider the
measured signals as a part of nature’s selection. A solution is proposed in Reference 7 for the
various information patterns that are available about the measured signals.

The results of Reference 7 constitute the first attempt to deal with the tracking problem in
cases where the statistics of the reference signal is unknown and where the controlier possesses
some measured information on this signal. The L, tracking problem of an a priori known
reference signal has been solved long ago (e.g. Reference 10). The problem of tracking a
reference signal with fixed preview has been investigated by Reference 11, where a knowledge
of the statistics of the reference signal is required for the time interval that is not previewed. The
problem of L, tracking with preview has also been treated in the frequency domain by
Reference 12, where spectral factorization is used to derive the control signal.

None of the above works addresses the problem of parameter uncertainty. This issue is of
special importance in the tracking problem since owing to the uncertainty the effect of a known
reference signal cannot be completely cancelled. It is expected that the H. approach of
Reference 7 will exhibit some advantages over the traditional L, approach owing to the inherent
robustness properties of the H,, design. The results of Reference 7 cannot guarantee, however, a
required performance for the whole given set of the parameter uncertainty.

In the present paper we combine the methods of References 5 and 7 to obtain a game theory
solution to the problem of achieving a prescribed level of tracking and disturbance attenuation
in the presence of some measurable disturbance and reference signals and some uncertainty in
the plant. The uncertain part of the plant state-space matrices is known to be norm-bounded and
it may be time-varying. Three cases are considered. In the first, we treat the case where the
tracking signal is perfectly known in advance. This case corresponds to situations where one
wants to obtain a good tracking to, say, a step input, or else, in the stochastic case where the
random reference signal has a known nonzero average component. The second case deals with a
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reference signal that is measured on-line, and the third one is the case where the reference signal
is previewed in a fixed interval of time ahead and this future information on the signal is used to
improve the tracking performance.

The paper is organized as follows. We begin in Section 2 by formulating the tracking problem
and describing the plant uncertainty and the different information patterns that we treat. The
performance index that we use is essentially the worst-case L,-norm of the tracking error, for a
specific reference signal, over all the initial states, the L, disturbances and measurement noise
signals, and the admissible parameters. In Section 3 we augment the state-space description of
the system to convert the parameter uncertainty into exogenous, energy-bounded, signals. An
augmented game is then defined and solved. The saddle-point solution of the latter, if exists,
guarantees the required H.. performance of the original tracking problem for all admissible
parameters.

We demonstrate the use of the theory of Section 3 in an example in Section 4. In this example
we solve the state feedback tracking problem for a second-order system using both the method
of Reference 7, for the nominal plant, and the new method of the present paper. We compare
the results in the case where the reference signal is not a priori known but is measured on line.
We demonstrate in the example how preview improves the tracking performance for the worst
possible value of the uncertain parameter of the system.

2. PROBLEM STATEMENT

Consider uncertain time-varying systems described by

<) x=(A+AAx+B,w+ (B,+AB)u+B,r; x(0)=x, (la)
z=Cx+Dypu+Dyyr (1b)
y=(C, +AC)x+ v+ (D, +AD)u (1c)

where x € R" is the state, X, is an unknown initial state, w € R’ is the disturbance input,
u € R™ is the control input, r € R" is a known or measurable reference signal, y € R* is the
measured output, v € R* is the measurement noise, and z € R? is the controlled output. The
matrices A, B,, B,, B;, Cy, C,, Dy,, D3, and D,, are known real time-varying, piecewise
continuous, bounded matrices of appropriate dimensions that describe the nominal system, and
AA, AB, AC and AD are real-valued matrix functions representing time-varying parameter
uncertainties. These uncertainties are assumed to be of the form

AA AB_|H
a4 AD]-[ HJF[EI E,) @

where F € R™ is an unknown time-varying matrix with Lebesgue measurable elements
satisfying

FY(OF(@)<I, Vi 3)

and H,, H,, E, and E, are known piecewise continuous matrix functions of appropriate
dimensions that specify how the nominal system matrices A, B,, C, and D,, are affected by the
uncertain parameters of F.

The deterministic input signal r(-) provides a tracking trajectory —D,;r(-) for the system
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output C,x+ D,,u, and the signal z(-) in (1b) represents the tracking error. Note that the input
signal r(-) is also allowed to affect the system dynamics and that it may use an input channel
different from that used by the control input u(-).

In this paper we are concerned with the following robust tracking problems: design a control
law u(-) over the horizon [0, T], using the available measurements y(-), and the known
reference signal, r(-), to make z(-) uniformly small, in a certain sense, for any w, and v in
L,[0, T] and x, € R", and for all admissible uncertainties.

The admissible control law is assumed to be of the form

u=Gy+G,r €]

where G, is a linear causal dynamic operator and G, is a linear dynamic operator which can be
either causal or non-causal, depending on whether the reference signal r(-) is, respectively,
measured on line or known a priori.

Three tracking problems will be considered, depending on the information pattern for r(-).
We define the history up to time ¢ of the measurement y and the reference signal r by

Y, ={y(1), 0< <1t} and R,={r(7); 0< <1t}
The tracking problems we shall investigate are:

(i) Tracking of a non-causal r(-). The signal r(-) is assumed to be known a priori for the
whole interval [0, T]. The control law u(t), V¢ € [0, T] is based on Y, and R;.
(ii) Tracking of a causal r(-). The signal r(-) is measured on line but cannot be predicted.
The control law u(t), V¢t € [0, T] is based on Y, and R,.
(iii) Fixed-review tracking. It is assumed that at the current time the signal r(-) is
previewed in a known fixed interval of time ahead. Given a positive scalar A< T, the
control law u(t), Vi€ [0, T]isbasedon Y, and R,, ,.

The tracking performance that is used here is a standard quadratic pay-off function given by
J(r, u, v, w, x5, F) =1lzll3 = Y*1IWIl; + w15 + lIxoll% ] )

where y >0 is a given scalar that indicates the level of tracking performance of the controlled
system, and R = RT > 0 is a given weighting matrix for the initial state.

In the above, ||x|3 denotes x"Ax, L,[0, T] stands for the space of square integrable real
vector functions in [0, T'], and ||-||, denotes the L,[0, T] norm.

The robust tracking problems are to find a control law u(-) € L,[0, T] of the form (4), using
the available information on y(-) and 7(-), that minimizes

sup J(r,u,v,w,x,,F) 6)
vw,xo,F
where v, w € L,[0, T] and x, € R".

The above tracking problems are indeed dynamic game problems, where given a specific
information on the reference signal r, the controller plays against nature that can choose any
initial state, any bounded energy disturbance input and measurement noise, and any uncertain
matrix F satisfying (3). All the three games that are related to the tracking problems (i)—(iii)
stem from the cost function (5). The only difference between these games is in the form by
which the reference signal is available to the controller. The desired control law for each of the
tracking problems (i)—(iii) corresponds indeed to the saddle-point minimizing strategy for each
of the corresponding games.
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Remark 2.1

Note that when the reference signal r(-) is identically zero, the above tracking problems
reduce to the robust H.. control synthesis which has been analysed in References 5 and 8 for,
respectively, continuous and discrete time systems.

Remark 2.2

We note that problems (i)-(iii) have been solved in Reference 7 for the case where there is
no parameter uncertainty in (1). Also, it should be noted that in the absence of the reference
signal r(-) and parameter uncertainty, the above problems reduce to the standard H_ control
problem.

We end this section by introducing the following assumption which is standard in nonsingular
H.. control problems.

Assumption A
D, (t) is of full column rank for all ¢t € [0, T'].

3. MAIN RESULTS

The game problem introduced in the previous section is very difficult to solve. We shall,
therefore, solve an auxiliary game problem which does not involve uncertainty and is such that
the worst-case value of its pay-off function is an upper bound for the worst-case value of the
criterion in (6). The key idea behind this approach is to convert the parameter uncertainty into
exogenous bounded-energy signals. Justification for this technique is provided in the sequel.

‘We introduce the following auxiliary system:

=) X =Ax, + [Bl Y H1:|wa +Byu, + Byr, x,(0) =x, (7a)
£
C D D
za=LE‘1 }angjuﬁ[ (ﬂr (7b)
and
Y, =Cox, + [0 X H2]wa + v, + Dyu, (7¢)
&

where x, € R" is the state, x,, is an unknown initial state, u, € R™ is the control signal,
w, € RP*/ is the disturbance input, v, € R* is the measurement noise signal, y, € R* is the
measurement, z, € R?*/ is the controlled output, r, A, B,, B,, B;, C,, C,, D,;, D5, Dy, H,,
H,, E, and E, are as in (1)—(2) and &(t) is a piecewise continuous scaling function to be chosen
that is nonzero for all ¢ € [0, T']. Associated with the system (Z,) we define the following
performance index:

Ja(r, Uy, Vo Way Xag, €)= 12,13 = V2 UIWE + 1017 + g0l 1] ®

where y and R are as in (5).
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We have the following resuit:

Lemma 3.1

Consider the systems (£) and (Z,) together with the performance indices (5) and (8),
respectively. Assume that u and u, are generated by the same controller, namely, u= G,y + G,r
and u, = G,y, + G,r. Then, the following holds:

sup [J(r, u, w, x5, F)I< sup [J (7, u,, v,, W, X0, €] for any admissible &.

vw,xo, F Uy W, Xa0
Proof. For any given x,, F, w, v, and r in (5) for the system (X), and any admissible ¢, take

w(t)
S R 2]

Then, it is easy to verify that for all t € [0, T]

O=x0,  3O=)D wO=u® and z,,(t)=[£[Elx(,§(f Ezu(,)]]

which implies that:

Ta(ry Uy 05, Wa, X0, €) = |l2117 = Y0IWI + NlIZ + lxoll% 11 + €2[UE, x + Epull} - |F(E, x + E;u)il7]

Now, considering (3) and (5) we obtain that J,(r, u,, v,, W,, X4, €) 2 J(r, u, v, w, x,, F) and
the result follows immediately. O

In view of Lemma 3.1, our approach for solving the robust tracking problems involves
solving the game problem of (8) in lieu of the game of (5). More precisely, we will solve the
following auxiliary game problem:

Find £+ 0, u € L,[0, T], worst-case signals v,,w, € L,[0, T1], and a worst-case initial state
x*, € R” satisfying the following saddle-point condition:

* - * * * L ] * *
J(r, u,, vy, W, X0, €) ST (1, Uy, UW,, X g, €)K T, (1, Uy, U, W,, X g, €)

where the strategy u,(¢), t€ [0, T], is based on the available information at time ¢ on the
measurement y,(-) and the reference signal r(-). Note that the system (Z,) is parameterized by
¢, which is a scaling function to be searched in order that a saddle-point equilibrium in the game
problem of (8) can be found.

The minimizing control law

u,=G,y,+G,r
with y, replaced by y, will provide the control law of the related H,, tracking problem for the
system (Z).
Remark 3.1

We note that when the reference signal r(-) is identically zero, it has been shown in
References 5 and 8 that the above controller guarantees the following H.. performance:

llzll, < yUIWIEZ + l1ll3 + Ixoll% 11
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for any w and v in L,[0,T] and x, € R", and for all admissible uncertainties, whenever
IWII3 + 111 + llxolI% -1 # O.

A solution to the auxiliary game problem of (8) subject to (7) can be readily solved using the
recent results of Reference 7. To this end, introduce the following Riccati differential equations
(RDEs)

-X= (A—Bleﬁ'lrzC"l)TX+ X(A“Bzvlﬁ;rzel)+X()’-2§1§;r_§2v13_;)xz_
+C{(I-D,,V,\D},)C;; X(T)=0 9

and
Y=(A-B,D}\V,C,)Y+Y(A-B,D},V,C,)" +_Y()’-2_é;r61: CiV,C)Y
+B,(I-D3,V,D,)Bf; Y(0)=R (10)
where
- - - C - D
B, = [Bl % Hl]; Dy = [0 %Hz]; C = [EEII]; Dy, = Léj (11a-d)
and

Vi=(DLDy,)™; V,=U+D,D})™ (11e~f)
We also consider the following conditions:
Condition 1. There exists an ¢ such that (9) has a solution X(¢) over [0, T] satisfying
X(0)<¥*RL.
Condition 2. There exists an ¢ such that:

(a) The equation (9) has a solution X(¢) over [0, T'] satisfying X(0) < ¥R ™!
(b) The equation (10) has a solution Y(¢) over [0, T']
(€) I-y2X()Y(t)>0 over [0, T]

Remark 3.2

Note that since X(T)=0 and Y(0)>0, it follows from well-known results on RDEs that if
there exist solutions X(tf) and Y(¢) to (9) and (10) over [0,T], respectively, then
X(t)=X"(r)»0and Y(t)= Y"(¢) >0 over [0, T].

We first deal with the case where perfect state measurements are available.

3.1. State feedback case

Our first theorem provides a solution to the auxiliary game problem of (8) where v, =0 and
the controller has access to the state x,. In view of Theorem 3.1 in Reference 7 we have the
following result.

Theorem 3.1

Consider the system (Z,) subject to the assumption of perfect state measurements, and where
the time history R,,,, A € [0, T] of the reference signal r(-) is available at time ¢. Then, the
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auxiliary game problem of (8) has a saddle-point solution if and only if Condition 1 is satisfied.
Moreover, a saddle-point strategy is given by:

X0=[Y"R™' - X(0)]7'6(0) (12)
w, =y ’B{[Xx, + 0] (13)
u;=-V,[B;X+D},C\)x, + D, Dy5r + By 6, ] (14)

where x* denotes the optimal trajectory of x, with w,=u,, w,=w, and x,=x,, 6(1),
VYt € [0, T] satisfies

O=-A%0+B,r, 6(T)=0 (15)
where
Ay,=A-B,V,D},C, + (y*B,Bf - B,V,B))X (16a)
B,=(XB,+C[D,)V,D},D,; - (XB; + C[D,;) (16b)
and @,(¢) is the ‘causal’ part of 8(-) at time ¢, given by
0,(0) = -AJD)6,() + B(Dr(x),  t<t<t, tf{‘ p h g o Z N ; (17a)
and
0.(t)=0 (17b)
Furthermore, the value of the game is
T (r, ul, W, %o, €)= J(r, )+ | VI2BT0, |2 (18)
where
6,()=6(H-06.(), Vtel0,T] 19)
and

- _ = T
Jr, €)= I1Dysril + ¥ OO, + I1BTOIG) - 1V (B30 + DLDsnIE +2 [ 6"Byr dr (20)
with
Po=[R™~yX(O)]™" 21)

Remark 3.3

Observe that in the case of a non-causal signal r(.), ie. h=T, 6,(t)= 6(¢) over [0, T).
Hence, it follows that the values of the game reduces to J(r, €). On the other hand, when the
signal r(-) is measured on line, i.e. A=0, it follows from (17) that 8,(¢)=0 for all ¢ € [0, T],
and the value of the game is given by J(r, £) +||V2B 6]|2.

In view of Theorem 3.1, we can easily obtain a solution to each of the three robust tracking
problems (i)—(iii) when perfect state measurements are available. Indeed, the control law (14)
with x, and w, not playing their optimal strategy will provide a suitable control law for the
tracking problems.
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Corollary 3.1

Consider the system (X) subject to the assumption of perfect state measurements, and let
y >0 be a given scalar. Then, if Condition 1 is satisfied we have the following results:

(a) A suitable control law for the problem of H_, tracking of a non-causal () is given by
u=Kx+K,r+K,0 (22)
where
K,=-V,(B;X+D},C, + eEJE,); K,=-V,D,D,;, and K,=-V,B] (23a-c)
and where 6(-) is as in (15). Furthermore, the controller guarantees the performance
lizll3 < y0Iwillz + lixoll -1+ (7, €)
(b) A suitable control law for the problem of H._, tracking of a causal r(-) is given by
u=Kx+K,r (24)
with the guaranteed performance
Izl < Y*UW5 + XMl 11 + J(r, &) +IViZB 6l
{c) A suitable control law for the problem of H., fixed-preview tracking is given by
u=Kx+Kr+K,0, (25)
with 6,(-) given by (17). Furthermore, this controller guarantees the performance
3 < VLI + lxoliz 11+ J(r, €) + V7B 6,13
where 0, (-)is asin (19).

Remark 3.4

In the case where r(t) is identically zero over [0, T'], Corollary 3.1 reduces to the main result
of Reference 9. In this situation, it has been shown there that the above controller guarantees the
performance

lzll, < yUIWIE + lxollz-11'

for any weL,[0,T] and x,€R" and for all admissible uncertainties, whenever
(1wl + lIxol1% -1 # O.

3.2. Output feedback case

We shall first provide a solution to the auxiliary game problem of (8) via output
measurements for a non-causal 7(-). The result that follows is.easily obtained from Theorem 3.3
in Reference 7.

Theorem 3.1

Consider the system (Z,) where the time history R; of the reference signal r(-) is available in
advance. Then, the auxiliary game problem of (8) has a saddle-point solution if and only if
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Condition 2 is satisfied. Moreover, a saddle-point strategy is given by:

X0 =[Y"R™' = X(0)]7'6(0) (26)
v, =0 @27
w, =y 7B (X{+6) (28)

and
u,=-V,[(BJX+ D},C,)i+ D},D;3r+ B} 0] 29)

where 0(¢) is as in (15) and X(¢) satisfy Vt€ [0, T]:

£=A X+ Byu,+Bsr+ L(y, — C,#— Dyu})+ B0, X(0)=0 (30)

with
A, =A+y *B,-LD,)B'X (31a)
B, = 7_2(51 - L521 )B—lr (31b)

and
L=(I-y~¥YX)"(YC; + B,D},)V, (31c)

Furthermore, the value of the game is J(r, €) of (20).

The next theorem, which follows from Theorem 3.1 in Reference 7 deals with the auxiliary
game of (8) where the controller strategy u,(f) over [0, T'] is based on the information ¥? and
R,.,, with 0K h< T. The notation Y; denotes the time history of y,(:) up to time ¢, defined by
Yi={y,(7),0<<t}.

Theorem 3.3

Consider the system (Z,) where the time history R,,,, h € [0, T), of the reference signal r(-)
is available at time ¢. Then, the auxiliary game problem of (8) has a saddle-point solution if and
only if Condition 2 is satisfied. Moreover, a saddle-point strategy is given by (26)—(28) and

u,=-V,[(B;X+D},C))%x,+ D,D,sr+ BJ6,] (32)

where 0.(¢) is given by (17) and X_(¢) is the ‘causal part’ of X(-) at time ¢ (with respect to r(-))
given by

X, =A%, + Byu, + Byr +L(y— C,%, — Dyyu;) + B, 6, (33)
and
% 0)=[¥’R™' - X(0)]17'6.(0)
Furthermore, the value of the game is
T (r, ug, v, W, X, £)=J(r, &) +|IVIP[B] 6, + (B;X + DL, C)% 1II}
where 6, () and J(r, £) are given by (19) and (20), respectively, and
X@)y=2()—-%.(), Vi€[0,T] (34)
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Remark 3.5

We note that similarly to Theorem 3.1, the conditions in Theorems 3.2 and 3.3 for the
existence of a saddle-point equilibrium do not depend on the reference signal r(-). Indeed, r(-)
affects only the saddle-point signal and the value of the game.

We also note that in the case when r(-) is causally measured, =0, 6_(¢)=0 and 6, (¢) = 6(t)
over [0, T]. Hence, in Theorem 3.3 we have £.(0)=0.

The results of Theorems 3.2 and 3.3 can be easily specialized to provide output feedback
controllers for each of the H,, tracking problems (i)—(iii). The control law u of (29) and (32)
with y, (-) replaced by y(-) will provide a suitable control law for the tracking problems.

In view of Theorem 3.2 we can easily derive the following result.

Corollary 3.2 (Robust tracking of a non-causal r(-))

Consider the system (X) where the reference signal r(-) is known in advance for the whole
interval [0, T'] and let y > 0 be a given scalar. Then, if Condition 2 is satisfied define the control
law

u=-V,[(B;X+ D},C,)%+ D},D;r + BJ 0] (35)
where 0(-) satisfies (15) and ¥(-) is given by
£=AX+Byu+B,;r+L(y— C,X—Dynu)+B.0, X£0)=0
This control law will guarantee the performance
1213 < Y2[llw; +11vli3 + Ixollz 11+ J(r, €)
where J(r, €) is as in (20).

A solution to the robust tracking with a causal r(-) and the robust fixed-preview tracking are
obtained directly from Theorem 3.3 and are provided in the next two corollaries.

Corollary 3.3. (Robust tracking of a causal r(-))

Consider the system (Z) where the reference signal r(-) is measured on line, and let ¥ >0 be
a given scalar. Then, if Condition 2 is satisfied, the control law

£, =A%, +Byu+ Byr+ L(y—C,%,— Dyu); %,(0)=0 (36)
u=-V,[(B;X+D},C, )%, +D},D,5r] (37

will guarantee the performance

liz1l < Y Uw i3 + 10l + Ixoliz -1+ I (r, &) + VI [B 0+ (B;X + D}, C) 4113
with 6(-), 8,(-) and J(r, ¢) satisfying (15), (19) and (20), respectively.
It is easy to see that the above controller can be rewritten in the following observer-based
structure: :
£.=(A+AA"X, + Byw' + Byu+ Byr+ LIy — (C, + AC")X, — Dyyu], #£(0)=0 (38)
u=Kx + K,r (39)
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where K, and K, are as in (23) and

.1 e_ 1 . -
AA =§H1H1Tx; AC =?H2H1Tx; w* =y BIXZ%, (40a-c)

Remark 3.6

In the tracking controller (38)-(39), K%, can be viewed as the estimate of the signal K,x of
the state feedback control law (24) in the presence of the ‘worst-case’ input disturbance w’ and
‘worst-case’ parameter uncertainties. The observer (38) is a modified Luenberger observer
where AA” and AC" reflect the effect of the ‘worst-case’ parameter uncertainties on the
estimation of K x.

Remark 3.7

The result of Corollary 3.3 can be used to solve the important case where some of the
disturbances are measurable. Replacing B, w in (la) by B,w+ B,w,,, where w,, describes the
measurable disturbances, and it is assumed that nature can arbitrarily choose w. The augmented
reference signal is then r,=[r", w17, and B; and D,; are replaced by [B; B,,] and [D,; 0],
respectively. If Condition 2 is satisfied, the control law is then given by (36) and (37) with B,r
replaced, in (36), by B;r + B, w,,.

Corollary 3.4 (Robust fixed-preview tracking)

Consider the system () where the reference signal r(-) is previewed A second ahead and let
y > 0 be a given scalar. Then, if Condition 2 is satisfied the control law

£, =A%, + B,u+ Byr+ L(y— C,%, - D,,u) + B0, 20 =[y*R'-X(0)]17'6.(0) (41)
u=-V,[(BfX + DL, C )%, + DL,Dsr+ BJ6,] 42)
where 8,.(-) is given by (17) with h = A, will guarantee the performance
117 < Y2UIWIG + 1li3 + llxolR 21+ J(r, &) + |V{P[B] 6, + (ByX + D, )41}
with 8, (-), J(r, €) and ¥, (-) satisfying (19), (20) and (34), respectively.

4. EXAMPLE

Consider the system of (1) where:
_10-1+0 —0. -1 -2 0 = 0 =1
A"[1 -0:5 ] 31_0225[ 2]’ G [0 o]’ B, [0.05]’ By [0]’

210 -1
D12=10 [1], and D13=[ 0].

We assume that J is not known and that it may lie anywhere in the interval [-0-7 0-7]. We
further assume that the two states are available for measurement, so that we can apply state
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feedback, and we consider the stationary case, where 7 — oo, Using the notation of Section 2 we
have H,=[1 0], E,=[0 0-7],E,=0and H,=0.

We first solve the tracking problem by applying the method of Reference 7 for the nominal
plant (8 =0), using y =0-42 and ignoring the plant uncertainty. We obtain the following result:

3.558 —0-967
X, = ,  K,=[48352-1825
! [—0-967 0-365] n = 835 ]

where X, is the solution of the appropriate algebraic Riccati equation and K, is the
corresponding state feedback gain. The resulting closed-loop transfer function from r to the first
component of z of (1b) is
__ 25+192
' 2496255+ g,

where for the nominal case g, =25:176. For 6 =0-7 and 6 = —0-7 the corresponding values of
q; become 7-553 and 42-8, respectively. Note that in this case the state-feedback gain K, is
determined for 4 =0, and the resulting values of ¢, are obtained for the same K, by varying A.
The magnitude frequency responses of G, — 1 for the three values of J are depicted in Figure 1.

The same problem has been solved using the theory of Section 3 for the same value of y. The
steady-state solution X of (9) and the corresponding gain matrices K, and K, of (24) are:

746-448 —192-235
) = - , and K, =
X [—192-235 49.675 ] K, =[96117 - 24837), and K,=0

where the latter is obtained for zero preview. The transference from r to the first component of z
of the resulting closed-loop is described by
2s +2484-7

G, =
2 s2+1242s+q2

141 §=1
1.2}

9 it
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=

=
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Figure 1. Magnitude frequency plots of the transmission from r to [1 0]C,x—r for three values of 4. Using the method
of (7] for y=0.42.
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where for the nominal plant g, =4806-9, and for 6=0-7 and d=—0-7 the values of g, are
1442-1 and 8171-7, respectively. The corresponding magnitude frequency responses of G, —1
are depicted in Figure 2. Comparing the results of Figures 1 and 2 it becomes clear that the
variation and the absolute values of G;—1, i=1,2 are much larger at the low-frequency range
in the non-robust design of Figure 1. Tracking of, say, r =sin(0-1¢), using on line measurement
of r, will clearly yield better results when the method of the present paper is used.

‘We demonstrate next the use of preview on the worst case of 6=0-7. We bring in Figure 3 the

09+

e
o

o
~

Magnitude

06

0.3

0.4 N PUSNEEN 1oF

10 107 100
Frequency in rad/sec

sy
10

Figure 2. Magnitude frequency plots of the transmission from r to [1 0JC,x~r for three values of d. Using the method
of Section 3 with-out preview.

] s 10 15 20 a3 30 33 “0 s s
Time in sec,

Figure 3. Simulation results for tracking r=sin(0.1t). The results of the method of Section 3 are derived for preview
length of =0, 0.2, and 2 seconds. These results are compared with the nonrobust design of [7] (h=0).
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simulation results that are obtained by the theory of Section 3, for r=sin(0-1¢), using preview
of h=0-2 and h =2 seconds. We also bring in the figure the corresponding results for A=0,
using the new method and the result that is obtained by using the above K, for the non-robust
(NR) case.

The example clearly shows the benefits of applying preview, when available. It should be
noted here, however, that the preview is usually aimed at improving the tracking performance in
the worst case (in our example 4 =0-7). Its effect may not be so impressive for other values of
the plant parameters.

5. CONCLUSIONS

Problems of robust H_tracking are solved for time-varying linear systems. Three tracking
problems are investigated depending on whether the reference signal is perfectly known in
advance, measured on line, or previewed in a fixed intervals of time ahead. Dynamic games are
defined that convert the plant uncertainty to energy bounded pseudo-disturbance signals. It is
shown that the saddle-point equilibrium solutions to these games, if exist, guarantee the
prescribed level of tracking performance for the worst possible disturbance and noise signals, in
spite of the uncertainty in the plant. Conditions are obtained for the existence of equilibria in
these game and the resulting saddle-point tracking strategies are derived.

The resulting H_ trackers are in general time-varying. They do not assume an a priori
knowledge of the reference signal structure, nor do they require an a priori information on the
statistics of the unmeasurable exogenous signals. The obtained results supplement the two
existing methods for worst-case tracking. The first method allows the reference to be a part of
nature’s strategy in its attempt to maximize the pay-off function. This approach does not fully
utilize the information that is obtained by measuring the reference signal. The other approach is
to assume some model whose response to a random input yields the reference signal. The first
approach usually leads to an overdesign, whereas the model that is assumed by the second
approach is inaccurate and in many cases is hardly available. The results of the present paper can
be used to reduce the overdesign that is entailed in the first approach and the difficulties that are
encountered, in practice, using the second approach. These results fully utilize the information
that is gathered by measuring the reference signal and they provide the best possible tracking
under the prescribed plant uncertainty.

The method that is developed in the paper can also deal with cases where some a priori
information is available on the reference signal. This information should not be necessarily
accurate and it may involve some parameter uncertainty. The uncertain model that is known to
produce the signal can be incorporated into the state-space description of the system, together
with its parameter uncertainty, and the method of the paper can be applied to the augmented
system.

The theory of the paper can also be used in cases of measurable disturbances. The measurable
part of the disturbance is then off-limits for nature which can only use the unmeasurable part of
the disturbance in its game against the controller. This can be achieved by considering the
measurable part of the disturbance as a reference signal that is also an input to the system.
Unlike the tracking problem this signal does not appear as a part of the controlled output. Since
we allow for arbitrary reference and measurable disturbance signals, there is hardly any
advantage in using the measured signals in the state feedback case (with zero preview) when
DT,D,;=0. In the output feedback case, both measured signals appear in the observer equation
of (36), independently of the geometry of D,, and D,,.

In the present paper we have treated time-varying systems in a finite-time framework. A
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question may arise what happens when T tends to infinity. The answer to this question is entailed
in the fact that the feedback loop of our solution is identical to the one obtained in the robust
regulator of Reference 5. It is shown in Reference 5 that under mild assumptions this loop is
robust in the limiting infinite-horizon case.
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