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Abstract—This paper considers a linear continuous- or discrete-time dynamic object in the
absence of its mathematical model. As is demonstrated below, a control law that suboptimally
damps initial and (or) exogenous disturbances of such objects can be implemented based on
experimental and a priori data. The approach involves the methods of robust control design
and duality theory as well as the technique of linear matrix inequalities.
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1. INTRODUCTION

Recently, increasing attention in control theory has been paid to the design of control laws for
dynamic objects with highly uncertain mathematical models, exogenous disturbances, and unknown
initial conditions. Within this line of research, by assumption, a series of experiments can be
conducted with an object by setting input actions and measuring output variables. The problem
is to determine the feedback parameters ensuring a given quality of the closed-loop control system
directly, i.e., based on available measurements and a priori data without identifying the unknown
parameters of the object.

As was established in [1], a single trajectory can be used to fully characterize a linear time-
invariant dynamic system under the so-called persistency of excitation. In view of this fundamental
result, different direct control design schemes based on experimental data were proposed in [2]
for objects with unknown state dynamics matrices and given target output matrices under the
persistency of excitation. According to [3], it suffices to fulfill the data informativity condition in
order to construct control laws from experimental data, which is less restrictive than the persistency
of excitation. For a fully uncertain object, Ho- and H,-optimal control laws were constructed based
on input and output measurements using a matrix version of S-lemma [5] in the publication [4]
and using Petersen’s lemma [7] in the publication [6]. In [8, 9], the state feedback parameters were
calculated from a priori data and open-loop measurements of the input and output of a discrete-time
uncertain object subjected to an unmeasured disturbance from a definite class.

In this paper, generalized H,-suboptimal control laws that damp initial and (or) exogenous dis-
turbances (as a special case, linear-quadratic control laws) for continuous- or discrete-time objects
with completely unknown state dynamics and target output matrices are designed from a priori
and experimental data. The design procedure is based on the approach used in [9]: the uncertain
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2 KOCAN, STEPANOV

system is “immersed” into an artificial system with known equations and an additional disturbance
whose influence corresponds to that of the unknown terms in the original equation. The idea of
such an artificial immersion (in other words, the representation of an uncertain system as a system
whose feedback loop contains a block with unknown bounded parameters or an unknown bounded
operator) was actively employed in robust control based on H,, optimization; see the survey [10].
However, the direct application of this approach to the design of control laws based on experimental
data caused difficulties. This problem is solved below by passing from the original uncertain system
to a dual uncertain system immersed into the corresponding augmented system. Implementing such
an approach requires establishing a connection between the generalized H., norms of the primal
and dual systems.

This paper is organized as follows. After the Introduction, Section 2 gives the general prob-
lem statement; in particular, two quadratic inequalities for the unknown object parameter matrices
(state and target output) are derived from a priori information and experimental data. In Section 3,
a necessary background is provided on the generalized H,, norm, and this norm is calculated in
terms of the dual system; see Lemma 3.1. Section 4 describes the design procedure for the gen-
eralized H,.-suboptimal control laws based on a priori and experimental data, including the main
theorem and its proof. Several experiments with an uncertain system are presented in Section 5 to
illustrate the effectiveness of this control approach. Finally, Section 6 summarizes the results and
draws conclusions.

2. PROBLEM STATEMENT

Consider an uncertain system described by

0z(t) = Axz(t) + Bu(t) + w(t), x(0) = xo,

(2.1)
z(t) = Cx(t) + Du(t)

with the following notations: 0 is the differentiation operator in the continuous-time case or the
shift operator in the discrete-time case; z(t) € R™ is the state vector, u(t) € R™ is the control
vector (input), w(t) € R™ is an exogenous disturbance, and z(t) € R™* is the target output. By as-
sumption, the disturbance w(t) € La(l2) and the system matrices A, B, C, and D are unknown.
In general, it is required to design linear state-feedback control laws based on a priori and experi-
mental data so that the damping level of the disturbances in the closed loop system does not exceed
a specified value.

The information about the unknown parameters of system (2.1) is extracted from a finite set
of measurements of its trajectory. For the discrete-time system, there are available measurements
of its state and target output, zg,x1,...,zx and zg,...,2N_1, respectively, under chosen controls
ug, - .., uny—1 and some unknown disturbance wy,...,wxy_1. We compile the matrices

¢:($0‘..$N71)’ ¢+:(:'U1‘..:'UN)’
U:(UO"'UNfl)a W:(wO"'wal)a Z:(ZO"'ZNfl)-
In the continuous-time case, there are measurements of the system state, its derivative, and the
target output, x(tg),...,x(ty-1), (to),...,&(tny-1), and z(tg),...,2(tn—1), respectively, under

chosen controls u(tp),...,u(ty—1) and some unknown disturbances w(typ),...,w(ty—1) at time in-
stants tg,...,ty_1. By analogy, we compile the matrices

@ = (e(t)--altn-1)), By = (@(to) - E(tn-1)).
U = (ulto) -~ ulty-1)), W= (wto) - wltn—1)), Z=((to)---2(ty_1))-
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DESIGN OF GENERALIZED H.,-SUBOPTIMAL CONTROLLERS 3

The experimental data matrices in both cases satisfy the relations

o, = Areat® + BreaU + W,

(2.2)
Z = Crealq) + Dreal U,

where Ayeqrs Breals Creal, and Dy.eqp are the real (unknown) system matrices. With the notations

_ Areal Breal N P = (I)-f- T w
ATeal(Creal Dreal>’ ®<U>7 ®<Z>7 W(o)?

equations (2.2) can be written as the linear matrix regression
d=Apou®+ W. (2.3)

Assume that the disturbance in the experiment satisfies the condition

Nilw(ti)wT(ti) =wwt <. (2.4)
=0

In particular, if ||w(t)| s < dy for all ¢ and a given value d,, (the damping level), then Q = d2n,N1,,.
In the case Zi]\;l lw(t;)|> < o? (i.e., the total energy of the disturbance is bounded during the
experiment), we obtain Q = o?I. If w(t) in (2.1) has the form w(t) = B,v(t), where v(t) € R™ for
some matrix B, and ||v(t)|leo < dy, then Q = d?n,NB,B}.

From (2.4) it follows that

o~ 0 % ~
T < —
o< (27)-n .

We define the set Ap of matrices A of dimensions (ng + n.) x (ng + n,) that could generate
the experimental matrices ®, &, and Z under the chosen controls U and some admissible distur-
bances W satisfying the constraint (2.4). For these matrices, the quality ® = Ad + W must hold
with some matrix W satisfying (2.5). Consequently,

Ap={A:®=28+W, WW'<0}
and A€ Ay iff
(® — AD) (D — AD)T < Q. (2.6)
It is obvious that A,., € Ap. For further use, we represent this inequality as
(A Tnpin) U1 (A i)' <0, (2.7)

where the symmetric matrix ¥y of order (2n, + n, + n.) is partitioned into appropriate blocks as
follows:

opT * | * %
vet  uuT | x «
\Ifl =y «—/ . (2.8)
—(I)+(I)T —(I)+UT ’ (I)-i-(pi — Q *
—zoT —zuT | zol  zz7T

Thus, the set of all matrices A consistent with the available experimental data satisfies inequal-
ity (2.7). The lemma below formulates boundedness conditions for the set Ap. Its proof is provided
in the Appendix.
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4 KOCAN, STEPANOV

Fig.1. The set Aget of unknown parameters A consistent with experimental and a priori data.

Lemma 2.1. If the information matriz 07T s nonsingular, then the set Ay is a nondegenerate
“matriz ellipsoid” centered at Arg given by

(A = Apg)(®0T)(A — Arg)T <T, (2.9)

where

~ o~ o~ o~ ~

=0+ o7 (@e")'d - 1107 >0, (2.10)

and Arg = @@T(iﬁ\)T)_l is the optimal least-squares estimate of the unknown matriz Ayeq in (2.3)
that minimizes the squared matriz norm of the residual |® — A®||% with respect to A.

According to this lemma, given a nonsingular information matrix, the “size” of the set Ap is
determined by the regressor matrices ® and ultimately depends on the real object, the controls U
chosen in the experiment, and the disturbances W.

Now consider an additional information that the unknown matrix A,.,; satisfies the constraint

A, B Ail)
T 2 _ * * _
(A=A)A-A)T<P2I, A, = ( c. D ) = ( @ | (2.11)

where A, and p are given matrix and parameter characterizing the center and size of the uncertainty
domain. We write this inequality as

where
I, * * *
Onuxnz Inu | * *
o= . (2.13)
A, -B, | APAWT _ 21 *
—~C. -D, | APAWT  APAPT_ 2p

We introduce the following notations: A, is the set of matrices satisfying inequality (2.12),
and Aget = Ap[)A, is the set of matrices satisfying inequalities (2.7) and (2.12). Obviously,
Areal € Aset (see Fig. 1).
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DESIGN OF GENERALIZED H.,-SUBOPTIMAL CONTROLLERS 5

The quality of the closed loop system (2.1) with the linear state-feedback control law u(t) =
Oz(t) and a given matrix A will be evaluated by the damping level of the exogenous and initial
disturbances, i.e., by the generalized H,, norm

&l
Yoo (A, ©) = sup
goo( ) z0, w ($0TR_1$0+ HwH2)

172

where R = RT > 0 is a weight matrix and [|£[? = 3202, |£(¢)|? (in the discrete-time case) or ||£]|? =
[Z01€(0)]?* (in the continuous-time case). If w(t) =0 (no exogenous disturbance), the general-
ized Ho, norm turns into the so-called 79 norm given by

=]

o(8,0) = sup —
20 #0 (ng*1x0)1/2

This norm characterizes the “worst” value of the quadratic functional on the system trajectories

provided that the initial state is inside the ellipsoid T R™'2 < 1. Under zero initial state, the
generalized Hy, norm (with R — 0) turns into the conventional H, norm:

z
10e(2,0) = sup 121
w0 |||
The quality of the closed-loop uncertain system (2.1) with the control law u(t) = ©z(t) will
be evaluated by the minimum upper bound of the damping level of the exogenous and initial
disturbances, i.e., by the minimum upper bound of the generalized H., norm for all object matrices
consistent with experimental and a priori data:
1.(0) = sup (A, 0). (2.14)
S Aset
The robust generalized H,-optimal control law is defined as a control law with the parameter
matrix O, minimizing this bound, i.e., with the solution of the minimax problem
inf sup  Yyo(A,0) = inf7,(0) = 74(O4). (2.15)
© A S Aset e
The problem is to design, directly from input and state measurements, a robust generalized H,-sub-
optimal control law with a parameter matrix © under which the generalized H,, norm of the closed
loop system will be bounded by a given constant: v.(©) < ~.

3. THE GENERALIZED H,, NORM IN TERMS OF THE DUAL SYSTEMS
Recall that

2]
Ygoo = SUP , (3.1)
T w0 (TR + [[o]|2) 2

the generalized H,, norm from the input v to the output z of a stable system

dx(t) = Az(t) + Bu(t),

(3.2)
+(t) = Calt),
satisfies the condition 74+, < 7 iff the following LMIs are solvable in the matrix ¥ = YT >0:
YAT + AY  « *
Y *
BT — I % | <0, >0 (3.3)
T ,Y2R71

CY 0o I
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6 KOCAN, STEPANOV

(for the continuous-time system) or

-Y * * *
vAT -y « * Y *

<0, >0 (3.4)
BT 0 -2 « I +?R7!

0 CY 0 I
(for the discrete-time system). According to [11, 12], inequalities (3.3) and (3.4) mean that
V(z)+ |2|> = y?|v)? <0 and AV (z) + 2> = +?[v]* <0 Vz,v, respectively, (3.5)

for a positive definite function V(z) = 2TY "'z with ¥ > 2R along the trajectories of sys-
tem (3.2).

The next auxiliary result, proved in the Appendix, characterizes the generalized H,, norm of
system (3.2) in terms of the dual system.

Lemma 3.1. The generalized Hy, norm of system (3.2) satisfies the condition vgeo < 7y iff there
exists a positive definite quadratic form V,(z,) = L Pz, with P > R such that

Va(xa(t)) + ‘Za(t)P - 'YZ‘Ua(t)‘z <0 or

5 5 5 _ (3.6)
AVy(xa(t)) + 2a(t)|” — v*|va(t)|* < 0, respectively,
along the trajectories of the dual system
04 (t) = ATzo(t) + CTuy(2),
ralt) = Aaalt) + CTea(t) .

za(t) = BTzy ().

Corollary 3.1. For v(t) = 0, the o norm of system (3.2) satisfies the condition vy < vy iff there
exists a quadratic form V,(z,) = x} Pz, with P > R such that the corresponding inequality in (3.6)
is valid for zq(t) = 0 along the trajectories of the dual system

Oxq(t) = ATzq(t) + CTog(t).

Remark 1. Formally, the dual system is described by the equations

@:a = _ina — C",, (3.8)
z, = B 7,
(in the continuous-time case) or
Ta(t) = ATZ,(t + 1) + C 0, (1),
(I( ) (1( ) a( ) (3‘9)

Za(t) = BTZ,(t + 1)

(in the discrete-time case). By the proof of this lemma, from systems (3.8) and (3.9) we can pass
to system (3.7), also called dual, which satisfies the corresponding inequality of (3.6).

Remark 2. The matrices of the quadratic forms V(z) = 7Y "'z and V,(z,) = =l Pz, of the
primal and dual systems have the relation P = ~4?Y; see the proof of Lemma 3.1.
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DESIGN OF GENERALIZED H.,-SUBOPTIMAL CONTROLLERS 7

4. DESIGN OF GENERALIZED H,,-SUBOPTIMAL CONTROLLERS

We describe the main steps for obtaining an upper bound of the generalized H., norm and the
corresponding parameter matrices © of control laws for the uncertain closed-loop system

dz(t) = (A+ BO)z(t) + w(t), (4.1)
2(t) = (C + DO)x(t). |

Assume that the closed loop system with the parameters © is stable. With the notations introduced
above, these equations can be written as

9x(t) = (In, Opyxen.) A ( ne ) z(t) +w(t),
(4.2)

2(t) = (O xn, In.) A ( Igc ) z(t),

where A is an unknown matrix of dimensions (n,+mn.) X (n;+n,,) and © is the controller’s parameter
matrix of dimensions (n, X nz;). Due to Lemma 3.1, the dual continuous- and discrete-time systems
are described by the equations

T T
() (Do) 5 (o

2q(t) = x4(t).

We define an augmented system with an additional artificial input wa (t) € La(l2) and an out-
put za(t) in both cases as follows:

T
o3 (t) = ( : ) wa(t),

() = 3(t), 2alt) = ( : ) 7(t) + ( ; ) o)

where Z(t) is the state variable, w(t) is a disturbance, and Z(¢) is the target output. Note that for
wa(t) = AT2A(t), equations (4.4) coincide with the equations of system (4.3). For all ¢t > 0, let
the additional input and output signals in system (4.4) satisfy the two inequalities

T T
t t t t
wa (t) " wa (1) <0, wa (t) 7, wa (t) <0 (4.5)
za(t) 2a(t) za(t) za(t)
where the matrices U1 and Wy are given by (2.8) and (2.13). We denote by W a the set of all such
signals wn (t). According to (2.7) and (2.12), for wa(t) = ATza(t) and all A € Aget,

w T w T\ 7T T
(ZAA((;)> qjl(zﬁ((;))>_z (t)<AI ) ‘I’1<AI >ZA(t)§O,

T T
WA (t) WA (t) AT AT
U = t G t) <O0.
( ZA(t) ) 2 ( ZA(t) za( ) I 2 I 2a( )
Thus, wa(t) = ATza(t) € Wa and consequently, system (4.3) with A € Aget, dual to the original
uncertain system, is immersed into the augmented system (4.4), (4.5). In view of Lemma 3.1, this

fact can be used to derive an upper bound of the generalized H,, norm of the uncertain system
through the corresponding property of the augmented system.

!

>3
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8 KOGAN, STEPANOV

Theorem 4.1. The upper bound of the generalized Ho, norm of the uncertain system (2.1) with
the control law u(t) = Ox(t), © = QP™', is less than vy if the following LMIs are solvable in P =
PT>O7 Q7 /’1'1207 andﬂ2>05

2
I - Z i Egll) * * *
i=1
0w =0)
— 7 — 7
_Z/M:Zl —Zﬂzﬂzz -1 x *
’:12 =1 ) <0 (4.6)
P=Yw=y =Y mE —Zﬂz =4 *
i=1 i=1
2 (@) 2 (@) 2 (@) ’ (4)
Q_Zﬂi E4Z1 _Zﬂi :4Z2 —Z,Un :4Z3 _Zﬂi E424

i=1 i=1 i=1 i=1

(for the continuous-time system) or

-P * * * *
0 —P+1- Z 1 =) * * X
i=1
S )
— 3 — (3 2
0 —Zlﬂsz _2/%“22_71 * * <0 (47)
= =
: () 2 (@) (@)
P — > wiEs ~ > hiZs - Z i Es *
i=1 i=1
: () 2 (4) (4) g ()
Q - Z pi 41 - Z = - Z piZas — D HiZiy
i=1 i=1 i=1 i=1

—(1 —(1 —(1
=) —o, 07—, =) =zel, =f) =227,

+
— —(1 —_
=) = —o0T, =) = —oz7, =) = 0o,
—(1 —(1 —(1 -
=) = —ver, =) = -vzr, =l =veT =) =uvvT,
S ADADT g2y, 5B - APADT, B 2 ADAT

—_ —(2 —(2
“Z(Sl) - _AT ‘:E%Z) = _CE’ :Z(S?;) = Inwﬁ

—(2 - —(2 —(2
=) = —BY, ~4(12) =D, ~513) = Onyxing :4(14) = Iy,

Proof of Theorem 4.1. We establish conditions for the existence of a positive definite quadratic
function V() = 2T PZ with P > R that satisfies the corresponding inequality in (3.6) along the
trajectories of the augmented system (4.4) for all wa (t) with (4.5). By the S-procedure, a sufficient
condition is the existence of a function V( ) = 2T PZ with P > R that satisfies the corresponding

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 1 2024



DESIGN OF GENERALIZED H.,-SUBOPTIMAL CONTROLLERS 9

inequality

. 2 T

ESPR ~ N w w

V($)+IZ|2—72|w|2—Zm<ZAA> w( A)<o,
i=1

ZA
2 . (4.8)
5 —~ —~ WA WA
A7) P == 3 (12 ) w12 ) <o
i=1

along the trajectories of system (4.4) for all Z, 0, wa, and some pq = 0 and pg > 0.

These inequalities reduce to the following inequalities for the quadratic forms in the variables
Z, w, and wa :

T 2 T
1 w w
~T —~2 21 ~12 ) A ) A
2z P<®> wa + |27 — v |w| _;1M<2A> \I'Z<ZA><0,

T 2 T
I I T o N w w
w£<@>P<@> wA—xTPx+|z|2—72|w|2—Z,ui<Zﬁ) \I’i<ZAA><0,
=1

where Z = T and za = col (Z,w). System (4.3), dual to the original one (4.2), is immersed into
the augmented system, and condition (4.5) holds. Therefore, we have inequality (3.6) along the
trajectories of (4.3) for all A € Aget. By Lemma 3.1, for any A € Aget, the original uncertain system
satisfies vy00(A, ©) < 7 and consequently, 7,(©) < . Finally, we write inequalities (4.9) for the
quadratic forms as matrix inequalities, introduce the new matrix variable Q = ©P, and apply
Schur’s complement lemma to get the LMIs (4.6) and (4.7), respectively. The proof of Theorem 4.1
is complete.

Remark 3. To find the upper bound of the 7y norm, it is necessary to eliminate the term [
from the block located in the first row and first column of inequalities (4.6) (for the continuous-
time system) or from the block in the second row and second column of inequalities (4.7) (for the
discrete-time system). This follows from the fact that in the case of the 7y norm, the term |22
vanishes in inequalities (4.8) and, accordingly, in inequalities (4.9). To find the upper bound of the
conventional H,, norm, we should use Theorem 4.1 with R = 0.

Remark 4. According to the lossless S-procedure under two quadratic constraints (Theorem 4.1
n [13]), if u1 ¥ + pue¥s > 0 for some py and po (this LMI can be directly solved with respect to
p1 and o), then the corresponding inequality (4.8) is a sufficient and also necessary condition for
the existence of the above function V(ﬁ) = 2T P2 for the augmented system.

The minimum value of v for which each of inequalities (4.6) or (4.7) is solvable will be denoted
by Yrob(Orob), Wwhere O, is the corresponding control parameter matrix. Since

Vx (@*) < ’Y*(@rob) < ’Yrob(erob);

where ©, is the parameter matrix of the robust generalized H.-optimal control law (2.15), then
Yrob(Orop) is the upper bound of the minimum damping level of the disturbances in the uncertain
system with the robust generalized H.-optimal control law under given a priori and experimental
data. In addition, Theorem 4.1 can be used to find out whether the guaranteed generalized H.,
norm of the closed-loop uncertain system (4.1) with the feedback parameter matrix O is less than
a given number v2. For this purpose, we should let Q = OP in inequality (4.6) for the continuous-
time system or inequality (4.7) for the discrete-time system and solve the resulting inequality with
respect to the variables P, p1, and ps.

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 1 2024



10 KOCAN, STEPANOV

5. AN ILLUSTRATIVE EXAMPLE

To illustrate the approach, we consider a discrete-time object of the form (2.1) of the fifth
order (n, = 5) with two control actions (n, = 2), a five-dimensional disturbance (n,, = 5), and two
target outputs (n, = 2) with matrices whose elements were chosen randomly on the interval [—1,1].
Thus, the system contains 49 unknown parameters. In the experiment, the initial conditions and the
components of the control vector were chosen randomly on the interval [—1, 1], and the disturbance
was chosen randomly on the interval [—d,d]. In total, N = 50 measurements were taken. The
weight matrix of the initial disturbance is R = 0.01/5. Figure 2 shows three typical graphs of
the squared damping levels of the disturbances in the closed loop system with the control law
designed from the experimental data only, depending on the disturbance level d in the experiment.
The solid curve corresponds to the square %201)(@7"017) of the guaranteed generalized H,, norm
under the control law with the parameter matrix 0,,, obtained by solving the LMIs (4.7) with
the minimum value of 42. The dashed-dotted curve corresponds to the square of the damping
level Yreal = Ygoo (Areal, Orop) of the disturbances, i.e., the generalized Ho, norm of the closed loop
system composed of the real object with the parameter matrix A,.q (if it were known) and the
feedback loop with the parameters ©,.,5. The dotted curve corresponds to the square of the damping
level Yprob = Ygoo (Aprobs Orop) Of the disturbances, i.e., the generalized Ho, norm of the closed loop
system composed of the trial object with the matrix Ay, = Arg + F1/2(§>&>T)_1/2, which lies
on the boundary of the uncertainty ellipsoid Aget (see Lemma 2.1), and the feedback loop with
the parameters O,.,,. The growth of these curves with increasing the disturbance level d in the
experiment can be explained as follows: for a higher value of d, we obtain a greater ellipsoid Ap
of the unknown parameters A consistent with the experimental data.

According to Fig. 2, first, the curve 772»01) majorizes with some margin the damping levels of the
disturbances in the closed loop system for particular objects with the matrices A,y and Ao, from
the set Aget; second, under the control law with the parameter matrix ©,.p, the generalized Ho,
norms of the closed loop systems slightly exceed (especially at small perturbation levels d) their
minimum values 72 ~ 0.26 for the completely known model. Note that the margin by which 73013

0.65
0.60
0.55
0.50
0.45
0.40

0.35

The guaranteed generalized H_ norm

0.30

0.25

The disturbance level d

Fig. 2. The guaranteed generalized Ho, norm and the generalized Ho norms for the real and trial objects as
functions of the disturbance level in measurements.
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2.0

1.8 - . . . . .
— A priori data jointly with experimental ones 1

16 b —-— Experimental data only i

— — A priori data only I

The guaranteed generalized A norm

02 1 I 1

1
0 0.1 0.2 0.3 04 0.5 0.6 0.7
The disturbance level d

Fig.3. The guaranteed estimates of the Hoo norm as functions of the disturbance level in experimental data
for different types of available information.

exceeds q/feal and q/zmb substantially depends on the experimental data and can be much smaller
than on the graphs in Fig. 2.

Figure 3 presents the three guaranteed estimates of the generalized H., norm based on different
information (a priori data only, experimental data only, and a priori data jointly with experimental
ones) as a function of the disturbance level d in the experiment. The a priori information was that
the unknown matrices of the system satisfy condition (2.11) with p = 0.1 and A, = A, + (p/2)1,
B, = Byeais Cix = Creqr, and D, = D,pyy. Starting from some disturbance level in the experiment,
the guaranteed estimates of the norms of the closed-loop uncertain system designed using both a
priori and experimental data are much smaller than the corresponding estimates of the norms of
the closed loop system with the control laws designed using only a priori or only experimental data.

Finally, we note the following aspect as well. Consider the object with the matrices Arg, Brg,
Crs, and Dpg constituting the parameter matrix Apg obtained by the least squares method from
the same experimental data. For this object, let us find the parameter matrix ©75 = QP ™! of the
generalized H.-optimal feedback loop by solving the LMIs (3.4) with Y = P, AY = A;sP + BrsQ,
CY =CprsP + DpsQ, and B = I. This is essentially the so-called indirect H,,-suboptimal adaptive
control, i.e., the control law determined by estimating the unknown parameters of the object. If
there are sufficiently many measurements and the information matrix is nonsingular, the generalized
H . norm of the closed loop system consisting of the real object and the feedback loop with ® = O¢
may be smaller than the corresponding guaranteed generalized H,, norm under the feedback loop
with @ = O,.,4. In the latter case, we have an upper bound of the generalized H,, norm of the closed
loop system for any object from the set Age¢ consistent with the experimental data; however, for the
feedback loop with © = O, such an estimate can be obtained from inequalities (4.7) only under
very small disturbance levels d (see the experimental results). In the example under consideration,
for d =0.02 we have v2,(0,0) = 0.27, whereas 72, (O s) = 41.77; for d > 0.03, inequality (4.7)
with Q = O 5P becomes unsolvable.
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6. CONCLUSIONS

This paper has been devoted to constructing generalized H..-suboptimal (as a special case,
linear-quadratic) control laws for linear continuous- and discrete-time dynamic objects without
precise mathematical models. As has been demonstrated above, for dynamic objects whose equa-
tions contain unknown parameters in some bounded sets, classical robust control methods based
on a priori data can be applied, after an appropriate modification, to control design from a pri-
ori and experimental data. These methods consist in immersing an uncertain system into some
enlarged system with additional input and output satisfying a quadratic inequality, applying the
S-procedure, and reducing the problem to the design of H..-optimal control for the enlarged sys-
tem. The modification is to characterize the control criterion (the generalized H,, norm of the
system under initial and exogenous disturbances or the value of the quadratic functional under
the initial disturbance only) in terms of the dual system, immerse the dual uncertain system into
some enlarged system, and apply the technique of LMIs. As a result, the parameters of linear
suboptimal feedback loops are expressed in terms of solutions of LMIs containing only a priori and
experimental data. An illustrative example with a randomly generated fifth-order object has been
provided to demonstrate that when a priori and experimental data are applied together, the quality
of the control system is improved significantly.
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APPENDIX

Proof of Lemma 2.1.  For the unknown matrix A,., in (2.3), we define the least-squares
estimate Apg minimizing the square(i matrix norm of the residual with respect to A, i.e., the
function | ® — A®|% = tr (& — A®)T(® — Ad). Equating the gradient of this function with respect

to A to zero, —203T + 2A33T = 0, yields the optimal estimate Apg = 3T (®dT)~! under the
assumption that the information matrix ®®7 is nonsingular. Next, we transform inequality (2.6)
to

ADDTAT — 30TAT — ADDT + 00T — O <0,
writing the result as
A - 03T (®0T) (@1 [A — 0T (@DT) 1T < T,
where I' = Q + ®[®T(®3T)~1d — 1]®T. Substituting the expression for ® (2.3) into I and us-
ing (2.5) finally give
r=0+wWa'@d") 1o —nw' > waT(@d")ow™ >0

Proof of Lemma 3.1. We define a linear operator I' mapping the pair (z(0),v(t)) € R" x La(l2) =

= (the initial state of the system and the input disturbance) into the target output z(¢) € La(l2) = T,

ie.,

I': =2=R"™ x Lg(lg) — T = Lg(lg) : (.’L‘(O),U) — Z.
The inner products in these spaces are given by

()2 =21 (R 22(0) + (1 (1), v2() 1o 1p), ()7 = (21(8), 22(8)) Ly 10)-
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Moreover, the generalized H,, norm coincides with the induced norm of this operator since

T'(x I (o, )| z
@mewmm xwﬂwﬁwm+wm

12 — 9o

We show that the adjoint operator I'* is given by
I: YT = 2 0,(t) = (Rz4(0), Z,(t)),

where Z,(t) and Z,(t) satisfy equations (3.8) and (3.9) in the continuous- and discrete-time cases,
respectively.

Indeed, for the continuous-time system, from equations (3.8) it follows that

d(zTz N .
7( pm a) =o'z, — vaa;

for the discrete-time system (see equations (3.9)),
2Tt + DZ(t+ 1) — 2T () Z0 (1) = 0T (1)Za(t) — 2T (1) Ta(t).
Integrating in the former case or summing in the latter one, we obtain
< 2,04 >= 2L (0)RRZ,(0)]+ < v, 2, > .

Thus,
< T'(2(0),v), Vg >r=< (z(0),v),I*(0,) >= .

Because the norms of the adjoint operators are equal,

1/2
(12112 + 22 (0) Raa(0)
[0 = 7] = sup .

Ba0 [[2al

Next, we establish that ||I"*|| < v iff there exists a function V(z,) = ) PZ, with P > R such
that

V(Za(t)) = |Za(t)]* + ¥*0a(t)[* > 0 or

Al
AV (Za(t)) = [Za(O)* +7°[0a(8)]* > 0 .

along the trajectories of the continuous-time system (3.8) or along the trajectories of the discrete-
time system (3.9), respectively.

Indeed, integrating the former inequality or summing the latter one with P > R, we arrive
at ||Za]|? + ZT(0)RZ,(0) < 72||0a||? for all T4(t), ie., |I*]| <. Conversely, let ||I'*|| <+, which
implies ||T'|| <. According to [11, 12], this means the existence of a function V(z) = 21Y 'z
with a matrix Y satisfying inequalities (3.3) in the continuous-time case or inequalities (3.4) in the
discrete-time case. Here, we consider the former case only: the proof for the discrete-time system
is analogous. Using Schur’s complement lemma, the first inequality in (3.3) can be transformed to

YAT + AY +~772BBT  « ~0
cy —I '

With the change of variables Y =~ 2P, this condition is equivalently written as the following
inequality for the quadratic form in the abstract variables Z, and v,:

22F P(— ATz, — C'0,) — X BB 2, + 4?0115, > 0.

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 1 2024
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It obviously coincides with the first inequality in (A.1). Due to Y >y 2R, the function V,(Z,) =
2} P2, with P > R satisfies the first inequality in (A.1) along the trajectories of system (3.8). Thus,
|IT*|| < v and consequently, ||I'|| = 7400 < 7 iff the corresponding inequality in (A.1) holds along
the trajectories of system (3.8) or (3.9). Reverting the time, we finally pass from equations (3.8)
or (3.9) to system (3.7), along whose trajectories the function V(z,) = 2! Pz, will satisfy the
corresponding inequality in (3.6).
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