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Abstract—This paper demonstrates that robust control based on only a priori information about
the object’s uncertainty can be significantly improved through the additional use of experimental
data. Generalized Hy,-optimal controllers are designed for an unknown linear time-varying
system on a finite horizon. These controllers optimize the damping level of exogenous and/or
initial disturbances as well as the maximum deviation of the terminal state of the system. The
design method does not require the persistent excitation condition or the rank condition, which
ensure the identifiability of the system. As a result, the amount of experimental data can be
significantly reduced.
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1. INTRODUCTION

Currently, control theoreticians are actively developing robust control design methods using
preliminary experimental data. Traditional methods mainly involve a priori information. Exper-
imental data significantly narrow the set of objects consistent with a priori information, which
ultimately yields better controllers. For systems with parametric uncertainty, a large place is oc-
cupied by robust control design methods based on the theory of H..-optimal control; for example,
see the review [1]. The main idea underlying these methods is that an original uncertain system
is represented as two subsystems connected via a feedback loop: one subsystem is known, and the
other contains a matrix of unknown object parameters. In the literature, such a model is called
the linear fractional transformation (LFT) model. The additional input and output of the known
subsystem, specifying the output and input of the unknown subsystem, respectively, are called the
input and output of the uncertainty. If a priori information is expressed by a quadratic inequality
with respect to the unknown parameter matrix, then the input and output of the uncertainty sat-
isfy the corresponding quadratic inequality. Thus, the original system with parametric uncertainty
is “immersed” in the known system containing an additional disturbance from a given class; the
latter system will be called augmented. As a result, the corresponding minimax controller for the
augmented system under exogenous and additional disturbances is selected as a robust controller
minimizing a given performance index.
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HOW TO IMPROVE ROBUST CONTROL 637

Controller design based on experimental data assumes that object disturbances or measurement
noises during experiments belong to some class and have certain bounds. Under this assumption,
one can judge the domain of uncertain object parameters that could generate the received data.
However, direct application of the robust control design approach described above has turned out
to be difficult: the inequality obtained using experimental data is quadratic with respect to the
transposed unknown parameter matrix. As will be shown below, this obstacle can be eliminated
by passing from the original (primal) uncertain system to the dual one and characterizing the
performance index in terms of the dual system.

New approaches have emerged in response to this difficulty. For linear time-invariant systems
without disturbances and measurement noises, robust controllers were designed by parameterizing
the set of all closed-loop system matrices consistent with experimental data in terms of these
data [2]. This approach was extended to systems with disturbance [3] and linear time-varying
systems with disturbance [4]. The necessary and sufficient conditions for robust stabilization were
established based on Petersen’s lemma [6] in [5]. For sufficiently small amplitudes of disturbances,
robust Hs controllers using experimental data can be improved by compromising between the goals
of control and identification through performance index regularization; for details, see [7].

Certain requirements were imposed on experimental data in the cited works: for time-invariant
systems, the matrix composed of state and control measurements along the system trajectory must
be of maximum row rank; for time-varying systems, the matrices composed of state and control
measurements in several experiments must also have a maximum row rank at each time instant. To
fulfill this rank condition, the input signals in the experiments must ensure a persistent excitation
in the system; in the case of time-varying systems, in addition, sufficiently many experiments must
be conducted to identify the unknown parameters.

For linear time-invariant systems, necessary and sufficient conditions for the existence of a sin-
gle linear state-feedback controller for all objects consistent with experimental data were derived
in [8, 9]. These conditions were obtained using the matrix version of the S-lemma [10] and expressed
in terms of linear matrix inequalities (LMIs), depending only on experimental data. According to
the results of mathematical modeling, including those presented in [9], even with relatively small
amplitudes of measurement noises, the LMIs give a rather rough estimate for the corresponding
performance index of the system or even turn out to be infeasible (unsolvable). The reason is that
the set of objects consistent with experimental data expands significantly when increasing the noise
amplitude. Although the persistent excitation condition is not formally required to ensure data
informativeness, the specified set can become unbounded even under small noise amplitudes if the
rank condition fails for the experimental data. Thus, robust control design based on only exper-
imental data, as well as robust control design using only a priori information, has its advantages
and drawbacks. Therefore, it seems natural to combine these approaches, even if the results may
be conservative.

The first attempt in this direction was undertaken in [11]; for linear time-invariant systems and
some classes of nonlinear systems, the state feedback parameters were found by jointly using a
priori information and experimental data based on the theory of full block scalings [12]. Time-
invariant systems on an infinite horizon were considered in [13, 14]; it was shown that traditional
robust control design methods based on the theory of H.,-optimization with a priori information
can be applied to design a generalized H..-optimal controller using experimental data jointly with
a priori information by passing from the primal system to the dual one. For this purpose, it is
necessary to characterize the generalized H., norm in terms of the quadratic Lyapunov function of
the dual system, represent the equations of the dual uncertain system as an LFT model with the
corresponding inequalities for the input and output of the uncertainty, and select as the desired
robust controller the generalized H.-optimal controller to attenuate the exogenous and additional
disturbances in the known subsystem of this model.
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Below, we extend this idea to the analysis and design of optimal controllers for completely
uncertain time-varying systems on a finite horizon. The goals of control are to minimize the damping
levels of exogenous and/or initial disturbances, measured by the worst-case values of the ratios of
state- and control-quadratic functionals to the “energy” of the corresponding disturbances, as well
as the maximum deviation of the terminal state, measured by the worst-case value of the ratio of
the quadratic form of the terminal state to the energy of the disturbances. All these performance
indices are expressed in terms of the generalized H, norm of the linear time-varying system on a
finite horizon. In contrast to [4], the rank condition is not required here, which significantly reduces
the amount of experimental data. Using the Mathieu equation as an example, we demonstrate that
a robust controller can be designed for a time-varying system even when measuring one trajectory
on a finite horizon. This is achieved through the joint use of experimental data and a priori
information, where the latter plays a regularizing role in the cases of singular information matrices
(when the system turns out to be unidentifiable).

2. PROBLEM STATEMENT
2.1. FExperimental Data

Consider an uncertain system described by
x(t+1) = Ax(t) + Buu(t) + w(t), x(0) = xo,
z(t) = Cyx(t) + Dyu(t), t=0,...,N—1,

where x(t) € R"* is the state vector, u(t) € R™ is the control vector (input), w(t) € R™ is an
unmeasurable disturbance, and z(¢) € R™# is the performance output. By assumption, the initial
state xo and the system matrices A;, B, Cy and D; are unknown. In general, it is required to design
linear state-feedback controllers based on a priori information jointly with experimental data that
optimize different performance indices of the closed loop system: the damping level of the initial
and/or exogenous disturbances on a finite horizon and an infinite horizon for time-invariant systems,
the maximum deviation of the terminal state, and others.

(2.1)

The information about the unknown matrices of system (2.1) is extracted from a finite set of
measurements of its trajectory at time instants ¢t = 0,..., N in the course of L > 1 experiments.
Suppose that in experiment [, there are available measurements of the state and performance
output, xg ;,1,1,...,2nN,; and 20,1, ..., 2N—1,, respectively, under chosen controls ug ;,...,un—_1,;
and some unknown disturbances wo, i, ..., wy—_1,;. For each ¢ =0,..., N, we compile the matrices

o, = (xt,l"'xt,L)a Ui = (ut,l"'ut,L)7

(2.2)
Wi = (wt,l"'wt,L)a Zy = (zt,l"'zt,L)a

which contain all experimental data at each time instant. Due to the object’s equation, these
matrices satisfy the relation

(I)t—i—l _ Agreal)(bt + Blgreal)Ut + Wt7

(2.3)
7, = Ct(real)q)t + Dt(real)Ut’

where Agreal), Bt(real), C’t(Tml), and Dyeal) are the real (unknown) system matrices. With the
notations
A(real) B(real) R o - o R w
(real) t t B t B i1 B f
Ay o Ct(real) Dt(real) y Py = U, )’ Q1 = Z, |’ Wy = 0/

equations (2.3) can be written as the linear matrix regression

By = ADS, LW, t=0,...,N—1. (2.4)
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HOW TO IMPROVE ROBUST CONTROL 639

Assume that the disturbance in the experiments satisfies the condition Zlel wy, lw;l: 1=

WW, < Qy, ie.,
P Q * ~
W,WrE < < ot 0) =0, (2.5)

In particular, if 7 Jw; > < o, then Q; = o?I. If |w(t)]|co < dy for all t and a given value d,,
(the disturbance level), then Q; = d2n,LI.

Remark 1. If the disturbance in (2.1) has the form w(t) = B, v(t), where v(t) € R™ and
lv(t)||oo < dy, then Qp = d%nvLBU,tBEt.

Due to (2.5), the matrices A; of dimensions (n, + n.) X (ng + n,) that could generate the
experimental matrices ®; and Z; under the chosen controls U; and some admissible matrices W;
satisfying the constraint (2.5) are characterized by the inequalities

(B — DD (B — AD)T <Qy, t=0,...,N—1. (2.6)
We represent these inequalities as
(Ar Loy )YV (A, Lin )t <0, t=0,...,N—1, (2.7)

where the symmetric matrices &) (t) of dimensions (2n, +n,+mn.) X (2n, +n,+n,) are partitioned
into appropriate blocks \Ilgjl.)(t), 1,7 = 1,2, as follows:

o, \ *
\1;(1)(75) — - - — . (2.8)
— 0y P | Dy @ —

Let Agp) denote the set of matrices A; consistent with the experimental data, i.e., those satisfying
inequality (2.7) for the given time instant ¢.

Generally speaking, the set Agp) is unbounded. To establish its boundedness conditions, we
denote by Im(-), Ker(-), span(-), and rank(-) the image, kernel, linear column subspace, and column
rank of an appropriate matrix, respectively. Under the assumption rank &)t = s < min{ny +ny, L},
the matrix ®; admits the singular decomposition [15]

~ GT
b= (BB, Dox(z=s) L) =Rzl
0(”x+”u)><5 0(nx+”u)><(L_5) GQ (29)
F e R(ngc—l—nu)xs7 P c 1:{(nac4-nu)><(mc-i-nu—s)7 F=(F), FTp — I,
where ¥ = diag (A1,...,As) > 0, \; are the eigenvalues of the information matrix @t@? , span F} =

Im &, span F» = Ker Cf)tT, span G1 = Im @?, and span Go = Ker D, Choosing the orthonormal basis
of the columns of the matrix F, we introduce the corresponding variables

~

A=A (R F) = (Ag” Aﬁ”) , AW g grexs AR ¢ grex(natnutny—s)

and denote &)gl) — FT®,. In the new variables, the linear matrix regression (2.4) takes the form

By = AWM Ly =0, N -1, (2.10)
where the matrix Cfgl) = XGT of dimensions (s x L) has a full row rank, and Agreal)(l) is the
“projection” of the matrix ﬁgrml) into the subspace Im @t, i.e., its rows are the projections of the
rows of the matrix Aireal) into the subspace Im ®;.
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640 KOGAN, STEPANOV

Lemma 2.1. The set Agp) of all matrices consistent with the experimental data Cf)t = col (P, Uy)
that satisfy (2.9) is an unbounded degenerate “matriz ellipsoid” given by

(AN — AFSWys2 AW _ ALSIINT < g, (2.11)
where ﬁﬁLS)(” = <§t+1‘£§1)TZ_2 15 the least-squares estimate of the matriz Agml)(l) in (2.10).
Corollary 2.1. The set A,Ep) is bounded iff the rank condition
rank ( ® ) = Ny + Ny (2.12)
U

holds. In this case, the set A,Ep) consists of the matrices given by inequality (2.11) in which Agl) =

A; and A,gLS)(l) = AgLs).

The proofs of all lemmas, including Lemma 2.1, are provided in the Appendix. By this lemma,
in the general case, only the projection Agreal)(l) of the unknown matrix into the subspace Im ®;
can be identified from the obtained data. Under the rank condition (2.12), the matrix Ayeal)

in (2.4) is identifiable, and the matrix ellipsoid (as well as the set Aip)) are bounded. Note that
the rank condition (2.12) holds only if the number of measurements is not smaller than the sum
of the dimensions of the state and control vectors: N > n, + n,. In contrast to [4], the robust
control design procedure proposed here does not require the rank condition, and the number of
experiments can therefore be less than n, + n,. As will be shown below, including an illustrative
example, if the rank condition fails (accordingly, the information matrix becomes singular), the
uncertainty domain is bounded due to using a priori information.

Remark 2. If the unknown time-varying system (2.1) is periodic with a given period 7', then the
experimental data matrices can be formed by measuring one trajectory on the interval [0, LT]. To
do this, for t =0,...,T, we introduce the matrices

by = (wt TTqg- UC(L—1)T+t> , U= (ut Upgg - u(L—1)T+t> ;

Wi = (wt Wpg - w(L—l)T—l—t) L= (Zt 2Tt Z(L—1)T+t)

and obtain the equations similar to (2.4) and, accordingly, the inequalities similar to (2.7) for
t=0,...,T 1.

Remark 3. Consider the unknown time-invariant system (2.1), for which, in particular, only one
experiment can be conducted (L = 1). For this system, from the matrices (2.2) we compile the
matrices

Pon_1)=(Po...PN-1), PN =(P1...PN),
Uon-11= Uo...Un-1), Zion-11=(Z0-.-ZNn-1),
W[O,N—l} = (WO S WN—l) .

In this case, the equation = Alreal@ 4 W is valid, where

% — Pro,n-1) % — Pryn i Wio,N-1] .
Uon-1] )’ Zion-1] )’ 0

By analogy, we arrive at inequality (2.7) with the time-invariant matrix U(!) with respect to the
unknown parameter matrix A.
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HOW TO IMPROVE ROBUST CONTROL 641

2.2. A Priori Information

Following conventional robust control methods, let there exist an additional information that
(real)

the unknown matrices A; ,t=0,...,N — 1, satisfy the constraints
(A- AN - AT < 2L ap=( 2 D) (213)
¢y Dy

where A} and p; are given matrices and scalar parameters characterizing the centers and radii of
the matrix spheres. We write this inequality as

(A, DY@y (A, DT <o, (2.14)
where the matrix W) (¢) consists of the blocks \Ilgjz) (t), 1,5 = 1,2, and has the form

I | *
vy = ——— ——— - —— . (2.15)
A7 NATT =i

We introduce the following notations: Aﬁf"’ is the set of matrices A; satisfying inequality (2.14) for
a given time instant ¢, and Ay = A,Ep ) N Ai(:a) is the set of matrices A; satisfying inequalities (2.7)
and (2.14). Thus, Ay is the set of all matrices A; consistent both with the experimental data and
with the a priori information for a given time instant ¢. Obviously, Ag”e‘”) € Ay. Figure 1 illustrates

a possible arrangement of the sets A,Ep) and A,Ea) and their intersection Ayg.

Fig.1. The sets Agp), Aga), and Ay of all matrices consistent only with experimental data, only with a priori
information, and both with experimental data and with a priori information, respectively.

(p) _ (AP (p) (a) _(A@ (a) _
Let AP\ = (A ,...,AN_I), AN = (AO ,...,AN_I), Apn_1]=(Ao,.. ., AN_1)
denote the set of matrices Ay y_1) = (Ao, ..., Ay-—1) consistent only with the experimental data,
only with the a priori information, and both with the experimental data and with the a priori

information, respectively, for all time instants t =0,..., N — 1.

2.83. The Goals of Control

The performance of the closed-loop uncertain system (2.1) with the linear time-varying state-
feedback controller u(t) = ©.x(t) will be evaluated by the maximum damping level of the initial
and exogenous disturbances, i.e., the upper bound of the generalized H., norm of the closed loop
system under all system matrices consistent both with the experimental data and with the a priori
information:

2| + 2T (N)Sz(N 1/2
2l oy + 2T (V) Sa )) e

Ygoo (O, n—1]; R, S) = sup sup ( —
J [ } ng Lrg + ||w||[207 N—1]

Ajg,N—1]EA[o,N—1] TO,W
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642 KOGAN, STEPANOV

where R = RT > 0 and S = ST > 0 are weight matrices of the initial and terminal states, respec-
tively, and H§||[207 q= t_o|€()|?. This index can be explained as follows. The system state at the
current time instant linearly depends on the initial conditions and disturbances, and their increase
leads to a corresponding increase in the state variables. To characterize the system dynamics un-
der the uncertain initial conditions and disturbances, we normalize the corresponding functional
by the sum indicated in the denominator. (For the linear system, this is equivalent to limiting the
sum to unity.) For the time-invariant system on an infinite horizon, one should let S =0, N = oo,
and A € A in (2.16), where A is the set of all unknown system matrices consistent both with the
experimental data and with the a priori information.

If the initial disturbance vanishes, the generalized H,, norm turns into the standard H,, norm

2 T 1/2
(=0, .y + 2" (V) Sz(N))
Yoo (Opo,n—11; ) = sup sup
Ao, N-1]€A[0,N-1] WZO HwH[O,N—l]

: (2.17)

which corresponds to R — 0 in the generalized Ho, norm (2.16). If w(t) = 0 (no exogenous distur-
bance), the index (2.16) becomes the 7y norm

Y0(Oo,n—1; R, S) = sup sup
Ajo,N—1]€A[0,N-1] T0F0

(qufo,N_l) ; xT<N>Sw<N>>” e

zg R 1z

This norm characterizes the maximum value of the quadratic functional on the system trajectories
provided that the initial state is inside the ellipsoid 2TR™!'z < 1. If C; = 0 and D; = 0 in equa-
tion (2.1), we obtain the upper bound for the maximum deviation of the terminal state of the
closed-loop uncertain system:

2T(N)Sz(N 12
YN (Op,n-1]; R, S) = sup sup ( T _1( )52 2) : (2.19)
Ajg,N—1]€EA[o,N—1] TO,W zg R wo + ||w||[0, N-1]

In the remainder of this paper, whenever no confusion occurs, the weight matrices will be omitted
as arguments for the norms under consideration.

The problem is to design, without having or constructing a mathematical model of the system,
a controller under which one of the performance indices listed above will be bounded by a given
constant, i.e., fygoo(@[O,N_l}) < 7 in the general case.

3. ANALYSIS OF THE PRIMAL SYSTEM BASED ON A LYAPUNOV FUNCTION
FOR THE DUAL SYSTEM

For a given system

x(t+1) = Az (t) + Beo(t), x(0) = xo,

Z(t) :Ctx(t)+Dtv(t), t:O,...,N— 1, (31)

the generalized H., norm with weight matrices R > 0 and S > 0 of the initial and terminal states,
respectively, is the maximum value of the square root of the fractional expression with the sum of
the squared Iy norm of the output and a quadratic form of the terminal state as the numerator and
the sum of a quadratic form of the initial state and the squared [, norm of the disturbance as the
denominator:

2| + 2T (N)Sz(N 1/2
2l oy + 2T (V) Sa )) | o)

| Hllyoo (B, S) = sup (
J ngfle + ||U||[207 N—1]

o,V
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HOW TO IMPROVE ROBUST CONTROL 643

where the supremum is taken over all initial states 2(0) = z¢ and all disturbances v € [y that do
not vanish simultaneously.

As is known, the generalized H,, norm on a finite interval can be characterized in Lyapunov
function terms and calculated using LMIs.

Lemma 3.1 [16]. The generalized Ho, norm (3.2) of system (3.1) satisfies the condition
| H||go0 (R, S) < v iff the inequalities
Vipr (2t + 1)) = Vi(a(1) + [2(0)]* = 7*|o(t)* < 0 (3.3)
are wvalid for the increment of a function Vi(z) = 2™ Xyx with X, = X} >0, Xo <¥*R™!, and
Xn = S along the system trajectories for all t € [0, N — 1].

Remark 4. For the standard H,, norm, the conditions in Lemma 3.1 exclude the inequality
Xo < 2R for the 79 norm and the maximum deviation of the terminal state, inequality (3.3)
excludes the terms v2|v(¢)|? and |z(t)|?, respectively.

Now we formulate two lemmas linking the generalized H, norms of the primal and dual systems.
They are proved in the Appendix. Recall that the generalized H., norm is an induced norm of a
linear operator generated by system (3.1) that maps a pair (zg,v(t)) € R" Xl = Z1 (the initial
state and the input disturbance) into a pair (z(N),z(t)) € R™ x Iy = Za (the terminal state and
the performance output), i.e., |[H||goo = ||I'goo||, Where

Fyoo : 21 =R™ X [0, N — 1] = Zp = R" x [3[0, N — 1] : (xg,v) = (x(N), 2).
The inner products in these spaces are defined by
(-)z = 21 ()R a2(0) + (v1 (1), v2 (b)),
()2 = a1 (N)Sa2(N) + (z1(1), 22(t) 1o
Lemma 3.2. The adjoint operator I'y,, and its norm are given by

Tt S0 — 1 (ST'E(N),B(1) — (RE(0), 2(t)),

- . . 1/2
= sup |y T EOREO) / -
sl = S0\ TN ST (N + ol )
where Z(t) and Z(t) satisfy the equations
B(t) = ATZ(t+ 1) +Co(t),
(3.5)

2(t) =Bzt + 1)+ Do), t=0,...,N —1.

Lemma 3.3. The generalized Hy norm with weight matrices R and S of the initial and terminal
states, respectively, of the primal system (3.1) coincides with the generalized Hs, norm with the
weight matrices S and R of the initial and terminal states, respectively, of the dual system

xq(t + 1) = A%_1_txd(t) + C]r{‘f—l—tvd(t)v

(3.6)
2(t) = By_1_42a(t) + Dy_1_gva(t), t=0,...,N —1.
In other words,
1/2 1/2
I22) y—y + 2T (V) Sz(N)\ lzall?y, y—y + 25 (N)Rza(N) Y
su TRfl 2 = T 0)S-1 0 2 (3'7)
Zo,v ) o + HUH[O,Nfl] 2q(0),vq xd( ) xd( ) + HvdH[o,Nfl}

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 6 2024



644 KOGAN, STEPANOV

Corollary 3.1. The mazimum deviation Yy (R, S) of the terminal state of the primal system (3.1)
coincides with the (S, R) norm of the dual system (3.6) in which C; = 0 and Dy = 0. In other
words,

(3.8)

0,V

1/2
TR o+ [0l3 vy 2al0)£0 73(0)S 1 24(0) ’

and v(R, S) = ’y](\c,l)(S, R). The standard Hs, norm of system (3.1) is expressed in terms of the dual
system (3.6) as follows:

1/2
(=1, vy + 2T (V)S2(N)) lzallio, v—1;
sup = Sup

20=0, vZ£0 HUH[O,N—l] 24(0), vg (acg(O)S*lxd(O) + HvdH[2o N—l])

172"

According to Lemma 3.3, the generalized Hy, norms of the primal and dual systems are equal.
Using Lemma 3.1 for the norm |[H@||,,,(S, R) of the dual system (3.6), we arrive at the following
characterization of the generalized H, norm of the primal system.

Theorem 3.1. For system (3.1), ||H||goo(R,S) < 7 iff there exists a function Vi(zq) = xY Py
with P, > 0, Py < v2S~1, and Py = R whose increment along the trajectory of the dual system (3.6)
satisfies the inequalities

Viri(za(t + 1)) = Vi(@a(t)) + |2a(0)]* = 7lva(t)]* <0 (3.9)

forallt=0,...,N —1.

Remark 5. In the similar characterization of the 7y norm and the maximum deviation of the
terminal state, inequality (3.9) excludes the terms |z4(¢)|? and v2|vg(t)|?, respectively; for the Hy,
norm, one should let R = 0 under the hypotheses of Theorem 3.1 (see Remark 4).

Remark 6. Writing inequalities (3.9) for the quadratic forms in the matrix representation, we
obtain the LMIs

—Pi * * *
Av-1-tPry1 — P * *
<07
Cn-1-tPit1 0 o B (3.10)
0 By 1y Doy —1

Py<+?S™', Py=R, t=0,...,N—1,

with respect to the matrices P;. They are solvable iff ||H 400 (R, S) < 7.

Remark 7. The matrices of the functions Vi(z) = 27X,z and Vj(z4) = zY Pyxg of the primal
and dual systems, respectively, are related by P, = nyXg,l_t. This fact can be verified as follows.
First, introduce the change of variables P, = ’yQXK,; in inequalities (3.10); second, establish in a
straightforward way that the function V(z) = 2T X, satisfies inequality (3.3) along the trajectories
of system (3.1).

Remark 8. For the time-invariant system, all the Lyapunov functions considered above have con-
stant matrices whereas the matrix P > R satisfies the stationary counterpart of the first inequality
in (3.10); for details, see [16].
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HOW TO IMPROVE ROBUST CONTROL 645

4. CONTROLLER DESIGN FOR THE UNCERTAIN SYSTEM
4.1. Generalized Hy, Control on a Finite Horizon

We describe the main steps for obtaining, from experimental data and a priori information, the
upper bound of the generalized H,, norm with weight matrices R and S and the corresponding
controller parameters O; for the uncertain system (2.1). The closed-loop system equations have
the form

2(t+1) = (A + BiOy)z(t) + w(t),

(4.1)
With the current notations, these equations can be written as
I,
¢
(4.2)

2(t) = (Onxng In.) D¢ < I@n: ) z(t),

where Ay is the unknown matrix of dimensions (n, + n.) x (n; +n,) and ©; is the controller
parameter matrix of dimensions (n, X n,). The dual system equations are

T
za(t +1) = < @N{H ) AN 1 < é ) z4(t)

T
" ( Oyors ) AN-1- ( ) ) wa(t), (4.3)

Zd(t) = .%'d(t).

Also, we consider the so-called augmented system with additional artificial input wa (t) € R"*=*7nu
and output za(t) € R

I T
.%'a(t—i- 1) = ( ) ’U)A(t),

ON_1-¢

(4.4)
calt) = za(t),  za(t) = < é ) zalt) + < ? ) walt).

In these equations, x,(t) € R"*, wy(t) € R"*, and z,(t) € R™ are the state vector, a disturbance,
and the performance output, respectively. Assume that for all ¢ > 0, the additional input wa(t) in
system (4.4) satisfies the inequalities

T
( wa(t) ) TE(N —1 1) < wa(t) ) <0, k=1,2, (4.5)

za(t) za(t)

where the matrices W) (t) are given by (2.8) and (2.15). Let Wa denote the set of all such
inputs wa (t). For system (4.4), (4.5), we define the damping level of the disturbances with weight
matrices S > 0 and R > 0 by

Ygoo(S,R) = sup sup
WAEW A 24(0), wa

1/2
( lzallfo, 1) + %d (N)Rza(N) ) /
22 (005~ 2a(0) + wall?) x_yy

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 6 2024



646 KOGAN, STEPANOV

Note that for wa(t) = A%_;_,2a(t), equations (4.4) coincide with equations (4.3) and
wa(®) | wa(f)
A vEN -1 &
za(t) za(t)

AT 5 AT
=21 (1) ( N;H ) TE(N -1 1) ( N;H ) Za(t) <0,

where k = 1,2. Thus, wa(t) = A% _;_,2a(t) € Wa and, consequently, for all Ap,n-1) € AjpN-1]
system (4.3) is “immersed” in the augmented system (4.4), (4.5); moreover, the generalized H
norm with the weight matrices S > 0 and R > 0 of the dual system (4.3) does not exceed the
damping level 74, (S5, R) of the disturbances. Now we formulate and prove the main result.

Theorem 4.1. The upper bound of the generalized Ho, norm with weight matrices R and S of
the uncertain system (2.1) under the controller u(t) = ©ux(t) with On_1_¢ = Q1 P}, t =0,.
N — 1, satisfies the inequality vgoo (O, n—1]; R, S) < v if the LMIs

—Pi * *
2
P (k) g (k)
— G *
< Qiin ) kz:l,ut 11 <o,
k) (k) 4.6
0 Z ,U,( \IJ( Z Mt 22 + K, ( )

K- (10 Py=R, Py<+2S
t — 0 _72[ ) N — 1y, 0x7Y )

are solvable with respect to P, = P >0, Qq, and ,u,gk) > 0, where k =1,2. In these inequalities,
\Ilgf) = \Ilgf)(N —1—1), 4,7 = 1,2, indicate the corresponding blocks of the matrices W*) (N —1 —t)
and the matrices W) (t) are given by (2.8) and (2.15).

Proof of Theorem 4.1. By Lemma 3.3, for each A y_1), the generalized Ho norm with weight
matrices R > 0 and S > 0 of the primal system coincides with the generalized H,, norm with the
weight matrices S > 0 and R > 0 of the dual system (4.3). For Ajg y_1] € Ajgn_1], System (4.3)
is immersed in the augmented system (4.4), (4.5); hence, its norm specified above does not exceed
the damping level 7,0, (S, R) of the disturbances of system (4.4), (4.5). In turn, Y400(S, R) < 7 if
there exists a function Vi(x,) = 2} Pz, with P, > 0, Py < 7?S~!, and Py = R such that

AV + [za () = 2?lwa (D) <0 (4.7)
along the trajectories of the augmented system for all ¢ = 0,..., N — 1 and all wa(t) € W satisfy-
ing inequalities (4.5). This fact is easily verified by summing inequalities (4.7) for t =0,...,N —1

considering the initial and terminal conditions for the matrix F;.
According to the S-procedure, inequalities (4.7) given (4.5) hold if

T
Avt+|za<t>|2—v2|wa<t>|2—iu§’“>(““;) \P(’f)(N—l—t)(M“))@ (45)

ar ZA(t ZA(t)

for all z4(t), wy(t), and wa(t) and some ,ugk) >0, k=1,2, where z,(t) = z,(t) and za(t) =
col (x4(t),wqe(t)). Thus, under inequalities (4.8), we have ’Ygoo(@[ojv 15 R, S) < Agoo(S, R) < 7.
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Let (4.8) be written as the LMIs

Iy, I\ X 2
On-1—¢ | T Ono1y - Z g WI(N =1 —1) <0,
0 K )

Then, introducing the new matrix variables Qi+1 = On_1-1Piy1, t =0,...,N — 1, and applying
the Schur complement lemma, we finally arrive at inequalities (4.6). The proof of Theorem 4.1 is
complete.

Remark 9. By [17, Theorem 4.1], the S-procedure can be lossless under two quadratic constraints

(1)

if, as applied to the problem under consideration, for some «;’ and a§2> we have agl)\ll(l)(t) +

a§2)\1/(2) (t) > 0 for all ¢. (This fact is directly verified by solving these LMIs with respect to a,gl)
and a?).) In this case, the hypotheses of Theorem 4.1 are necessary and sufficient for satisfying

the inequality 700 (S, R) < 7.

Remark 10. For controller design based on only experimental data or only a priori information,
due to the losslessness of the S-procedure with one constraint, the hypotheses of Theorem 4.1 are
sufficient and also necessary for satisfying the inequality Fgo0 (S, R) < 7.

Remark 11. If w(t) = B, +v(t) in equation (4.1) (see Remark 1), the performance output of the
augmented system will become z,(t) = By ;x4(t). As a result, when calculating the upper bound of
the generalized H, norm of the uncertain system (4.1) with the disturbance v(t), the term I in the
fourth block row and the fourth block column of inequalities (4.6) should be replaced by By, B, ;.

Remark 12. For the time-invariant system (see Remark 3), the upper bound of the generalized
Ho, norm with the initial state weight matrix R satisfies the inequality 7400 (©; R) < 7 under the
controller u(t) = Oz(t), where © = QP~!, if the stationary first LMI in (4.6) is solvable with
respect to P = PT > R, @, and ,u(k) >0, k=1,2. In the case L =1, this result agrees with the
one established in [14].

Let 7500, 'yg(,?,z;, and 75223 denote the minimum upper bounds of the generalized H,, norm of the

closed loop system that can be reached under the controllers designed using the experimental data
jointly with the a priori information, only the a priori information, and only the experimental data,
respectively (Theorem 4.1). These are the minimum values of 7 for which inequalities (4.6) are
solvable for ugk) >0,k=1,2, for ugl) =0 and u?’ > 0, and for ugl) > 0 and ng) = 0, respectively.
They will be called the guaranteed estimates. Theorem 4.1 directly implies the inequality

Yoo < min {72, 7E)},

which explains the advantage of the robust controllers based on both a priori information and
experimental data over those based on only a priori information or only experimental data. On the

one hand, given rough a priori information (i.e., when the radii p; of the matrix spheres in (2.13)

are quite large and, accordingly, ’ygf% takes a high value), the index Ygoo May turn out to be small

)

are small).

On the other hand, if the measurement noises turn out to be significant and, accordingly, yé,’;l, is

large (furthermore, if the rank condition fails and the information matrix is singular, making the
matrix ellipsoids A§“> unbounded), then Ygoo can nevertheless become small due to the smallness
of the radii of the matrix spheres when using the a priori information. These conclusions will be

confirmed by the simulation results in Section 5.

if the measurement noises are not very significant (i.e., if the matrix ellipsoids Agp
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4.2. vo Control on a Finite Horizon

Now, it is required to design a controller based on experimental and a priori information that
minimizes the 79 norm. As before, the experimental data are assumed to satisfy the relations (2.4).
In contrast to the generalized H,, control design presented above, in this case, equation (4.2) does
not contain the disturbance w(t), the dual system equation (4.3) does not contain the performance
output z4(t) (see Remark 5), and the augmented system equation (4.4) does not contain the perfor-
mance output, i.e., z,(t) = 0. As a result, inequalities (4.8) exclude the term |z, (#)|?. Consequently,
in the final analysis, the upper bound of the 7y norm of the uncertain system (2.1) does not exceed
~ under inequalities (4.6) without the term [ in their fourth block row and fourth block column.
Also, note that R = 0 for the standard H., control design using Theorem 4.1.

4.3. Control of the Mazimum Deviation of the Terminal State

Consider controller design based on both experimental data and a priori information to minimize
the maximum deviation 73 (0o, n—1]; R, S) (2.19) of the terminal state of the uncertain system

z(t+1) = Awx(t) + Beu(t) + w(t), x(0) = xo. (4.9)

Since there is no performance output in this system, the experimental data matrices satisfy the
equation

By = ADS, W, (4.10)
where Agm‘” = (A,W) Bﬁ’”e““), the other matrices are given by (2.2), and W, W, < ;. The ma-
trices Ay consistent with the experimental data are given by inequalities (2.7) in which

(/I\)t&)tT ‘ *
vWy=] ——— ——— - . (4.11)
— Oy P | Dy @, —

We denote by \Ilgjl-)(t), 1,7 = 1,2, the blocks of this matrix. The matrices A; consistent with the a
priori information are given by inequalities (2.14) in which A} = (A4} Bj). The primal system (4.9)
is described by the equation

z(t+1) = A, < o, ) x(t) + w(t); (4.12)

the dual system, by the equation

T
xd<t+1>=< ! )A%ltxd@),

ONn-1-t (4.13)
z4(t) = zq(t);
the augmented system, by the equation
T
ralt+1) = ( ! ) wal),
ON-1-¢ (4.14)

zd(t) = .%'a(t), ZA(t) = .%'a(t),

where wa € Wa. By analogy with the proof of Theorem 4.1, we arrive at inequalities (4.8) in
which wg(t) = 0 and za(t) = z4(t). Representing them in matrix form yields the LMIs (4.6), which
determine the upper bound for the maximum deviation of the terminal state of the uncertain system
with the controller u(t) = ©z(t), where On_1_¢ = Q11 P}, t=0,...,N — L.
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5. AN ILLUSTRATIVE EXAMPLE

This section provides the results of several experiments with a system obtained by discretizing
the Mathieu equation
d2 %) 2 .
T2 +wi(l+esinwr)p =u+v
with a step h. Recall that this equation describes the oscillations of a parametric oscillator. The
equation can be written as the system

1 h 0 0
w(t+1) = < —wi[l + esin(wth)]h 1 ) @) + ( h ) u() + ( h ) v(t),

A1) = (é 8>x(t)+<(1))u(t), L= 0, N—1,

where z(t) = col (p(th),o(th)), |v(th)| < dy, wo =7, w = 2m, ¢ = 0.01, and h = 0.2. The matrices
of these equations are unknown and are blocks of the matrix Agreal) for each t. Thus, at each time
instant, the system contains 12 unknown parameters, resulting in 120 unknown parameters on the
horizon N = 10. As the center of the matrix sphere Aﬁa) we take the matrix A}, which corresponds
to a linear oscillator, i.e., to system (5.1) with ¢ = 0. In the experiment, the initial conditions and
the control vector components were chosen randomly on the interval [—1,1], and the disturbance
was also random on the interval [—d, d|. The weight matrices of the initial and terminal states were

set equal to R = 0.11 and S = 0.05/, respectively.

In Fig. 2, the solid curve corresponds to the square of the guaranteed generalized Ho norm g,
depending on the disturbance level d, obtained from the experimental data jointly with the a
priori information on the horizon N = 10 for three experiments L = 3 and the radii of the a priori

uncertainty p; = 0.02. The dots indicate the straight line 'yég)oz = 0.37 corresponding to the square

of the guaranteed generalized H,, norm when using only the a priori information. (In other

words, this value of the performance index is achieved with traditional robust control.) The dotted
(real) %
0,511 ©fo.n-1)) of

real .
f()’Nzl] (if they

were known) and the feedback loops with the parameter matrices @’[*07 N-1] corresponding t0 Vgoo-

curve corresponds to the square of the generalized Hoo norm 7reqr = Ygoo (A

the closed loop system consisting of the real object with the parameter matrices A

0.4

----- based on a priori information
——based on a priori information and experimental data
— — for real object

.

0 0.1 0.2 0.3 0.4 0.5 0.6

The guaranteed generalized /.. norm

Disturbance level d

Fig. 2. The guaranteed generalized Ho norm and generalized Hs norm of a real object controlled based on
experimental data and a priori information depending on the disturbance level.
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Fig. 3. The components of the control parameter vector O as time-varying functions.

0.8
—-— based on experimental data
— — based on a priori information S
0.6F —based ona priori information \ / \ /
and experimental data i F 7
I\ A /
[ / \ /

0.4} i f oy f

The guaranteed generalized /.. norm

0 ! . : !
0 0.03 0.06 0.09 0.12 0.15

Disturbance level d

Fig. 4. The guaranteed generalized Ho norms as functions of the disturbance level when using different types
of information.

The figure demonstrates well how much 7330 (depending on d) is less than 75,?,232, how much 'y;‘go

exceeds fyfeal, and how much the latter, in turn, exceeds the minimum value of the square of
the generalized H., norm of the real object under the optimal controller for the completely known

object, equal to v? = 0.202. The growing curve Vgoo With increasing d in the experiment is explained

by a corresponding increase in the sizes of the matrix ellipsoids A,Ep ). As one example, Fig. 3 shows

the components of the control parameter vector ©; depending on time for d = 0.48.

Figure 4 presents the graphs of the squares of the guaranteed generalized H,, norms when using
the experimental data jointly with the a priori information (the solid curve ’y;‘OO), only the experi-

mental data (the dash-and-dot curve yg’;l), and only the a priori information (the dashed line %(]a) ).

For each disturbance level in the experiments, the first two norms were calculated under the same

experimental data. Clearly, starting from a certain disturbance level in the experiments, 7., is

significantly less than %(,{’,23 and always does not exceed 755‘;2), which was calculated for p; = 0.02.

With the controller based on only the experimental data (no a priori information used), high mea-
surement errors increase the size of the matrix ellipsoids A,Ep ), and the guaranteed damping level

of the disturbances turns out to be quite large.
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55| —-— based on experimental data I
——based on a priori information I
and experimental data I

The guaranteed generalized /7., norm
-

Disturbance level d

Fig.5. The guaranteed generalized Ho norms when using experimental data jointly with a priori information
and only experimental data (no solution exists based on only a priori information).

0.4

B —-— L=1

0.2F — L=d

- —L1L=10

----- based on a priori information

The guaranteed generalized /.. norm

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Disturbance level d

Fig.6. The guaranteed generalized Ho norms as functions of the disturbance level for different numbers of
experiments.

Figure 5 shows the graphs of the squares of the guaranteed generalized H., norms when using
the experimental data jointly with the a priori information (the solid curve ’Y;oo) and only the

(»)

experimental data (the dash-and-dot curve v405); the only difference from the experiments in Fig. 4

is the radii of the a priori information uncertainty p; = 0.6, for which the LMIs (4.6) with ,u§1> =0

and ugz) > 0 are unsolvable. According to this figure, in the case of insufficient a priori information
(when the uncertainty domain has to be chosen large enough and the guaranteed value of the
performance index in this domain is great or even ceases to exist), using this information jointly
with the experimental data still allows one to design systems with a better performance than when

using only the experimental data.

The graphs in Fig. 6 are the squares of the guaranteed generalized H., norms when using
experimental data and a priori information depending on the disturbance level d for different
numbers of experiments: L =1 (the dash-and-dot curve), L =3 (the solid curve), and L = 10
(the dotted curve). This figure allows making several conclusions as follows. First, even with a
single experiment, when the rank condition obviously fails and the system is nonidentifiable, the
guaranteed damping level of the disturbances is less than that obtained under robust control based
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1.8

Lo . p=0.07 4
— — p=0.05 ¥

L4r —— p=0.02

1.2+

e o 2
e =)} o0 —_

The guaranteed generalized /.. norm

S
o

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Disturbance level d

Fig. 7. The guaranteed generalized Ho, norms as functions of the disturbance level for different radii of matrix
spheres in a priori information.

on the a priori information. Second, if the measurement errors are not very high, then increasing
the number of experiments reduces the achieved guaranteed damping level of the disturbances.
Third, if the measurement errors are sufficiently high, then this level almost does not depend on

the number of experiments and approximately equals 75(722,2 = 0.37.

Finally, Fig. 7 shows the graphs of the squares of the guaranteed generalized H., norms when
using the experimental data and a priori information depending on the disturbance level d for
different radii of the matrix spheres in the a priori information. As the radius increases, the set
of the matrices A; consistent with the a priori information expands, and the guaranteed damping
level of the disturbances in the uncertain system grows accordingly.

6. CONCLUSIONS

This paper has theoretically substantiated and experimentally validated a new optimal control
design method based on experimental data and a priori information for linear time-varying ob-
jects on a finite horizon and linear time-invariant objects on an infinite horizon. In this method,
the goal of control is to minimize the generalized H., norm of the closed-loop uncertain system,
which particularly characterizes the damping levels of exogenous and/or initial disturbances, the
maximum deviation of the terminal state, and (in the absence of any exogenous disturbance) the
maximum value of a quadratic functional of the state and control variables under uncertain initial
conditions. The performance of the designed controllers has been studied depending on various
factors: the disturbance level in experiments, the number of experiments, the radii of the matrix
spheres in a priori information, etc. As has been shown, the method remains effective even under a
small amount of experimental data, when neither the persistent excitation condition nor the rank
condition holds.
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APPENDIX

Proof of Lemma 2.1. We write inequality (2.6) as
ABDTAT — By 1 BFAT — A, B + B DL — O <0
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With the change of variables, it becomes
AWS2RADT G $OTANT D AWGOET 4§, 3L, - 0, <0
Completing the square yields
~ -~ - ~ ~ - T
A = 810272 22 [A) - 810882 <1y,

where

Ty =+ By [0V T2 72000 — 1] .

Due to the expression (2.10) for 5”1 and @gl)@l)T =32 it follows that Ft Q, > 0. Con-
sider the matrix norm of the residual, i.e., the function tr (®;y; — A(l)cb(l)) (D41 A(l) (1 )).
Equating its gradient with respect to Agl) to zero, —QéHl@gl)T + 2A§ )f@gl)fbgl) =0, we ﬁnally
get the least-squares estimate AgLS)(l) of the unknown matrix Agreal)(l) in (2.10) in the form
A(LS)(l) O, (1)(1) y-2.

Proof of Lemma 3.2. In view of equations (3.1) and (3.5), we have
Tt + D)2+ 1) — 2T (®)@(t) = 0T (1)2(t) — 2T ()D(1).
Summing these equations over t =0,..., N — 1 yields
eT(N)S[ST'Z(N)+ < 2,0 >,= 2T ()R [RZ(0)]+ < v, 2 >, .
Thus,
< Lyoo((0),0), (ST'Z(N), B) >z,=< (2(0),v),[}oo (ST'Z(N),7) >z,

and the conclusion follows.

Proof of Lemma 3.3. By the equality of the norms of adjoint operators and Lemma 3.2,
we have ||yl = [|Ijooll, where the adjoint operator norm is given by (3.4). With the
time change t =N —1—7 in (3.5), we denote Z(N —7) = z4(7), O(N —1—17) =vy(7), and
Z(N —1—17) = z4(7), arriving at equations (3.6) with 7 replaced by ¢. In this case, the opera-
tor I'y, can be represented as

so i (S7124(0),v4(t)) = (Rza(N), z4(t))

and 12
szH[Qo,N_u + xdT(N)Rxd( )

Ty —
24(0), vq xdT(O)S Lag( (0) + HvdHo N-1]

gooll =

)

which is the desired result.
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