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ABSTRACT. This paper deals with the problem of the robust static output feedback H,
control (SOFC) for continuous linear systems with polytopic uncertainties. The controller
has been gotten by the use of descriptor redundancy. Under this approach a sufficient
condition is provided for the existence of a solution to the problem. Thus, the advantage
of this method is to obtain more free matrices in the design condition, also the polyno-
mial approach helps to have a less conservative result. In the end, the performance of
the method is shown by several examples.

Keywords: Robust static output feedback H., control, Linear matrix inequalities
(LMIs), Polytopic uncertainty, Homogenous matrices

1. Introduction. The problem of the output feedback H, controller design has been ex-
tensively studied in recent years for linear continuous systems with polytopic uncertainties
using LMI-based convex conditions and has been programmed by means of simple inter-
faces (LMI control toolbox, YALMIP) and solved by efficient algorithms (LMI toolbox
and SeDuMi) [3, 4, 5]. On the other hand, in control theory and practice output feedback
control is very useful since it can be easily implemented with low cost [1]. As a specific
case, the robust output feedback controller design for linear systems with polytopic un-
certainties has been considered in many researches [9, 10, 11, 31]. The design problem of
such controller can be represented as a bilinear matrix inequality (BMI) problem, which
is non-convex [25, 26].

Moreover, when the problem is to synthesize a robust controller for uncertain systems,
Lypunov theory and LMI can also be applied. However, even synthesis problems that
are convex for the precisely known case, as in the synthesis of state feedback stabilizing
gain, become non convex when the considered system is uncertain; consequently, the LMI
conditions are only sufficient. The synthesis of a robust static output feedback gain for
uncertain systems is an even more involved problem, being the main subject of research
in several papers [9, 10, 11, 12, 13].
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Concerning uncertain systems with parameters in a polytopic domain, the analysis
conditions for precisely known systems can be adapted and applied to the vertices of
the polytopic, imposing the same matrix for entire set. Such approach, however, have
results on conditions that are only sufficient and usually conservative. To reduce the
conservativeness, the matrix variable may also be parameter-dependent [6, 7]. Moreover,
use homogenous polynomial parameter dependent (HPPD) variables with various degrees
2, 8, 17, 18, 27, 29], in order to get less conservative results.

Motivated by the fact that for the SOF controllers problems, the conditions guarantee-
ing the existence of H,, control law are given in terms of BMI, recently, the descriptor
approach was an alternative solution to get good results [14]. Thus, the use of the de-
scriptor formulation may help to avoid appearance of crossing terms between the system
matrices and the designed ones.

This paper tackles the static output feedback H,, control problem for linear continuous-
time system based on polynomial approach. The interest is to design a static output feed-
back control for polytopic system, which guaranteed a prescribed H,, performance level.
The main idea is to rewrite the closed loop system by the use of descriptor redundancy
where the target is to separate system matrices and the controller gain. Different from
[24] that uses optimization solution “fminsearch” [30], an iterative LMI based procedure
involving decision variables is proposed in this paper to improve the H,, SOF controllers,
which gives opportunity to use more slack variables in order to reduce the conservatism.
In the end, numerical examples are provided to make clear the efficiency of the proposed
approach.

The remainder of this paper is organized as follows. The problem formulation and
preliminaries are presented in Section 2. In Section 3, we present two results. First, we
obtain a new H,, performance analysis for the SOF control. Thereafter, based on this
analysis, we propose a design method for H,, SOF control. Simulation studies are given
to demonstrate the approach effectiveness in Section 4. Section 5 concludes this paper.

Notation: we use standard notations throughout this paper. The notation P > 0
(< 0) is used for positive (negative) definite matrices. * stands for the symmetric term
of the diagonal elements of square symmetric matrix. I,, denotes the identity matrix of
dimension m. The superscript “I” and the notation sym(Y) represent respectively the
transpose and Y 4+ Y7

2. System Description and Problem Statement. Consider the following state-space
representation for a class of uncertain continuous-time

(t) = A(a)z(t) + E(a)w(t) + B(a)u(t)
2(t) = Ci(a)z(t) + F(a)w(t) + D(a)u(t) (1)
y(t) = Co(a)z(t) + H(a)w(?)

where z(t) € R" is the state vector, y(t) € RP is the output measurement, u(t) € ™ is the
control input vector and w(t) € R/ is the exogenous input in Ly[0, 00) and 2(¢) € R the
controlled output variable. The matrices A(a), B(«), E(a), Ci(a), D(a), F(a), Cy(a)
and H(«) are the system matrices of appropriate dimensions.

The time-invariant uncertain matrices belong to a polytopic domain given by:

N
M(Oé) = ZOéiMi, o€ AN
=1

N
AN:{OKG%NZZO@;:LO@Zo,izl,...,N}

=1
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Matrix M («) represents any uncertain matrix given in (1), N is the number of vertices
of the polytopic, M; =1,..., N are the vertices and Ay is the unit simplex.
The output-feedback controller under consideration is of the form

u(t) = Ky(t) (2)
where K € R™P is the controller gain to be designed.

In [14], LMI based design for state feedback controller using the descriptor redundancy
has been proposed to reduce computational cost. To take advantage of a descriptor redun-
dancy formulation, (1) and (2) can be easily rewritten with the above defined notations
respectively as:

{ E(t) = A()é(t) + Blayw(t) 3)
2(t) = C(@)€(t) + Fa)w(t)
3 I 00 . Ale) 0 Bl(w)
where £(t) = [#(t)T y()T w(t)"]" and E=| 0 0 0 |, A@)=| Co(a) -1 0 |,
000 0 K -1

E
C(a) =[Ci(a) 0 D(a)], F(a) = F(a), Bla) = | H(w)

Remark 2.1. Rewriting the closed loop system (1) by the use of descriptor redundancy [14]
allows to avoid appearance of crossing terms between the system matrices and the designed
ones (i.e., K ). It makes it easier for the LMI formulation of synthesis conditions.

For the closed-loop system represented as in (3), we define H,, performance as follows.

e The closed-loop system (3) is asymptotically stable when w(t) = 0.
e The closed-loop system (3) has a prescribed level v of H,, noise attenuation; i.e.,
the zero initial condition x(0) = 0 the condition

[2(B)]l2 < Allw®)]2 (4)

is satisfied for any nonzero w(t) € Lq[0, 00) over the entire polytope Ay.

3. Main Result. In this section, we shall present a numerically efficient technique to
find the SOFC gains in such a way to stabilize the system in closed loop, i.e., to ensure
that (3) is asymptotically stable. We summarize the resulting LMI design conditions in
the following theorem.

Theorem 3.1. Suppose that the controller gain K is known, the system in (3) is asymp-
totically stable if for a prescribed scalar v > 0 of Hy, performance, if there exists matrice
X () such that the following conditions are satisfied:

R(a) CT(a) XT(a)B(a)

U= % - F(a) <0 (5)
* * —y2T
ETX(a) = X()TE >0 (6)

where R(a) = AT (a) X (o) + X7 () A(a).
Proof: Considering the following Lyapunov function candidate:

V =t ET X (a)&(t) (7)
where

ETX(a) = X()TE >0



944 B. EL HAIEK, T. ZOULAGH, A. HMAMED AND E. M. EL. ADEL

with X (a) having the following form:

Xll(Oz) Xlg(a/) X13<Oé)
X(a) = | Xoi(a) Xop(a) Xos(a) (8)
Xgl(Oé) X32(CY) X33(Oé)

in order to satisfy (6), it is clear that Xj;(a) = Xj1(a)” > 0; moreover, the matrices
Xi2(a) and Xi3(«) should be equal to zero. We have the derivative of Lyapunov function
(7) over the dynamic system (3) as follows:

V= ETETX ()(t) + € ()X () BE(1)
Let
J =V +2T(t)2(t) — ( Jw(t

)
- [5T<t>AT<a> B (a)] X(@)&(t) + " (0X" (@) [A()E(t) + Blauw(t)
+ [T (@) + T () FT ()] [ (a)&(t) +F<a>w<t>} — 52 (t)u()
by taking ¢(t) = [ €()” w(t)” ] # 0 then J becomes as the following:
J =" e
v- ot s
where 1 = sym (A7(a)X(a)) + CT(a)C(a), ®2 = XT(a)B(a) + CT(a)F(a), ®5 =

FT(a)F(a) — 421, 50 J < 0 for any ((t) = [¢(t)T w(t)T]T # 0 if ® < 0. by applying
Schur complement and some row transformations on ®, LMI (5) is obtained.
If (5) is satisﬁed we have J < 0 for any ) = [¢@®)T w(t)T]T # 0, which implies

with

V(&(c0)) — )+ [y = t)dt — - T( Jw(t)dt < 0. With zero initial condition
£0) =0 and V(f( ) > O we obtam fo T(t)z(t)dt < ~* [;° wh (t)w(t)dt for any
nonzero w(t) € Ly[0,00). This ends the proof. O

Remark 3.1. The static output feedback H., controller design was founded by many
approaches [21, 23, 24]. However, it was necessary to impose some equality constraints
on the systems matrices 21, 23], also by making conditions about their rank. Moreover,
they require to give some descriptions about the output matriz Cy(a) if it belongs to the
polytopic domain or not [24]. Thus, in our study the constraints given [24] have been
considered and by avoiding the ones proposed in [21, 23|, our approach presents suitable
results for general case.

Now, based on Theorem 3.1 we present our aim result on the static output feedback
H, controller design in the following theorem.

Theorem 3.2. The system in (3) is asymptotically stable for a prescribed scalar v > 0
of H performance, if there exist matrices Xq11(a) > 0, Xo1(a), Xoo(a), Xog(v), Xs3, T,
Ty and Z satisfying the following matriz inequality:

1114 * * * *
H21 HQQ * * *
1134 113, 1133 * * | <0 9)
H41 HTXQQ(Oé) HTng(O./) —’}/2] *

Ci (o) 0 D(a)  FT(a) —I



POLYNOMIAL STATIC OUTPUT FEEDBACK H, CONTROL 945

where
I, = AT(a) X 11 (a) + X1 (@) A(q) + GT(a) X (@) + X4 () G(a).
Iy = —Xo1(a) + ZTTy + X, (a)G(a).
oy = —Xos(a) — Xih(a) + 27Ty + T Z5.
I3, = BT (a)X11(a) + X5(a)G(a).
sy = — X33Th — X35(a) + Z.
33 = — X33 — X3T3.
Iy = ET () X11(a) + H ()Xo (a0).
with

CoCTCy, if Cy(a) is fized, i.e., Cy(a)) = Cy and Cy is of full row rank;
Gla) =1 Oy, if Co(a) is fized, i.e., Cy(a) = Cy and Cy is of non-full row rank;
Csy(a), if Cay(av) is non-fized.

and the static output feedback H., controller law is given by:
K=X3"7 (10)

Proof: Based on Theorem 3.1, the system in (3) is asymptotically stable with H,
performance v, if conditions (5) and (6) are satisfied. Note that the system matrices in
these conditions contain uncertainties. We assume that matrix Xi;(«) > 0 depends on
the system uncertainties and to cast the condition (6) into LMI, we define matrices X («)
as:

XH(OZ) O 0
X(Oé) = X21(O{) XQQ(O[) X23(Oé> (11)
XssTn  XssTo X
which makes an obligation to put Xi;(«) as follows
Xll(O[) >0

now by assuming that (5) and (6) hold and by considering the structure given of X (a),
we replace each element by its equivalent in Theorem 3.1 then we obtain the following
transformation:

7 =XLK (12)
and from Il33 we conclude that X33 is invertible then (9) and (10) hold. This complete
the proof. N

Remark 3.2. By using the descriptor redundancy formulation we have obtained a suf-
ficient condition for the design of the controller law. The target is to separate system
matrices and the controller gain by means of free matrices derives from the descreptor
approach, which helps to reduce the conservatism.

Remark 3.3. To solve the robust LMI condition of Theorem 3.2, the technique given
in [17] in the aim to handle robust LMIs with parameters in the unit simplex can be
applied. The parameter-dependent variables in Theorem 3.2 are supposed as homogenous
polynomials of arbitrary degree g, although different degrees can be used producing results
with distinct complezity and accuracy. Let Q4(a) be any parameter dependent variable in
(10), of arbitrary degree g, denoted by:

= > ot dWQr k=kiks. . ky (13)

kek(g)
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where alfl...a?;v”, a € Ay, ki € ZT, i = 1,...,N are the monomials, and Q, € R,
Vk € k(g) are matriz-valued coefficients. k(g) is the N-tuples obtained as all possible
combinations of non-negative integers K;, i = 1,..., N, such that ky + ko + ... + kny =
g. To illustrate this notation, consider a homogenous polynomial of degree g = 2 with
N = 2. The set k is given by k = 02,11, 20, corresponding to the generic from Qa(a) =
a2Qo2 + a1asQ 11 +a2Qog. This choice for the decision variables provides less conservative
results with the increase of g at the price of greater complexity and computational effort.
Robust LMIs with parameters in the unit simplex can be fully characterized by means of
homogenous polynomial solutions, without loss of generality [18]. That is, if a solution
of degree g exits, a sequence of LMIs providing sufficient conditions for the existence of
homogenous polynomials of increasing degree g > g can be used, with convergence assured
for a large of enough g [17]. The LMI conditions, expressed only in terms of the vertices
of the system, were obtained with the ROLMIP (Robust LMI Parser) toolbox available
at hitp://www.dt.fee.unicamp.br//agulhari/rolmip /rolmip.htm. The toolbox is developed
for Matlab and works jointly with YALMIP, returning the entire set of LMIs through
simple commands that describe the structure of the matrices involved and the robust LMI
conditions to be programmed.

Remark 3.4. We mention that in (9), there are products between the variables T; (i =
1,2) and matrices Z and Xs3. In special case where T; (i = 1,2) equal zero in (11),
Theorem 3.2 can be solved with good results. Thus, less conservative H,, bounds can
be obtained by taking account of variables T; (i = 1,2) as proposed in (9) based on the
algorithm [19] shown in the following step.

Thus, to solve the non linearities problem in (9) caused by the product between T;
(1 =1,2) and Z, we propose the following algorithm [19].
Algorithm 1. [19]: Initialize matrices T; and scalar vy, and 7y,

while > € and (Mazimum number of iterations not reached) do

I~z
T

Solve Theorem 3.2 with T;, minimizing 7y, Y, <— 7
find and store matrices X33 and Z
Solve Theorem 3.2 with X33 and Z obtained in the previous step, minimizing -y,
v, «— 7, find matrices T;.

end while.

Remark 3.5. This algorithm provides less conservative results and helps to have extra
free weighting matrices T; (i = 1,2). Thus, this method provides better results than ones
in [24].

4. Numerical Examples. This section is devoted to numerical evaluation of the conser-
vatism of the proposed design methodology as compared with other method in literature.
All the simulations given were implemented in Matlab, version 7.6.0 using the tool boxes
Yalmip [3] and SeDuMi [5].

Based on Theorem 3.2 and the algorithm given in the previous section by initializing 7;
(i = 1,2) for each example with appropriate dimension, v, = 2, v, = 1.5, ¢ = 0.00000001
and the maximum number of iterations in Algorithm 1 has been fixed in 40. Other initial

conditions for 7T; (i = 1,2) could provide different results. e ()VTW;VZ‘ > e) is chosen in

T
the form to get the closed values between v, and v,, which means that the obtained + is
stationary.
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4.1. Example 1. Consider the continuous-time system [24] with the vertices number
being N = 2 given as the following:

—2.98 —0.57 0 —0.034 —2.08 243 0 —0.034
q—| ~099 —021 0035 —0.0011 A—| —099 =021 0035 —0.0011
= 0 0 0 1 » T 0 0 0 1

0.39 —5.5550 0 —1.89 0.39 —5.5550 0 —1.89

0.032 0

0 0

Bl - BQ — O s El = E2 = 0

1.6 1

Ci=Ci=[100 2], Di=Dy=1, Fi=F =0,

Oy = Cin = [8 - H,HFHF {QH
and T; (i = 1,2) has been initialized by 73 =1 1 1 1JandTh=[1 1].

Table 1 shows the H,, performance bounds obtained for different value of g. As can
be seen, the proposed approach provides less conservative results than the ones in [24].
Note that, Np increases by increasing the polynomial degree. Due to that, by increasing
degrees the conservatism decreases even if the problem becomes more complicated.

TABLE 1. Comparison results of H,, performance

Theorem 3.2 g =2 | Theorem 3.2 g =1| [24]
Ymin 0.6163 0.6163 0.6581
Np 76 52 27

with Np being the decision variable number

Ji 27 (i)z(i)di
JEwT (i)w(i)di

1 and Figure 2 respectively with w(t) = jf?;@l and initial condition of the state z(t) are
null, under the obtained control law value K = [—5.4885 — 3.3617].

Figure 2 shows that the ratio tends toward a constant value 0.5847, which is less than
prescribed value v, = 0.6163.

Figure 3 depicts the evolution of v, and ~,. in Algorithm 1 proposed, where the improve-
ments obtained through the iterative procedure in terms of smaller bounds are apparent
and tend toward constant values.

Now we show the output controlled z(t) and the ratio r(t) = in Figure

4.2. Example 2. In this example, make a comparison between Theorem 3.2 and the
approaches given in [23, 24], where the system parameters are in the following form with
the vertices number being N = 2:

—0.9896 17.41 96.15 —1.702 50.72  263.5
A = 0.2648 —0.8512 —11.39 |, A, = | 0.2201 —-1.418 —31.99
0 0 —30 0 0 —30
—97.78 —85.09 0
B, = 0 . By = 0 ., Ei=E,=|11|,
30 30 1
100 1 00
0112012:1,D1:0,D2:O,021:|:0 1 O:|’O22:|:0 1 1:|,H1:H220
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0.3 \

Z(1)
0.25}

0.2

0.15

0.1

Z(t)

0.051

-0.05

-0.1

_0.15 L L L L
0 50 100 150 200

time (sec)

250

FIGURE 1. Response of the controlled output z(t)

0.8

- -y,

min

0.7

0.6

()

0.5

performance

0.4

0.3

0.2

O.l Il Il Il Il
0 50 100 150 200
iteration i

250

FIGURE 2. Comparison between the ratio r(¢) and the prescribed value iy

and T; (i = 1,2) has been initialized by 7} = [0 0 0] and 75 = [0 — 1]. The re-
sults obtained via Theorem 3.2 are presented in Table 2 for different degrees g. It can
be mentioned that through this example the effectiveness of the proposed approach is
clear, specially by increasing the polynomial degree g. Compared to [23, 24], the H,
performance values obtained for different degrees are always the best.

In Figure 4 we present the computational result of transfer function (TF1 and TF2) for

the two vertices derived from the system (1) compared with the prescribed value Y-
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2=
—m yT
1510 ey,
=gt ]
>
TR
0
0 5 10 15 20 25 30 35 40
iteration i
0.2
0.15F b
\;»—
' 01
S
0.05
0
0 5 10 15 20 25 30 35 40
iteration i
FIGURE 3. Behavior of v,, 7, and WTW;WZ along the iteration of algorithm
T

for Example 1 and g =1

TABLE 2. Comparison results of H,, performance

Theorem 3.2 g =2 | Theorem 3.2 g = 1| [24] [23]

Ymin 2.8007 2.8026 6.6836 | 7.0362
3 T
*  TF1 ||
TF2
257 — Ymin 1
*
2r il
*k
8
£ 15 * ]
<
& * ¥
*
*
*
+
&

Frequence w

FIGURE 4. The computational result of transfer function
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4.3. Example 3. In this example we present a real application of the H,, SOF control to
show the interest of the proposed method in reality. Consider the continuous-time system
given in [15] which represents 2 mass-spring model borrowed from [16] as the following:

0 0 1 0 0| 0
0 0 0 1 110
A(a) | B(a) | E(a) ——ql(fgi% ;fl—i ——Cfrfla) 0 1|my
Ci(a) | D(a) | F(a) | = z & 0 Cfn(j) ol o
Cy(a) | H(a) | O 0 1 0 0 [0] 0
0 0 1 0 0| 0
0 0 0 1 0| 0

with my =2, my=1,¢=051<¢ <4 and 1 < ¢y < 4, yielding a polytope of N =4
vertices and T; (¢ = 1,2) has been initialized by 73y =[1 1 1 1Jand T =[1 1].

The approaches from [13, 15] and Theorem 3.2 in this paper are applicable for designing
the robust static output feedback H, controller (2) for this example, the minimum values
of the H,, performance ~ are given in Table 3. The computation results show that the
proposed method for different value of ¢ in this paper provides a better alternative design
for this example.

TAaBLE 3. Comparison results of H,, performance with literature

Theorem 3.2 g =3
7.5662

Theorem 3.2 g = 2
7.5664

Theorem 3.2 g =1
7.5698

[15]
7.63

[13]
17.58

“Ymin

We present the state x(t) and the output controlled z(¢) in Figure 5 and Figure 6

;if;(ﬂ and initial condition of the state z(t) are null with the

respectively with w(t) =
controller gain (2)
K =[-2.6277 1.9311].

0.2

0.1 2

~0.1p ]

State x

02+ | :

_04 [ -

-05 ‘ : :
0 50 100 150
Time s

200

FIGURE 5. The state behavior of the system
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Z(t)

Z(1

-0.4 ! ! ! ! !
0 50 100 150 200 250 300

time (sec)

FIGURE 6. The output controlled z(t) for Example 3 and g = 1

Remark 4.1. Before concluding, from Table 1, Table 2 and Table 3 we want to clarify the
complexity side of our approach and to put some comments on computational efficiency.
Through this work, we were able to add some free matrices via descriptor redundancy
approach in order to reduce the conservatism, but it increases the complexity Np and the
dimension of our LMIs. This constraint may be considered as the cost to be paid to obtain
the best results.

5. Conclusion. In this paper, the problem of static output-feedback H., controller for
continuous-time linear systems has been studied. Sufficient condition for controller de-
sign has been derived via solving a set of linear matrix inequalities based on an iterative
algorithm and the polynomial approach. In particular, it has been proved that the new
proposed conditions are more relaxed than the existing ones which reduce the conser-
vatism. Finally, numerical examples have been considered to illustrate the effectiveness
of the proposed approach.
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