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Abstract: In this paper, we propose a new approach to design a reduced observer
based state feedback control for bounded linear time variant systems by means of
shifted Legendre polynomials. The main objective is to force the controlled LTV
system output to follow that of a linear reference model. On these grounds, aug-
mented state modeling and useful Kronecker product properties are applied. Hence,
an optimization problem is derived. Once the observation and control gains are deter-
mined by solving the latter problem, the stability of the closed loop system is checked
through LMIs conditions. Simulation results illustrate the pertinence of the proposed
method.
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1 Introduction

Modeling a physical process is a crucial step toward its analysis and adapted control
synthesis. Indeed, the chosen mathematical model should be accurate enough in order to
describe correctly dynamics of the system evolution. Moreover, most physical systems are
described by nonlinear models which are not easy to study. A simplification alternative
consists in linearizing the systems around some operating points, the procedure remains a
very conservative approach. A global method consists in a linearization along a trajectory,
that often leads to a linear time varying system (LTV) [2]. Thus, this type of models
offer a good compromise between simplicity and ability to reproduce with fidelity the
behavior of some real processes namely, highway vehicle [I], electronic circuit design [3]
and biochemical systems [§]. Accordingly, several studies have focused on poles and zeros
definition for these particular systems [4], also problems related to the controllability
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and observability analysis [9], the identification [I3l[14], the stability analysis [7] and the
control [ITL[12] of LTV systems have been the subject of many publications.

Orthogonal functions are a well developed mathematical tool for dynamic systems
analysis and control. In fact, it had been firstly introduced for optimal control [6] and
identification [16] of LTI systems. Lately, in literature there appeared extended works
to cover nonlinear systems identification [20], stabilization analysis [27] and optimal
control [25]. LTV systems have been also among the fields of application of that wise
approximation tool, namely, for model order reduction [22], state analysis [23], identifica-
tion [I5] and optimal control [24]. Indeed, the projection of the state differential equation
of the dynamic system over an orthogonal basis and introducing useful properties of the
latter tool such as operational matrices jointly used with the Kronecker product may
transform the time depending differential equation into stationary algebraic relations.

In this work, shifted Legendre polynomials are basically used to deduce an observer
based state feedback control, the latter tool may have advantages over other orthogo-
nal functions. This was shown by examples [16] where shifted Legendre polynomials
converge to the exact solution of a differential equation faster than the other types of or-
thogonal functions, as, for example Walsh functions, Hermite and Laguerre polynomials.
We underline that the derived control law has to ensure, not only stability but also a
performance level dictated by a linear reference model used for tracking purposes, which
is effectively the main contribution of the proposed study compared to major methods
in literature which focused only on stabilization problem [I7]. Consequently, a mathe-
matical development will be exposed which is based on the use of interesting properties
of shifted Legendre polynomials. The final result is given as a nonlinear criterion whose
minimization with optimization Toolbox routines of MATLAB leads to the desired con-
trol gains. The last step is to check the asymptotic stability of the closed loop system
through Bounded Real Lemma.

The paper is organized as follows. In Section 2, we introduce the studied systems
and explain the main objective of the work. In Section 3, the proposed development
for a reduced observer based control law applied to time variant linear systems using
shift Legendre polynomials is carried out. In Section 4, stability analysis is handled
using existing LMIs results for polytopic systems. In Section 5, the effectiveness of the
developed method is checked out by a DC motor benchmark.

2 Problem Statement

In this work we consider the linear time variant system described by the following state
equations:

z(t) = A(t)x(t) + B(t)u(t),
y(t) = Cu(t), (1)
z(0) = o,

where © € R™ is the control vector, € R™ is the state vector and y € R is the output
vector. Matrices A(t), B(t), C and the vector z(t) have the following forms:

SOl it RO P SRR il R RS

O1 =0(l,n —1),21(t) € R, By (t) € Rb™.
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System () matrices could be written as V¢t > 0, A(t) = [a;;(t)] and B(t) = [b;;(¢t)] and
each term verifies the following boundedness:

aij < ai(t) <@g and  bi; < bi(t) < by, (2)
where a;;, b;; and agj, E are some constant values corresponding respectively to the
minimum and maximum of a;;(¢) and b;;(t).

We assume that such system satisfies the controllability and observability conditions
[9]. Our objective is then to design both reduced order observer and state feedback
control law in order to ensure desired performances for the controlled system.

2.1 The state observer structure

We choose to design a reduced order observer which reproduces the non measurable state
component xz(t). Such observer is then described by state model of the following form:

)
f)

W(t) = (Az2(t) — Ly Ar2(t))w(t) + (B2(t) — Ly Bi(t
+((A22(t) — Ly A12(t)) Lr + (A21(t) — Lr A11(£)))y(
Z2(t) = w(t) + Lyy(t).

u(t)
: (3)

In these equations w(t) € R"~! is the state observer vector and Z2(t) is the observation
of xo(t). L, is the gain of the order observer.
Let us define the observation error by:

ET(t) = T2 (t) — jg(t). (4)
It comes out then:
Er(t) = da(t) — 22(t) = (Aga(t) — LrAra(t)) er(t). (5)

The observation gain L, is determined such that the observation error has the same
dynamics as a chosen observation reference model described by a linear state equation

ér,ref(t) = MTET,Tef(t)7 (6)

where M, is a ((n — 1) x (n — 1)) matrix chosen such that the observer be faster than the
controlled system.

2.2 Strategy of control

The control strategy that we plan to develop uses the desired output y.(t), measured
and observed components of the state vector (y(t) and #2(t)). It can be expressed in the
following form:
u(t) = Nyc(t) - Kll'l(t) - ngg(t) (7)
with
N eR™™ Ky e R™ and K, e R™* 0,

We can express the control law by the following equation:

u(t) = Nyc(t) - Kll'l(t) - KQZi'Q(t) == Nyc(t) - Kll'l(t) - KQ:CQ(t) + KQET(t). (8)
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The gain matrices N, K7 and K are determined such that the controlled system presents
the same behavior of a chosen reference linear model:

(1) = B2 (t) + Fyo(t),
{%wzcam ! ©

where y. € R™ is the input vector, z € R" is the state vector and y, € R is the output
vector.

3 Proposed Observation and Control Approach

By taking into account, equations (Il) and (8]), state variables could be written as folows:

#1(t) = (A1 ()= B1(t) K1)z () + (A12(t) — B1(t) K2 )w2 (t) + B1(t) Nye(t) + B1(t) Kaer (1),
:b?()t) = (1?2)1 (t) = Ba(t) K1)w1(t) +(A22(t) — Ba(t) K2)w2(t) + B2(t) Ny (t) + Ba(t) Kaer (1),
y(t) =x1(¢t

(10)
The augmented state is defined by the concatenation of states related to the original
system and the observation error:

2(t) = ADZ(t) + B(t)ye(t),
st = o5, )
with
_ a1 a2 a3 ~ By (t)N
A(t) = Zlgl dgg d23 ,B(t) = Bg(t)N ,C = [ Il 03 ] R
O(H—l,l) O(n—l,n—l) d33 02
where

11 = A11(t) — B1(t) K1, @12 = Ai2(t) — B1(t) K2, G21 = A1 (t) — Ba(t) K,
Qg2 = Ago(t) — Ba(t)Ka,d13 = B1(t)Ka, og = Ba(t) K2, G33 = Aga(t) — Ly A12(t),
02 =0(n—1,m),03 =0(1,2(n —1)).

The projection of the matrices A11(t), A12(t), A21(t), A22(t), B1(t) and Bz(t) in a basis of
shi fted Legendre polynomials truncated to an order N (See Section 7.3 of the Appendix)
can be written as:
N-1 N—1
= > Auinsi(t), Ao (t) = Y Aoinsi(t),
i=0 i=0

1=

N-1

Ani(t) = > Aninsi(t), Ara(t)

N = (12)

N-1 N-1 N—-1

Aga(t) = > Asaunsi(t),Bi(t) = > Biinsi(t),Ba(t) = > Bainsi(t).
=0 =0 i=0



432 B. IBEN WARRAD, M.K. BOUAFOURA AND N. BENHADJ BRAIEK

We can deduce now the projection of the matrice A(t) and B(t) in the same basis of
shifted Legendre polynomials truncated to an order N, with:

~ Q11N 12N 13N ~ BiiNnN
Ainy = G21,iN a22,iN G23N | ,Bin = | BaynN |,
0(7171,[) O(nfl,nfl) aggﬁi]\[ 02

where

11N = A11,iv — B1inv K1, G128y = A12,iv — B1,inK2, G201 in = A21,inv — B2,in K1,
a22,in = A2 iN — Ba,in Ko, G138 = B1,iv K2, G23,in = Bain Ko,
33N = Ag2in — LrAigin.

The control law defined by the equation (8) has to carry the dynamics of the closed
loop system to reproduce as perfectly as possible that of a reference model which may

be defined as follows: . ~ -
Z(t) = BZ(t) + Fy.(t), (13)
U t

with
- z = | E O = | F 5
=l Lol w]e=lo]e-to o

04 =0(ny,n—1), O5 = 0(n —I,m) and Og = 0(l,n, + n — 2l), where n, is the order of
the reference model defined by the equation (@).
The integration of the equation (II)) on the time interval [0, ¢] leads to:

z(t) — z(0) = //I(T):L‘(T)d’r + /B(T)yC(T)dT, (14)
0 0

where Z(0) denotes the initial conditions vector.
The projection of the state vector Z(t) and the order output y.(t) on the basis of
shifted Legendre polynomials leads to:

~ t N— t N
XNSN( ) XONSN f Z zNSz )XNSN f ZNSZ )ycNSN(t) (15)
0 =0 0

Introducing now the product operational matrix (See Section 7.2 of Appendix) in equa-
tion (IT)) yields:

. tN—1
XnSn(t) — XONSN f Z Ain Xy M; Sn(t) +

oHﬁ

Z BinyenM;Sn (t). (16)
The use of the integration operational matrix (See Section 7.2 of the Appendix) yields:

- - N—-1 _ - N—-1 _
XnNSn(t) — XonSn(t) = Y AinXnM;PnSn(t) + Y BinyenM;PySy(t).  (17)
1=0

i=0

Simplifying by the vector Sy (¢) and making use of the vec operator, which transforms a
matrix structure into a vector one and the specific property [21]

vec(ABC) = (CT ® A) vec(B), (18)
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equation (IT) could be written as follows:

~ i N-1 .- ~
vee(Xy) —vec(Xon) = 3 ((MiPN) ® AiN) vec(Xn)
=0 (19)

N-1 S
+ > ((Mz'PN) ®Buv) vec(yen ),
=0

it comes out:
-1
N—1 -
|:I((nl)+n)><N - ((MiPN)T ®AiN):| X
= i=0 . (20)

1=

Z:Z_%l ((MiPN)T ® Bz’N)] Uec(yCN)}

e ectton) + |

In the same way the projection of the closed loop reference model ([3)), and the use of

the operational matrix of integration yield:

i=0

vec(Zn) = {I(M(M))XN B N;)l (PNT ’ E)] . ) . (21)
[U@C(ZON) + {Nzl (PNT ® F)} vec(ycN)]

The condition permitting to have a similar behavior of the controlled system (1) and

reference model (I3) can be written mathematically as follows:

§(t) = 5,(t) & CX(t) = CZ(1) = (IN ® é) vee(Xn) = (IN ® G) vee(Zy).  (22)
It comes out:
(IN ® C') [I((nNz)+n)xN - 1:7%1 ((MiPN)T ® AiN):| B X
vec(XON) + [ i ((MiPN)T ® Bz‘N)] vec(ycN)}
(23)

L i=0

_ N—1 - -1

(IN®G) [I(nT-i-(n—l))xN > (PN ®E)} X
i=0

_ [vec(ZON) + {Nil (PNT ® F)] veC(ycN)}

=0

Notice that

_ [ Zon I, ]
7 = = a Z + Er,re
ON | errefon } [ OZ } ON [ I, | f,ON
and
[ Xion Os |
N X 5 I O
Xony = [ 5 oN ] =| Xoon | = { Ol ]Xl,ONJr It | Xoon { I 10 }ET,ON,
0N ErON 7 09 n—l

where O7 = 0(2(n —1),1),0s =0(l,n — 1), Og = 0(n — I,n — 1) and O19 = 0(n,n —1).
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In order to simplify the control problem, let us consider null initial condition for the
reference model (Zyn = 0) and null initial condition for the measurable components state
part (Xl,ON = 0)

Moreover, intial conditions of the observation error, which are a priori unkown, should
meet those of the reference observation error model in order to minimize the distance
between both models (e, 08 = €rreron). Consquently, equation (23) could be written

as follows:
— 1 -

- N-1 T -
(IN ®C) |:I((nl)+")><N - > ((Mz’PN) ®Auv)] X
i=0
Og 0
IN® | Ing UeC(X270N) + (IN ® |: I 10 :|) UeC(Er,ref,ON) =
09 n—I
N—1 S
+ [ > ((MiPN) ® BiN)] vec(Yen) (24)
L i=0 i
i N N-1 o - -1
([N ® G) |:I(nr+(nl))><N — Z (PN X E):| X
i=0
O, N—1 -
INn®| l vec(errefon) + | D (PN ® F) vec(yen)
L n— i=0

The relation (24]) can be written as:

Aqvec(yen) + Agvec(Xo on) + Asvec(er refon) =0, (25)
where
- 3 N-1 o -t 1
(IN ® C) |:I((n—l)+n)><N - ;) ((MiPN) ® AiN)] X
N-1 - -
Ay = { 3 ((MiPN)T ® BiN)] ’
i=0 1
) N_1 17 v-t -
_ [ ([N®G) [I(nrJr(nl))xN— > (PNT(X)E)} [Z (PNT®F)]
| = i=0 J
N-1 -t Os
_ S T 4
Ay = (IN &® C) |:I((nl)+")><N - Z ((MZPN) ® AiN):| Ine L ,
1=0 Og
N-1 -t
) - O
l (IN ®C’) [I((n—l)-i-n)xN — Z ((MZ-PN)T ®AiN):| (IN ® [ ; 1ol ]) ]
Ag _ =0 e

B l (IN ®é) [I<nr+<nz>>xN - N?: (PNT ®E)}_1 (IN N [ If: D 1

In order to verify such relation for any initial conditions X3 on, €rrefon and for any
output order y.n, we must ensure:

Al = 0, AQ =0 and Ag =0.
However, these conditions could not be totally realized. Hence, we have to look for

a pseudo-solution of this problem by minimizing the norms of matrices Ay, As and Ag,
denoted respectively d1, d2 and d3, using optimization MATLAB routines.
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4 Stability Analysis of Closed Loop System

Once observation control parameters L., N, K; and K> are determined, the LTV model
defined by the equation (Il can be expressed in the following polytopic form such as

M= [A }B} belongs to a polytope of matrices M defined by [5]:

5])}.

v

M= {M - [A(o) B(e): /M) =" ((ﬁ- [/L-

i=1

where ~
61
2
beO=q0=1| . |/> 0:=1
: i=1
0,

The closed loop system ([T is mean square asymptotically stable with an H, disturbance
attenuation - if and only if there exists a (n + (n — 1)) x (n + (n — 1)) matrix P > 0 such
that i = 1...v, [10]:

ATP+PA;, PB C7
BTP L, 0 | =0. (26)
C 0o -1,

5 Simulation Example

Let us consider the separated excitation DC motor described by the following equation
[26]:

) _ _ fe0) | Km®(®)I()

. — 7 T )
di(t) _ _ K®®Qt) _ RI®) | V()
a L L L

20)=[0 02]",

where y = Q(t) denotes rotational speed of rotor as measured output, I(¢) and V(t) are
respectively the current and voltage of rotor, ®(t) is the rotor flux. For this example, we
will assume the values for the physical parameters given in Table [Il
The rotor flux is considered as a time depending function defined by the following
relation:
®(t) = ®o(1 + 0.1sin(mt))

with &g = 1.
The considered reference model of the controlled system is a second order system
characterized by the following parameter matrices:

~105 24 0
E=| ", 14.75],1?:[1.5}@:[0 10.15 |.

The reference model of the observation error is characterized by the matrix:

M, = —5.
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Table 1: Motor parameters.

L: rotor inductance 0.5 H
R: rotor resistance 2Q
K,: electromotive force against | 0.1 NmWb—tA~!
K,n: electromagnetic torque | 0.1 NmWb=1A~!
J: rotor and load inertias 0.006 kgm 2572
f: viscous friction coefficient 0.01 Nms

14

T T T
= = = controlled DC motor
reference model

I
0 0.5 1 15 2 25 3 35 4 4.5 5
Time (s)

Figure 1: Step response of controlled DC motor and the considered reference model.

For N = 10 ( number of elementary SLPs functions) and T=>5s, the obtained control
gains are the following;:

N =1753, K;=158.6, K,=160.5, L,=1.8.
The norms of matrices Ay, Ay and Ag are given by the following;:

51 = 0.0446, &5 = 0.0298, and J3 = 0.0335.

Figure[lillustrates step responses of controlled DC motor and the considered reference
model over an interval [0,7] . Figure [2] shows the free motion of the current of rotor
and the observer. The asymptotic stability with an H, disturbance attenuation ~ of the
closed loop system is verified by the feasible solution of the LMI defined in relation (26]).
Obtained LMI variables were:

v = 2.3547,

0.8258 0.0418 0.0278
P = 0.0418 0.0114 0.0048
0.0278 0.0048 0.0100
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0.2 T
observer current
current of rotor
0.151 q
0.1 B
0.05 b
ol
_005 Il Il Il Il
0 0.5 1 1.5 2 25

Time (s)

Figure 2: Free motion of the current of rotor and the observer.

6 Conclusions

In this paper, a new analytical approach was introduced for the synthesis of a reduced
observed feedback control for linear time variant systems by using shift Legendre poly-
nomials as an approximation tool. The use of the operational matrix of integration and
operational matrix of product has allowed the transformation of differential equations
into algebraic ones depending on gains of regulators. The main contribution of the paper
can be summarized as the system performance guaranty jointly with stability which is
obviously ensured. This is done by tracking a linear reference model. The effectiveness
of the developed method is checked out by a DC motor benchmark. The simulations re-
sults obtained show clearly the accuracy of the synthesized control law. In future works,
we intend to extend our development to handle the synthesis of observed state feedback
control for nonlinear systems via orthogonal functions.

7 Appendix

7.1 Legendre polynomials

Legendre polynomials denoted by LPs in litterature, have been the most used ones in
continuous control problems due to their high accuracy and a unit weighting function.
That is why we use them in our work. They are defined over the time interval 7 € [—1, 1]
and given by the recursive formula [I8]:

(n+1)Poya1(7) = 2n+ 1) 7P, (1) = nPy—1(7), for n=1,2--- (27)

with Po(r) =1 and Pi(7) = 7.
In order to obtain orthogonal Legendre polynomials on the interval [0, ], the follow-
ing change of variable is performed:

2t
T=——1 with 0<t<ty (28)

ty
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for 0 <t <ty, the shifted Legendre polynomials, denoted by SLPs, s,(t) are thus given
by:
2t
m+1)sp41(t) =(2n+1) ol 1) sp(t) — nsp—1(t) (29)
!

with so(t) = 1 and s1(t) = ?—; -
The principle of orthogonality of shifted Legendre polynomials is expressed by the

following equation [19]:

ty
t
0

So, any integrable function on 0 < ¢t < ty can be developed into a series of shifted
Legendre polynomials with a truncation to an order N under the following relation:

N-1
F0) =Y fisilt) = FxSu(t) (31)
1=0
with
Fv=1[fo i - [y ]
and .
SN(t) = [ So(t) Sl(t) SN_1(t) }

7.2 Operational matrices

In the SLPs case, the operational matrix of integration Py could be built through the
following recurrent relation:

[ salmr = x5 i (®) — 1 (0) (2)
0
and .
[ sotrydr =Liso(0) + s1(0) (33)

0
Hence, the following algebraic relation for integral calculus could be stated:

/ Sy (t)dt =Py Sy (1) (34)
0

The operational vectors of product K;; have constant coefficients and verify the property
[20]:

Vi,j€{0,1,...,N —1},si(t)s;(t) = KJSn(2). (35)
From the relationship (B3]), we can readily get the operational matrix of product:
K7,

T
Ki,N—l
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that allows the approximation:
Si(t)SN(t) = MiNSN(t). (37)

7.3 Matrix functions approximation

Any time dependent matrix function A(t) € R™*™ given by A(t) = [ai;(t)] where a;;(¢)
are integrable over an interval 0 < t < t; can be developed into a series of shifted
Legendre polynomials with a truncation to an order IV under the following relation:

N-1
A() =) Ainsi(t), (38)
i=0
where A;n € R™™ for i € {0,1,..., N — 1} are matrices with constant coefficients.
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