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Abstract—In this paper a new systematic switching control
appreach to adaptive stabilization of parameters uncertain linear
systems is presented. One feature of this approach based on
feasible controller set is its controller falsification capability,
which is manifested as the rapid convergence of the switching
centreller, ancther feature is its capability of improving the cose-
loop transient response amd reducing computation burden. In
addition, the potential advantages of the presented approach
include the applicability to beth continuous and discrete
uncertainty system and the simplicity of the stability analysis.
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L INTRODUCTION

In the traditicnal design of controllers for plant
uncertainty, the general appreaches often adapted are adaptive
contrel and robust control. As far as adaptive control is
concerned, if sudden change in plant dynamic happens due to
operating environment, compcnent failure or extemal
influence, the transient response may be poor and system is
even unstable. As for robust control (H,, H_ and the like),

they can cnly deal with the model of which uncertainties are
“sufficiently small”.

To cope with “large model uncertainties” and improve
transient respense, switching control is developed in recent
years [1]-[9]. There are two kinds of switching control
methods: (1} Evaluating every candidate controller’s
performance by applying it to the process in a predetermined
sequence [1]-[4]; (2) orchestrating feedback centrollers into
the process of switching from a precomputed finite
(continuum} sat of fixed controllers based on certain online
estimation [3]-[8]. The first method has the advantage of light
computation burden, but the centroller search may converge
very slowly resulting in excessive transients which renders the
system unstable in a practical sense; the second method can
improve the system transient response, however the
computation burden of this method is heavy when more
models are considered and several issue still remain
unresolved, these include the contreller being nenconvergent
and the proofs of stability being too complicated [5].

In this paper, a new class of adaptive switching
mechanisms is presented tc overcome the drawbacks
mentioned above. This approach is based on the feasible
controller set which incorporates simultanecus falsification of a
number of contrellers and therefore, improves controller
converge rate and reduces online estimation computation
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burden. The pctential advantages of this appreach include the
finite convergence for switching, the simplicity of the stability
analysis and the applicability to beth centinuous and discrete
system.

II. PROBLEM FORMULATION AND BASIC LEMMA

It is assumed that the uncertain plant te be controlled may
be described by a model P, contained in a finite set P of
parameter uncertain continuous linear system models, and
assumed that a finite set of robust controllers{ IT, },

=12, ... s, se N, has been found so that for each plant Pie
P, i=1,2,...... s, there exists cne controller I, ,i=12,...... 8,

so that the resulting closed-loop system{P;, IT, } is stable, a

switching contrel algerithm is proposed in this paper to select
the real controller out of controller set {1, } with the property

of stability of closed-loop system.

Where
P= OPi
i=l

X=Ax+B,u+B, o

y=Cyx + Dy oY)
2=C,x+D,u+D,,@

A, = A, +AA, i=12,...... 5

Where A is the constant matrix and AA is uncertain

parameter. The others system parameter matrices have the

same form as A; with appropriate dimension and all uncertain

parameters (A, ABy , AB;, AC;r Ay, ADyp, , AD,
AD,,, ) satisfy nerm-bounded parameter uncertainties.

AA, AB, AB, M,

AC AD AD = M F[Nli N, NBi]
i2 ta1 t21 2i

[Acil ADtlz]:MatF[Nli Nai] =1, 2,...... 5

Where F is an unknown real matrix satisfying

FFT <1
M, , M, , M, N, N, N, are the known matrices with
appropriate dimension.
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FKgure 1 The schematic block diagram of switching control

A robust H_ controller 1, is designed for each models P;
so that the resulting closed-loop system {P;, TI,} is stable and

all controllers compose controller set 11,

m=Jm,
i=1

£é=A'e+By
IT, : 2)
u=Cl'e
i=12,...... s

Where £ is controller state.

A robust HI_ observer O is designed for each close-loop
system {P;, TT,}{ the model P; and its contrdller T, ),
i=1, 2, =5,

3)

Where 1] is observer state, vy, is observer output.

Remark 2.1: The robust H _ observer (; cannot be designed

for an unstable parameters uncertain system as (1}, it is
designed only for the stable system {P;, TT }.

Assume thatP e P, 1£m £5 isthe real plant model.
X=A_x+B_ u+B o
P, idy=C_x+D_,® C))
z=C_,x+D_,u+D__o

The close-loop system that results on applying controller I,
(i=12,...... s)toPyis IL.P,,
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A _(An o BaCMYx) [ Ba )
e) \B"c, A" le) \B'D,,
—_

Ay N B;
IL.P, :
y=[cml O]Xz -'_I)mll(D
z= [CmZ Dm2lcin]xa +E’m’22(’D
(5
Combining (3) with (3}, we obtain the following augmented
system { [T, Py}, 1={1,2,...... s}
X, A, ¢ 0 Yx,
= [Brew ol oAy 0w
e, | \mi-poe,, o] —ace —arhe,
- —
A z
B,
+ B'D,, ©
X(I - DiE| )Dm12
]
H
(&
Where e; is the filtered cbserver error &=y-y;, given by
&, (1) = —he, (1) + e, (1) -

A>0
‘When the controller I, is applied to Py, the filtered observer

error e=y-y,, of each cbserver O;is obtained by augmented
system { HIPNOJ-}, y=12,...... s.
éfj(t) = —leﬁ(t) + Kej(t)

X, A, 0 0 x,
n |=| Bc, o] AT 0 |n,
&, |IMI=DI)C, 0] —2C! —Al e,

B,

+ BiD ®
MI-DHD

(8)
Throughout this paper, the e -norm of x=[x,,...... X €

R™ and the induced oo -norm of X & R™® is denoted
respectively as

Ixll= max Ix,|
ie{l,2,..m}

I X Ili= max X, 1
ie(1,2,..m} Jz:;‘ H
As well, the L. norm of a function f:R* {0} - R"

is denoted as 11 T = esssup 1T (t} Il
t=0



lemma2.1: if Ki of (6) is Hwwitz matrix, and o(t) is
piecewise centinucus bounded signal having [ norms of

™, then there exist constants &1 > 0,&2 > (1, such that for
all t0,

I Z(0) Il &, 11 Z(0) Il +&, ©)
Proof: See [1]lemma 1.

II. SWITCHING CONTROL BASED ON FEASIELE
CONTROLLER SET

The presented switching control algorithm in this paper is
based on the feasible contrcller set which incorporates
simultanecus falsificaticn of a number of controllers, therefore
improves controller converge rate and reduces computation
burden. The algorithm will determine the controller switching
time and select the comrect controller from the feasible
contreller set for an unknown uncertain plant Py, The
schematic block diagram of switching control is shown as Fig
1.

Definition 3.1: A functicn f:N R is said to beunding
function if it is strictly increasing and if for certain constants
Cg>0, C1>0,

i
f(p)/(c, + clpi(i)) >1 (10)
i=i

Definition 3.2: A set Ft)={ I, } is said to be feasible

controller set at the kth switching time t. if when the
controeller I1, is applied to P, the augmented system

{ 1, POy } meets the following inequality at t.,

k=1
||nj(tk),efj(tk)||<b0+blzf(i) {11y
i=1
for certain constants by=>0 and b;>0, ie:
F(t)={ T1,! the augmented system {II, PnCy} meets{11)
according to (8)}.
Remark 3.1: According to the definition of F(ty), if the state
and the error of the observer (4 meet (11}, the corresponding
controllerl‘[] of O belongs te F(ty). That a controllcrl‘[] s

said to be feasible controller means that it is “possible” for [T,

to make the system stable, in other word, if a observer does
not meet (11), its corresponding controller must not be real
contreller. See the property (1) of thecrem 4.1.

Switching control algorithm for linear continuous systems:

Algorithm 3.1:

1). At t=initial time t,, let the feasible controller set F(t;)= {
., - .}

2). For t>=t;, apply any centroller (for example I, } of the

feasible controller set F{ty,} to (k>=2)and

determine the switching time t; by

plant at t;

min{tlt >t et N6 e (67 I=fk—1)}
if this

o  oftherwise

t, = minimumexist

according to (6}.
3).If ty= oo, end. Otherwise modify F(ty.}:

F(t, ) =T, ) /11,
4). Determine the feasible controller set Fity) at ty in F(t, )
F(t, »y={II, ITI, € F{t, )

ki
&, (4,0 e ()7 I<b, +b, > f)
i

according to (8}.
5)k=k+1
6). Return 2).

Remark 3.2: The feasible controller set method is partly
similar to the Localization methed [9] which apply to only
discrete system, the feasible controller set method, however,
can apply to not only discrete system, but alsc continucus
system.

IV. Mam RESULTS
Assumption 4.1:

@ et )™ i) e ()7 ] IIE@D
@I e, ¢ [ b, +b,20)

i=1,2,...8

Theorem4.1. Consider a plant contained in P to which
algorithm 3.1 is applied at time t=t; and assumption 4.1 holds,
then for bounded piecewise centinuous signal o ,bounding
function £ and certain positive constants by, by, ¢g,¢y, the close-
loep system has following properties that:

1).the state of the real observer O, and the filtered real
observer error satisfy:

k-1
I, (60" e (60 T ik by +5, > 1)
i=1
at ti. for suitable constants bg>0, by>0.
2).there exist a finite time tj>=t, and constant controller IT,
such that for t>=t, TI(j} =11, , i={12,...... s}, TI(j) is the
controller applied to the system at ¢,
Proof: The proofis tco long, so omitted, refer to [1],[2]

The theorem manifests that after t;, the controller is not
switched and the real controller is found tc make system
stable.

Switching controller in this paper has following advantages:
1).Since (11} is the necessary condition that the real observer
should meet, it is used as the distinguishing condition of the
feasible centrcllers: If a observer does not meet (11), its
corresponding controller must not be the real controller, so the
feasible controller set contains the real controller. Since the
feasible controller set F(t;} at t, is determined in F(t.,) by
algorithm 3.1, the relationship:

F(t,) o Ft,) 2 e Ft ) DT ) D oo,

i

2299



yif)[m]

I L L L L . L L L
] 0z 04 06 08 1 12 14 1B 18 2
t[zec]

Fgure2.The output response of system with feasible controller set method

helds, the scope of the feasible controller set in which the real
controller exists can be reduced after the controller is switched
each time, i.e. the number of the controllers and cbservers in
Figl can be reduced after each switching, so controller can
converge fast and online estimation computation burden can
be reduced.

2).The switching control method in this paper is very simple
and the distinguishing condition is the function of the
switching number, it is therefore realistic to implement from a
practical point of view.

3).Although the switching control algorithm is designed for
continucus system. It {(and theorem 4.1) can be generalized to
discrete system routinely.

V SIMULATICN RESULTS

In this section, the switching contrel for the following
family of 6 plant medels is considered. For simplicity and no
loss of generation, 6 models adopted for simulation is the
certain models. Due te space limitation of the paper, 6
centrellers of the models P, (i=1,2,...6 Yand 6 observers of the
closed-loop systems{P;, II, }, i=1,2,...6, are not given. Each
model P; has the form of

x=Ax+B,u+B,®
P:iy=0Cux

z=C,x
Where
A4=[3,-17;-67.-3]; Bu=[1;-4.3]; Bz=[C.1;0.1];
Cu=[571;C1o=C11;

Ay=[-75,7.25;-2.25,-8.25];B,,=[0.1;0.4]; B,,=[0.1;0.1];
Cy=[-1.24.1];Co3=Cu1;
As=[14,21.1;-46.5,-25.4];B»=[-0.18;0.33]; B3»=[0.1;0.1];
C11=[-045,7];C=Cs;
A4=[2.38,-18;-50,-2.4]; Byy=[1;-3.3];B4=[01.1;0.17;
Cy=[4.57];Cy=Cy;
As=[3.4,-24;-64,-3]; Bs=[1:-4];Bs2=[0.2;0.1];
Cs1=[0.5,3[;C52=Cs1;
Ag=[-1.9,10.0;-1.3 -12.2]:B4;=[0;0.1]:Be;=[0. 1;0.1];
C51=[0.2,-0.5];Cey=Cy;

The bounding function f(k) =exp(k}/200, b= 0.015,
b;=1.08, m(t)= 5. Assume that Pg is the real plant.
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Figure3.The cutput respends of switching system that does not adopt feasible
controller set method (no step 4 in algorithm 3.1)

The output responds of the switching system by
algorithm 3.1(feasible controller set method) is shown in Fig2,
the output responds of the switching system that does not
adopted the feasible controller set method (nc step 4 in
algorithm 3.1} is shown in Fig3. Compared with the transient
response in Fig 3, the transient response in Fig 2 is better than
that in Fig 3, which manifests that the feasible controller set
method can improve the transient response of the switching
system.

For further comparison, Fig 4 and Fig5 are the controller
switching instants of algorithm 3.1 and the algorithm that
does not adopted the feasible controller set method (no step 4
in algorithm 3.1} respectively. In Fig 4, at the first switching
time, the observer O; and cOntrollerl'{2 and[], must not be

the real controller and are excluded from the feasible
controller set, Therefore the scope of the feasible controller set
is reduced so that the centroller converge more rapidly in Figd
than in Fig 5 and the online estimation computation burden is
reduced.

VI CONCLUSIONS

In this paper, a new class of adaptive switching
mechanisms is presented. It is assumed that the uncertain plant
to be controlled may be described by a model contained in a
finite set of linear continuous parameter uncertain system
models P, and assumed that a finite set of robust
controllers{ [T, }oi=12....... s, has been found se that for each

plant P, € P, 1=12,......5, there exists cne controller IT,

3181 P s, making the resultant closed-loop system stable,
a switching control algorithm is proposed in this paper to
select real controller out of controller set { ], } with the

property of stability of system. This approach is based on the
feasible controller set which incorporates simultanecus
falsification of a number of controllers, therefore, improves
controller converge rate and reduces computaticn burden. The
potential advantages of this approach include the finite
convergence for switching, the simplicity of the stability
analysis and the applicability to both continucus and discrete
system.
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Figure 4 The controller switching instants of algorithm 3.1
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Figure 5 The controller switching instants that does not adapt feasible
controller set method (ne stepd in algerithm 3.1}

References

[1] I Wang, "Switching control of a class of linear MIMO discrete systems,”
Control and Decision {in Chinese), vol 15, pp81-84, 2004.

[2] MLH. Chang and E.J. Davision, " Adaptive switching control of LTI MIMO
systems using a family of Controllers approach,” Automatica, vol. .35,
pp:453-465,1999.

[3] Fu. Minyue and B.R.Barmish, *Adaptive Stabilization of linear systems
via switching control,” IEEE Trans Automat.Contr, vol. 31,pp 1087 —
1103, 1986

[4] DE. Miller and E.J. Davisicn, "An adaptive controller which provides
Lyapunov stability,” [EEE Trans Automat.Centr, vel. 34, pp 599-609,
1989

[5] A.S. Morse. “Supervisory control of families of linear set-point
contrcllers,” IEEE Trans Automat.Contr, vol. 41 pp 1413-1431, 1996

[6] S.R. Kukami. "Model and controller selection policies based cn cutput
errors,” IEEE Trans Automat.Contr, vol 41, pp1594-1604, 1996.

[7] H. Judith, S.R .Kukarni and P.J. Ramadge. “Controller switching based
on output prediction errors,” IEEE Trans Automat. Contr, vol. 43, pp596-
67, 1998,

[8] KS.Narendra and J Balakrishnan “Adaptive control using multiple
models,”, [EEE Trans Autemat.Contr, vol. 42,ppl71-187, 1667,

[%] P.V. Zhivoglyadov, R. H. Middleton and Minyue Fu, “Localization based
switching adaptive control for time-varying discrete-time systems,” [EEE
Trans Automat.Contr, vol. 45,pp752-755 2000

2301



