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Abstract Switching systems are very common in various engineering fields (¢.g. hydraulic systems with valves,.., electric
systems with diodes, relays,..., mechanical systems with clutches...). Such systems are a particular case of hybrid systems.
These systems are characterized by a Finite State Automaton (FSA) and a set of dynamic systems, each one corresponding to
a state of the FSA. The change of states can be either controlled or autonomous. The aim of this work is to investigate the
structural controllability for controlled switching linear systems modelled by bond graph. Several concepts appeared in the
last decade addressing the controllability problem of these systems: controllable sublanguage concept[l], hybrid
controllability concept[2], between-block controllability concept[3]. Controlled Switching Linear Systems (CSLS) on which
we focus in this work belong to the hybrid controllability concept as they address a reachability problem of hybrid states. In
the other hand, the bond graph concept is an alternate representation of physical systems. Some recent works permit to
highlight structural properties. In[13], the structural controllability property is studied using simple causal manipulations on
the bond graph model. The objective of this work is to extend these properties to CSLS. In this work, the structural
controllability of CSLS by means of algebraic and graphical conditions is discussed. First, formal representations of
controllability subspaces are given forswitched bond graph. They are calculated through causal manipulations. Second, these
subspaces are used to propose structured state feedback matrices in the context of pole assignment by static state feedback.
Third, a simple example is given to illustrate the previous results. The proposed method, based on a bond graph theoretic
approach, assumes only the knowledge of the systems structure. This result can be implemented by classical bond graph
theory algorithms.
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instantaneously. Fach switch is modelled as a null source:
effort source for a closed switch state, and flow source for an
open one. This approach is used in this work.

Lately, there have been a lot of studies on stability analysis
and design[4]-[5]-[6]. (Liberzon and Morse,[5]) summarize
three basic problems regarding stability and design of
switched systems. They are: (i) stability for arbitrary
switching sequences; (ii) stability for certain useful classes
of switching sequences; (iii) construction of stabilizing
switching sequences. For problem (i), finding conditions
under which there exists a common Lyapunov Function
forthe system is a typical approach[6]. For problem (ii),
multiple Lyapunov functions method, an extension of
classical Lyapunov theory, is the main tool[7]. For problem
(iii), there are many results available[4].

Petterson and Lennartson in[8] show that the search for
Lyapunov functions can be formulated as a linear matrix
inequality (LMI) problem. Xu and Antsaklis in[9] give a
necessary and sufficient condition for the asymptotic
stabilizability of switched systems consisting of several

1. Introduction

A broad class of hybrid systems is composed of physical
processes with switching devices. Such processes are called
switching systems and are very common in various
engineering fields (e.g. hydraulic systems with valves,..,
electric systems with diodes, relays,..., mechanical systems
with clutches...). These systems are characterized by a Finite
State Automaton (FSA) and a set of dynamic systems, each
one corresponding to astate of the FSA. The change ofstates
can be either controlled or autonomous. Various researchers
investigated this problem using the bond graph tool
[1,2,3,4,5,6]. The ideal and the non-ideal approaches are
used :

- In the non-ideal approach, switches are modelled as
resistive elements associated with modulated transformer.
The modulation is done using a boolean variable.

- In the ideal approach, switches commutate
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second-order subsystems with unstable foci. If the condition
holds, an asymptotically stabilizing switching law can be
obtained. Hu, Xu, Antsaklis and Michel in[4] discuss the
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robustness of this kind of stabilizing control laws.

This paper is briefly outlined as follows: The second
section formulates the problem. In section three the CSLS
algebraic controllability is reviewed. In section four, an
asymptotically stable state feedback design algorithm is
derived for such systems. In section five, the structural
controllability of these systems is discussed, for which, we
calculate a formal representation of controllability subspaces
of switched bond graph. It allows to propose in section six,
the structure of feedback matrices for the pole assignment
control problem, this for all modes. Graphical procedures are
proposed. Section seven contains an illustrating example.
Finally, the conclusion is provided in section 8.

2. Problem Formulation

Consider a CSLS[10], described by
x(t) = A(o()x(1) + B(a(1)u(?) (1
Where x(f) € R" is the state variable, u(t) e R" is the
input variable, o(z) is a piecewise constant switching

functionand (o;,x) thehybrid state. According to values of
o(t), there exists ¢ configurations, o; € {o-l "'Gq} . So

A(O'l) c Rnxn and B(U[)E Rnxm.
If we consider this system in a particular mode i, the
equation (1) can be written as

x(t) = A,x(t) + Bu(t)
With 4, = A(o;) and B, = B(0,), i€ {1,...,61}.
Remark 1 System (2) can be considered as a linear time

invariant system (LTT).
Assumptions 1

@

1) We suppose that 4, and B, matrices are constant on
a time interval [f,,f,+7), where 7>¢7 . >0, and the
constant ¢ . is an arbitrarily small and independent of
mode ;. For instance, suppose that the dynamics in (1) are
given by (2) over the finite time interval [£,7.,). At time

ti+1

i(t) = A;x(t) + Bu(t).

2) We assume that the state vector x(z) does not jump

the dynamic in interval [¢,,,,7,.,) is given by

discontinuously at ¢, .
If we further assume that w(r)=K,x(f) then the
following convenient representation of (2) is obtained
Ax tefty ;)
1=

: (3)
A

with A4, = A4, + B/K,
Ze[tq_l,tq)

We refer to systems (1) and (3) interchangeably as the
switching systems
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3. Controllability of CSLS

The controllability of (1) was defined:
Definition 1] 10] Given any pair of hybrid states, denoted
as (o,.x,) and (o,.x,), respectively, if there exists a timed

mode-switching set {(O'i—lstiao'i)} and a corresponding

q

i=1
piecewise continuous-finite input signal wu(z) , such that
system (1) evolving under these two distinct inputs i
reachable from (c,.x)) to (o,.x,) within a finite time
interval, then the considered system (1) is controllable,
otherwise, system (1) is uncontrollable.

3.1. An Algebraic Sufficient Condition

When system (1) has only one mode, the controllability
can be analyzed through the controllability matrix (4).

W =[BAB---A""'B] )

For the general case, a controllability combined matrix
w,. of system (1) is given by equation (5):

We =W, W, - W, 1=[B, AB, - A4'"'B, B, - 4;"'B,] (5)

Theorem 1[10] The CSLS (1) with ¢ modes is
controllable, if the controllability matrix W, is of full row
rank.

Remark 2 Fromthis theorem, we can deduce that:

1) The system (1) can be controllable, if there is only one
controllable sub-system (mode).

2) However, it is possible that no sub-system is
controllable but that the system (1) is controllable.

4. Piecewise Constant Controller Design

The controller design is based on placement of all poles of
all modes to appropriate positions in the left hand side of the
s-plane.

In[11] the following lemma is proposed:

Lemma 1[11] Given a controllable LTI system (4, B) in
controller canonical form, i.e.,

0 1 0
5 0 :
A= _ B=
0 1 0
_aO _al e _anfl 1

and a scalar # > 0, for any S >0, there exists a constant
state feedback u = Kx such that

"exp[(A + BK)h]” < exp(—h) (6)

This lemma can be extended to a more generalcase, which

is the starting point to design the piecewise constant state

feedback controller.
Lemma 2[12] Given a controllable LTI system (A4, B)

and a scalar # > 0, for any S >0, there exists a constant
state feedback u = Kx such that
"exp[(A + BK)t]" <exp(—pt), Vt>h @)
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4.1. Asymptotic Stability
Based on Lemma 2 and if each subsystem (4,,B,) is

controllable, Xie and al in[ 12] gave the following theorem:
Theorem 2 For the system (1), and for each subsystem
(4,,B,) there exists a state feedback u = K,x such that the
closed loop system x(¢) = A(c(¢))x(2) + B(c(t))K (c(£))x(2) is
asymptotically stable.
Since each subsystem (4,,B,) is controllable, suppose:
det(s/ —4)=s"+a, 5" +..+a;s+aq,.Denote
1
F, :[Ain_lBi +:+ 4B B] a}TI -1

al e a

n-1

Then F; is nonsingular.

Using lemma 2 and theorem 2, an asymptotically stable
state feedback controller design procedure can be
constructed[12].

Procedure 1 For the system (1), for each subsystem

(4,,B;), a state feedback matrix K, such that the

closed-loop systemis asymptotically stable can be calculated
as follows.

1) Determine the nonsingular matrix F, such that

(4.B) i in
4, =F'4F, B,=F'B,;

controller canonical form, where

2) Calculate &, =1— ln(HF;l “”E”) ;

3) Select 2,
nexp(A,,h)(4, +n)" 7 <exp(e,) .
Ay = Ay —l+1for 1=2,...,n;

]

such that

moreover, let

4) According to li,l,---,ﬁi,n , calculate the state

feedback matrix K, :

1
S Let K, =K,F™".
In the next step structural controllability of CSLS
modelled by bond graph is studied.

5. Bond Graph Approach

The structure junction of a switching bond graph can be
represented by figure 1[14]. Five fields model the
components behaviour, 4 that belong to the standard bond
graph formalism: - source field which produces energy, -
detector field; - R field which dissipates it, - I and C field
which can store it, and the Sw field that is added for
switching components. This element (Sw) is made of the
power variables imposed by the switches in the chosen
configuration.

Figure 1 represents the blockdiagramthatis deduced from

the causal bond graph.

P e e Tt
Dretectors
/ Continuous part o o

of tha svstem (PC)

|

|

!: X
|| Intezral Causality

|

EDiscreta part of the
swstam (PLY)

[ Caontralled event ]

Figure 1. Structure junction

The following key variables are used :
- the state vector x(¢) is composed of the energy variables
on the bond connected to an element in integral causality (the

momenta p= Ifdt on / elements and charges ¢ :jedt

on C elements), and the complementary state vector z(¢) is
composed of power variables (the efforts e on C elements
and flows fon [ elements);

- D, (¢t) and D,(t) represent the variables going out

of'and into the R field;
- the vector u(¢) is composed of the sources;

- 7;,11. (f) is composed of the zero valued variables
imposed by the switches in this configuration;
- TO[ () is composed of the complementary variables in

the switches;

- the vector y(7) is composed of the continuous outputs.

Assumptions 2

To take into account the absence of discontinuities
(Assumption 1), we suppose that there are no elements in
derivative causality in the bond graph model in integral
causality, before and after commutation.

Using this structure, the following equation is given[14] :

X S S S Sis
it i i i in
D, =-S5 Su S, S (8)
it it i i in;
To,. _S14 _S34 S44 S45

u

Let the constitutive law of the R field be linear:

D =LD.. Ll. is a positive matrix, with [ = [”Rl 0 J
0 R

i 7
Let assume that H, =L, (]—S;3Li) is an invertible

positive matrix.

In a linear case, the law constitutive for the fields of
storage / and C can be written : z = Fx. Where F is a
symmetric positive definite matrix.

Then the second row leads to

D'n = —HiSf;Fx + HI-S;5M + H;'S;47;n~

L
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The third line of (8) gives:
T,, = (=Sig +S34H;S|3)Fx + (Sys — S34H;S3s)u

)
0000B(S34 — $54H;534) Ty,
The substitution in the first line of (8) gives:
5= (Sl = ST HS{S) P + (Sl + S H S u (10)
000B(S14 — S13H;534) T,
Then, we have:
x=Ax+B u+B,T, (11)
This system is equivalent to system (2), where

4= (S, - S, H, SO
Bd,- = S1i4 + Sliz H, S;4'

When the elements of commutations are in the chosen

Bcl- = Slis + S1i3 H, Sés and

E

configuration (mode i for example), then 7;"1‘ =0,
Therefore, for N switchs, we have N~ g modes:
x(¢) = Ax(t)+ BC] u(t) telty,t)

: (12)
i(t) = A, 6(0)+ B, u(t) tel, ,t,)

This systemis equivalent to system(1).

5.1. Structural Controll ability

The bond graph concept is an alternate representation of
physical systems. Many works allow to highlight structural
properties of these systems[13]-[14]. In[13], the structural
controllability property is studied using simple causal
manipulations on the bond graph model. This result was
extended to case of CSLS[14]. Our objective is to use the
latter result for to propose structured state feedback matrices
in the context of pole assignment by static state feedback.

In the following we note that:

-BG: acausal (without causality) bond graph model,

-BGI: bond graph model when the preferential integral
causality is affected,

-BGD: bond graph model when the preferential derivative
causality is affected,

- ' : the number of dynamical elements remaining in
integral causality in the BGD of mode i.

- l‘; : the number of dynamical elements remaining in

integral causality in the BGD after the dualization of the
maximum number of input sources in order to eliminate
these integral causalities.

5.1.1. Graphical Sufficient Condition 1

A system (1) with ¢ modes is controllable if only one
system is controllable. This condition can be interpreted by
using the result of structural controllability of LTI system.

Indeed, this result is a simple recovery of those giving the
necessary and sufficient condition of structural

Pole Placement of Controlled Switching Linear Systems - Bond Graph Approach -

controllability of LTI system modelled by bond graph
approach.

Theorem 3[14] The CSLS system (12) is structurally state
controllable if:

1- All dynamical elements in integral causality are
causally connected with an input source.

2-BG-rank [4; B, ]=n.

Property 1[14] BG-rank [4, B, ]=n- .

To study the controllability of system (12), it is necessary
to apply this result to all modes; if one controllable mode
exists, the procedure is stopped.

The case where no mode is controllable, but when the
systemis controllable, can be verified by formal calculation
of combined matrix (4). This calculation can be formally
effected by using the bond graph model in integral causality
or by calculating the controllability subspace from bond
graph model in derivative causality. We chose to translate
the latter in the form of a second sufficient condition.

5.1.2. Graphical Sufficient Condition 2
Thereafter, formal representations of controllability
subspaces, denoted as R, , are given for bond graph models.

They are calculated through causal manipulations. The bases
of these subspaces are used to propose a procedure to study
the controllability of system.

On the BGD; (and dualization of input sources) there

exists [

; clements remaining in integral causality and

n— t; elements in derivative causality.

i . . . .
I, algebraic equations can be written (equation 13):
i ik i
gk - : ar gr = O

- g, is either an effort variable €, for -element in

(13)

integral causality or a flow variable fr for C-element in

integral causality;

- g; is either an effort variable €, for [ -element in
derivative causality or a flow variable fr for C - element
in derivative causality;

- aﬁk is the gain of the causal path between the kK" r

or C-elements in integral causality and the P I or C

-elements in derivative causality.
Let us consider the 7, row vectors z, (k=1,..,2)

whose components are the coefficients of the variables

g) (I=k,r) in the equation (13).

1 . .
Property 2 The [ row vectors z, (k=1,.,t) are

orthogonal to the structural controllability subspace vectors

. i
of the " mode. We write Z; =(Zk)k—1~-ti and
Ty T ebe
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R =Im(Z,).
Using the bond graph model in derivative causality, the

uncontrollable Rél subspace can be calculated[14].

Procedure 2 Calculation of R(l)L

1) On the BGD;, dualize the maximum number of input
sources in order to eliminate the elements remaining in
integral causality,

2) For each element remaining in integral causality, write
the algebraic relations with elements in derivative causality
(equation 13),

3) Write a row vector Z,l{ foreach algebraic relation with
the causal path gains and write Z; = (ng )kzl g
sl

In order to calculate an Ré basis, it is enough to find

n—t independent column vectors wir(rzla""”_t;)‘
These the
wh='") _

71,---,n—t; :

vectors are  gathered in matrix

Fromthe BGD; (and dualization of inputs sources), n—1

algebraic relations can be written (14).
g =D 7 =0
k

i
- &, is either a flow variable f, for [ -element in

(14)

derivative causality or an effort variable €, for C -

element in derivative causality;

- g,l( is either a flow variable fr for [ -element in

integral causality or an effort variable €, for C -element

in integral causality;

- 7,1: is the gain of the causal path between the P
. .. . th .
element in derivative causality and the k™ element in
integral causality.
ir

Suppose now n—t; column vectors W  whose

components are the coefficients of g, and g, variables

in equation (14).

Procedure 3 Calculation of R

1) On the BGD;, dualize the maximum number of
continuous input sources in order to eliminate the elements
in integral causality;

2) For each element in derivative causality, write the
algebraic relations with elements in integral causality
(equation 14);

. ir . .
3) Write a column vector W for each algebraic relation

with the causal path gains (equation 14), with

R, =Im(W").

Property 3[14] n— t; column vectors

W' (r=1,-,n—t') compose a basis for the structural

. «th
controllability subspace of i mode.
The graphical calculation of structural controllability
subspaces and theorem 1 leads to theorem4:

Theorem 4[14] If rank [VV1 - W%=n, the system CSLS
(12) is structurally controllable.

6. Pole Assignment

Now, we suppose a monovariable (m=1) linear sub-system
(mode i), that is ( B(c,) € R™") in equation (1). The problem
is to find a state feedback law u(?) = K, x(¢) to each mode
i in the time interval ¢ e [¢;1, ;) such that the closed loop state
matrix A4, has the desired poles. In fact, the number of
assignable poles is equal to the rank of the controllability
matrix, this for each possible mode. It is deduced that the
number of independent parameters in the matrix K,- is

equal to the controllable subspace in mode i. The objective is
to find these parameters.

We Ry =Im (W}
Zl..Wi =0. We can write: X =ImW’ @ImZ, with X

recall some relations and

the state space, and Zl.Zl. =0.

Now, we calculate det(s/ —Z) The roots of this

characteristic polynomial are the closed loop roots.
First, the different matrices are decomposed. A
permutation between the dynamical elements enables us to

write  Z, =[Z], Zi, 0] with rankZ, =rankZ, such

i
that in the state vector, the f, first variables are the

non-controllable variables, which are the dynamical
elements which remain in integral causality in BGD; model.
The following variables are the dynamical elements
appearing in the algebraic relations after BGD; and
dualization.

Z Zi, 0

%
Suppose now this newmatrix : Z; =| 0 I 0
0 0 [

With dimZ; =» and [ is identity matrix.

The matrices 4, B, and K, are decomposed as Zi*-
A A, A B

A=\ A5y Ay Ay B =| B

Ay Ay Al B}

and
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K, =(K{ Ki Kj)
Then, the characteristic polynomial of A4, + B K, is
si-4{|-B{K{ —Aly-B{K5  —Al3-BK}
det(s] — 4;) = det| —Ab~B5K]  si-Aby-BSKD  —Ahs-BiK}
A -BYK] Ay -BiKS  sI-Ab3-BYKY
Zl‘l le2 0
————det I 0
= Gazy e 0
0o I
sI—4;—BiK{ —-4,—BiK} —4;-BiKj
—4,-BiK{  sI-4,-BKi —A,-BiKj )
—4,-BKi  —-4,-BK; sI-A4,—BiKj]
Fromthe relation Zl.Zi =(,we obtain :
Odet(s/ — 4;)
i i
| S‘le SZlZ 0
_ i pi i i pi i i pigi
i i pigpi i i i pipd
A3 ~B3K]  —A3p-B3K)  sI-A33-B3K3
. i1
1 Zi 00 st s 2 0
i i i i i i i
= det(z*)det( 0 1 0| -dy-ByK| sI-Ay-ByKy -dby—-B5K3 |)
i 0 01 i i i i i pi i
A3 -B3K|  —A3p-B3K)  sI-A33-ByKy
After manipulations, we have
Odet(s/ - 4;)
sI 0 0
_ i i i i i =l i i i pigi
i i i i =i pipi* i pipi
~A-B3K) Aty (Zy) Zp-BKy  sI-A33-B3Ky
. " i
wih KI =K1 -K/(Z,)"Z),

Then K; becomes K; . The pole assignment problem

consists in calculating K, and Kj, with K =0.1

comes K, =(0 Ki' Kj).

The ti non-controllable poles are equal to zero, because

they correspond to zero eigenvalues of the state matrix.
Proposition 4 For each mode, the independent parameters

of the closed loop characteristic polynomial det(s/ —Z.)
* .
and K;

0)" and we calculate

i

are the parameters of the two matrices K2
. i i i

Now we write W' =W, W,

ik

1 .
K2 directly from the controllability space matrix R,.

wh 0
It is possible to write R as: Rj=1Im| W, 0
0 7
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From the relation Then we have

W = _(Zlil)_lzliZWZil and
KV =[(Ki— Kl 2o KL, W, is a square

matrix and can be chosen invertible, and equal to the unity

ZW' =0

matrix, because R has maximal rank.

In fact, it is enough to keep only the minimum number of
independent parameters n the matrix

(Ké - Kli (Zlil)_l Zliz)W; .

7. Example
Let us consider the following acausal BG model :
Swo Oy
M| —0— 1 ——l—1—+Df)
I, —1—1y
b ¢

mg —_— l— '_]"'F ﬁﬂ—fl —_— TF —2I3

f C1 Ify

Figure 2. The acausal Bond Graph

This model contains one switch, then we have 2 possible

configurations (mode F: Sw Se=0, mode E: Sw :
Sf=0).
m The BGliofthese modes are shown in figure 3.

S0

L
M —0b— 1 HZF—.ﬂl—--Qfl

RI(/}\ A1l

M, —.41HTF |—:{I—,-|1 —A TF—.-|I3

1) f p Cl :4

Figure 3. a) BGI of mode F
A oA

My —0—=1 H?!:—ll — D
—l— {

s
B

My —TF— 00— — TF —3[;

b) f G :
Figure 3. b) BGl of mode E

There are six state variables P on I, q;

(i=1,-
For models BGI, and BGI, allstate variables are causally

on C,
4;j=1,2). The dimension of the systemis n=6.
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connected with the sources, and are in integral causality.
There is no storing element in derivative causality in these
configurations, so the state variables are given by :

t
x=(B, B, B P, d4q 4c).
m The BGDi and dualization (figure 4).
A '

EL :lt

MIH 02 1 2 el

3
%LJ]-LJI.‘,

11
[
#Eey r—,-1I HLTF ﬁﬂ—,il-’T—JLI-EJFI-Lg
T 1% 1E

) I C1 If

Figure 4. a) BGD ofmode F

segb— I TRl T P TR T,

J[ s, e
k) 5 Q Ef-f 2

Figure 4. b) BGD of mode E

® For mode F

The element 7, is in integral causality, we can write
1
e, —e, =0,thus z=(1 0 0 -1 0 0).
The four dynamical elements ¢,, C,, 7, and 7, arenot
causally  connected write

with 7, , we can

e, =e, = [, = f;, =0.The four corresponding vectors are
w?=(0 100 0 0),w*=(0 010 0 0),

w4 =0 0 0 0 1 0fand w¥=(0 00 0 0 1).
The algebraic equation corresponding to the element 7, is

given by: f; +f;, =0.Then w!'=(1 0 0 1 0 of
and R(l):Im{wll,wlz,wl3,wl4,w15}.

We have BG-rank[4,:B]=5 BG-rank[4, :B]=5,
this mode is not controllable.

® For mode E

After commutation, we pass in mode E and we have
BG —rank[ 4, :B,]=6. The mode E is controllable by two
inputs, then this systemis controllable.

Case : m=1 (Monovariable system)

In this part, we eliminate the second source and we affect

the derivative causality (and dualization) on the BG model.
m The corresponding BG models are drawn on figure 5.

oW 'y
M 02 1 St
-1
R ﬂﬁg l'lIHI,‘
11 ‘e

1N FE W T n TR I
b 13

JL 15
a) L ] a
Figure 5. a) BGD ofmode F

Sw

I LT
M2 T STy
i

. AENEEN
j;. n:_-.-l 11 o

Figure 5. b) BGD of mode E

We have BG —rank[4,:B/]=4 and

BG —rank[ 4, :B,] =5, these modes are not controllable.
® For mode F

The elements I, and 1, are in integral causality, we

have z/=(1 0 0 -1 0 0) and
o3
b

The two dynamical elements ¢, and ¢, are not causally

z) coooj.

connected with 1y and 1, , we can write e, =e, =0,
the corresponding
w=(0 0 0 01 0)and w*=(0 00 0 0 1).

The algebraic equations corresponding to the elements 7,

two vectors are

and ], are given by:

1 1
bf,z—zf,3=0 = w“:(O b ——

t
00 Oj and
Cc

S, 4/, =0 = w?=(1 001 0 0) and
R(l] :Im({wll’wlz’wn,wm}'

® For mode E
The element [, is in integral causality, thus we have

zf:(l % ¢c -1 0 0) and eclzecZZO.Thetwo

corresponding vectors are w24:(0 0 0 01 O)I and

w?=(0 00 0 0 1)’ The algebraic equations
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corresponding to the elements 7, [, and I, are given by:
1
b‘f12+f[4 _fSW:O ’ Zflz +f[4_fSw:O and

S, 1, =0 then w?'=(0 b 0 1 0 0,

t
w22=(0 0 — 10 o),w”:(l 0010 0
C

and RO2 = Im{wzl,wzz,w23,w24,w25} .
We apply

rank(w11 w2 W wt W w? w? w? wzs): 6, this system

theorem 4, we have

is controllable.
The studied system has two

K1:(k11 k12 k13 k14 k15 km)

modes, Suppose

and

K, = (k21 ky, ky ko ks kze)-
For mode F there are two uncontrollable states variables

associated the dynamical elements 7, and I, , and for

mode E there is one uncontrollable state variable associated
the dynamical element 7,. We conclude that for mode F,

k,, and k14 can be arbitrarily chosen, from the same

manner for the variable k24 in mode E.

The four (respectively five) independent coefficients of
the state feedback matrix are highlighted

]<II/V1 = [bklz_%kma k11+k147 k]S’ kl6j

and

K2W2 = [bk22+k24, %k23+k24, kz] +k249 k25’ k%] .

These coefficients are the unknown parameters for the
pole assignment problem relating to each mode. They are the
parameters of the characteristic polynomial of the state
matrices

4, ie{l,2}.

Case : m>1 (Multivariable system)

The minimumnumber o f parameters in the state feedback
matrices for the pole assignment problem is #. In case of
multivariable systems, the choice is not unique even for
controllable systems.

Suppose now the BG model (mode F and E) (figure 3).

Ky Kk, 0 Ky ks kg
and
0 0 k; O 0 0
K. = ki kb ks 0 kK .

0 0 0 & 0 0

2
For mode F there is one uncontrollable variable associated

Suppose K, ={

the dynamical element /7, and for the mode E all the

variables are controllable. We conclude that for mode F,

1 L
k14 can be arbitrarily chosen,
The state feedback matrices can then be

Pole Placement of Controlled Switching Linear Systems - Bond Graph Approach -

K Wl — k111+k114 k112 0 k115 k116 an d
: 0 0 ky 0 0
K2W2 — k121 k122 k123 O k125 k126
0 0 0 kK 0 0

8. Conclusions

This paper has studied the controllability property of a
class ofswitched linear systems with the aid of simple causal
manipulations on the bond graph model. Thus, formal
calculation enables us to know the reachable variables, its
checking is immediate on the BGI; on the other hand the
BGD enables us to characterize from a graphic point of view
the whole of the subspaces that are controllable with respect
to each mode. While employing these subspaces, we have
proposed a simplified state feedback matrices for the pole
assignment problem, this for all the possible configurations
of the system. The application was made on an example. The
problem is now to highlight more structural information in
order to solve other current questions froma structural point
of view. It will be done in a future work.
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