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ABSTRACT. This paper is concerned with the problem of model reduction for the large-scale
switched linear system, which is characterized by high order mathematical models. Two model
reduction algorithms are present. We present at first the rational Arnodli for Switched linear systems
(RASLS) method. It is based on generation of orthonormal basis by the use of the Krylov subspace
technique for each sub-system. In the second part we present the adaptive order rational arnoldi for
switched linear systems (AORASLS). Is Also an improvement of the RASLS method, but it is based
on automatic choice of matching moment. A simulation example is considered in order to take a

performance study of the proposed approaches.
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1. Introduction

Control systems are now increasingly complex. Including many corresponding
application has called embedded systems, with applications in several fields aeronau-
tics, the automobile industry, metallurgical industry, and the management of energy.
These types of structure can be assembled and modeled by the generic category of dy-
namic hybrid systems. these systems have an interaction between dynamic processes
in continuous or discrete time and logical process. A dynamic switched system is an
association of a finite set of differential sub-systems or differences and a switching
law that says each time the active system. Also the modeling is an important tool in
the description and the characterization of Large-scale switched systems. However,
these high order models are difficult to manipulate, the resolution of such models
is indeed very demanding in computational resources, storage space, and mainely in
CPU time, especially when applying a control strategy which become very difficult
to determine. Model order reduction presents a good solution in the analysis and
simulation of large switched system, the reduced model capture the main advantages
of the original complex one. Hence, the use of model order reduction techniques

generate reduced order systems that capture the essential dynamic behavior of the
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original systems (stability, passivity, balanced) and increase the performance during
the numerical simulation procedure. In the last decade, several approaches exist in
the literature are studied the problem of linear and linear switched switched sys-
tems(Antoulas et al. in Approximation of large-scale Dynamical systems, Huijun et
al. in the Model simplification for switched hybrid systems, Domgmei et al. in the
LMI approach to Hs Reduction Model of Switched Systems, Nima et al. in A Si-
multaneous Balanced Truncation Approach to Model Reduction of Switched Linear
Systems, Klaus and al. in the Guard-based Model Order Reduction for Switched
Linear Systems). However, these methods have remained very limited on systems of
medium order, for this reason, we present in this paper the rational Arnoldi approach
and the adaptive order rational Arnoldi approach applicable in the linear switched
linear systems. these new approaches presents better results than other approach,
which guaranteeing stability and minimizing the error between the original system
and reduced one. The model reduction problem we are interested in can be stated as

follows.
Given a linear Switched dynamical system in state space form [1, 2, 3]:
" 5, — { E,x(t+1) = Ayx(t) + Byu(t)
y(t) = Cqx(t) + Dgu(t)
In which E, and 4, € R"*", B, € R"? C, € R, D, € RP*? u(t) € R"*P,
y(t) € RP*™ and ¢(t) is a function piecewise constant over time called a switching

signal, for simplicity we write q. we assume that evaluate to ¢(t) is unknown, but its

instantaneous value is available in real time.

The transfer function of the original system for each sub-system is given by [3, 4]:
(2) fo(s) = Cy(sEy — Aq)_qu + D,
The problem consist in approximating the matrices of each sub-system of order k < n

In which E, and A, € R®* B, € R*™? C, € RP** D, € R¥* and §(t) € RP*¥.
Then, the state space of the reduced sub-system is as follow [5, 6, 7]:

3 o _ Ei(t+1) = Aga(t) + Byu(t)

! g(t) = C'qi(w + ﬁqu(t)
The transfer function of the reduced system for each sub-system is given by:
(4) fq(s) = éq(SEq - Aq)_IBq + Dq

This paper is organized as follows: in section 2, the Krylov subspace for linear switched
system are given. Section 3, the Rational Arnoldi method for switched linear system,
will be presented with application on the numerical example (composed of two sub-

system). In section 4, we present the Adaptive Rational Arnodli method for switched
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linear systems and we give a numerical example(composed of two sub-system) to

evaluate this approach. The last section is dedicated to conclude this paper.

2. Krylov Subspace for Switched Linear System

Given a linear switched system in the states space form (1), [3, 4, 8]. Applying
the Laplace transform of equation (1), we obtain the transfer functions under the
form (2) of state variables and those of the outputs are X,(s) = (sE, — 4,) ' B, and
Y(s) = C,X(s) + Dyu(s), respectively.

Let us define two matrices 9;, = —(s;, By — Ag) ' Eq and &, = (s;, B, — Ay) ' By,
where (s;, g — Ag) is assumed to be nonsingular and an expansion frequency s; € S,
for i, = 1,2,...,4, Applying the Taylor expansion of X,(s) at expansion points Siys
we obtain [4, 9, §]:

(5) Xo(s) =Y X3 (s5,)(s = s1,)'
=0
where ng(siq) = {qgiq and Y;jq(siq) = Cngq(siq) are the jth order system moment

and the jth order output moment at s; , respectively, for j, = 0, 1,3(1. We use the
modified Gram-Schmidt orthogonalization technique to generate the Krylov subspace
[4, 9,10, 11, 12, 13] K,, (¢, &) = {&,¥i&iyo- - 0L 16, ). Let V,, € K, be the
orthonormal basis.

3. Rational Arnoldi for Linear Switched Systems

In this section, we present a Rational Arnoldi model order reduction for Switched
Linear System. This method is a generalization of the shifted-and-inverted Arnoldi
method for each sub-systems. This method is based on the determination of the
frequency range and the number of matched moments at each expansion point for each
sub-system. Let S; = {s1,,52,,- -, s;q} represent the range of expansion frequencies
and fixed the number of matched moments at each corresponding frequency, then J, =
{j’lq,jlq, e ,j’;q}. During the a iteration process of the Rational Arnoldi Algorithm
for switched linear system, a Krylov sub-space can be generate V, and an upper-
Hessenberg matrix H, for each sub-system, that are satisfies the recursive relationship
(13, 14):

(6) 7qu‘/;q = ‘/;quq + h(r-i—l,r)qv(r-i-l)qez;
and
(7) Ur, = o/ 14l

where e,, € R" is the rth unit vector. The vector v(, 1), satisfies a (r+1), term recur-

rence relation, involving itself and the preceding Krylov vectors for each sub systems.
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The reduced-order system transfer function Yrq for each sub-system is obtained by
the use of the orthogonal projection z(t) = V; &, (t). From this relationship, the
reduced system parameters in (2) can be defined by the congruence transformation
3, 15, 16]:

N

Erq B ‘/rZEq‘/rw Arq - V;‘qu‘/’"q’ Bq = V;‘fB% Cq = ‘/73;0%
and
(8) D, = D,.

The order of each sub-system is equal to r, = 22321 jz‘q, and the moments number of

the original system and reduced one for each sub-system is matched for each expansion
point [3, 13, 8]:

(9) Yi(s;,) =Y/ (s;,), forj,=0,1,....7,—1

The details of the Rational Arnoldi Algorithm for Switched Linear Systems can be
found in Table 1 [4, 17, 8]:

The principle of the Rational Algorithm for the Switched linear systems is based
on implementation of the Arnoldi Algorithm around single frequency s;, for each jiq.
During the iteration process an orthonormal basis V,. is generate from the a union
krylov subspace at various expansion points:

(33, —1)

(10) Koy =[XOCs1,)0 o X (1) XO(s3) o X (s,)]

The main steps of this method are:

Step 1: In the first step we set the expansion point use the criteria of the dominant
pole, the number of moments matched for each frequency and initialize the first vector

of residue 20, for each sub-system.

Step 1: Determine the orthonormal basis V;. , where satisfied the condition of the
orthogonal projection z(t) = V; 2, (t) and for each expansion point update the residue
vector ry,, also an upper-Hessenberg matrix is generate and satisfied the recursive

relationship in (6). Theorem 1 summarizes this result.

Theorem 1 ([4, 9]). Take an initial matriz v;, = —(s;,E, — A,) ' E, and an initial
vector &, = (s, E—A)"'B, and let S1 = [s1, 52, . . ., s; ] € Cand Sy = [s1,82,...,8; ] €
C, which the expansion point are distinct of two sets, also give the two set of mo-
ment matching for each expansion point range, Jy = [j1,j2,...,5;,] € R and Jy =
1, J2, - - -+ J;,) € R. Generate the orthonormal basis V.., for each sub-system with r, =
> Jq iteration from the Krylov subspace K; (;,,&,) = span{&,, Vi &, - - - ,Wq_l&q}-
Since Xg(siq) € colspan{V,,} for j,=0,1,... ,jiq and i, =1,2,..., %q, we obtain

(11) X (s;,) = Vi, X0(s5,) and Y] (s;,) =Y (s;,)
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TABLE 1. RASLS Algorithm

RASLS Algorithm:(input : E;, Ay, By, Cq, Dy, Sq, Jg; output : V;.)

Switch q
1/*Initialization of the first Residue Vector for Each Sub-system*/
20, = (s1,E — Ag) 7' B,
2/*Construction of the Matrix V, */
for i, =1,2,...,i, do
for j, = 1,2,...,j;q do
kg = (iqg — 1)j;q +Jq
(2.1):/*Generate the New Orthonormal Vector v, */
hs-1)g = 1201, |
kg 7= Z-1)q/ k1),
(2.2):/*Update the Residue z;, for the Next Iteration*/
if j, = jg-q and i, <= i, then

2y 1= (8641, B — Ag) ' By
else zi, == —(si—gEq — Ag) "' Equg,
end if

fort,=1,2,... k,
M)y = Vigs g = 2y~ i), Vg
end for
end for

end for
end Switch

Numerical Example. To evaluate this approach, we present the largest singular
value of the frequency response, the poles and the absolute error for each sub-system.
For these we take a FOM model of order 1006, which parameters of states represen-

tation are as follows [18]:

Al = diag(rYD 725,73, 74) Wlth7

(-1 -100
=\ Z0 <1 )
(-1 —200
2\ 200 -1 )
(-1 —a00
B lg00 1 )
4 = diag(—1,...,—1000),

By = [10 * ones(6,1); ones(1000, 1)], C; = B, D; = 0.
A2:A1—5*I, BQIBl,CQICl, D2:D1.
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Sy = [1£400x*1d,1 42007, 1+ 100 ],
Sy = [6 £400 * 3,6 £ 200 * 7,6 £ 100 * 4]
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FIGURE 1. Largest singular value of the frequency response of the orig-
inal system (sub-system 1) of order 1006 and reduced one of order 10
to a frequency range with RASLS method

The figure 1 presents the largest singular value of the frequency response of the
original sub-systems (order 1006) and reduced one (order 10) to a frequency range.
We can see when a correlation over the entire frequency range shape with a low error
rate. The figure 2 shows the variation of the singular value of the absolute error
between the original sub-systems and the reduced one, we see that the error is small
over the entire frequency range. The distribution poles in the complex plane of each
sub-systems is depicts in figure 3, all poles are negative real part, then the system is
stable.

4. Adaptive Order Rational Arnoldi for Switched Linear Systems

The adaptive order rational arnoldi for switched linear systems method, is an
improvement of the arnoldi [19, 3, 13, 11] and rational arnoldi for switched linear sys-
tems method. AORASLS Algorithm generate a reduced model around a frequency
range with an automatic choice of matching moments of each sub-system. How-

ever, the expansion frequency s; and the number of matched moment j'iq must be
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FI1GURE 2. Absolute error system between original system of order
(1006) and the reduced one of order (10) with RASLS method

given. For simplicity, the expansion points s; for i, = 1,... ,%q are determined in
advance using the technique of eigenvalues. Given a fixed set of expansion points
Sy = [s1,,52,,---,5r,] and the number of matched moments for each sub-system
Ty = Zj’iq, where r presents the order of the reduced systems. The method can
generate an orthonormal matrix for each sub-system V. from the successive Krylov
subspace K, (¢4, &) = span[Vi,,Va,,..., V], where ¢(s;) = —(s;,Ey — Ag) ' Ey
and &,(s;, By — Ay) ™' B, satisfying the following orthogonality relation [4, 14]:

(12) VIV, =1,

The transfer function error £, =Y, (s) — f/rq(s) can be represented as:

3(1'71)(1
Er(s) = D (¥ (si,) = V,P(si,)(s = 1,
Jq=0
(Y3 (5,) = V3" (51, (53,))(5 = 3,/ + ofs — s, e
3(1'71)(1 . R .
= 37 05 — s+ (Vi (i) = V3 (53,)) (5 — s,V
Jq=0

T o(s — s, Y6+
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(13) = B (s4,)(s — Si,)"" + o(s — s;,)

Theorem 2 [4,9]. Let S, = [s1, 52, . ..

of each sub-system. Suppose that the V. the orthonormal basis for each sub-system

,83,] and vy present the order of model reduction

generate automatically by the use of the moments matching for each expansion point,
which are matched with that of the original system. That is Y;jq(siq) = Y/qjq(siq) for
Jqg = O,l,2,...,j’iq —1 and i, = 1,2,...,%. then the expression of error between
the j;,th-order moments Yiia (si,) and inQ(siq) at each expansion point s;, and each

sub-system can be expressed as follows:

(14) B = [Yia(s;,) = Y (s3,)| = |Cf o, (5,) 25 (s,

The details of the Adaptive Order Rational Arnoldi for Switched Linear Systems Al-

gorithm is found in table 2.

The Adaptive Order Rational Arnodli for Switched Linear Systems Algorithm

includes the following main steps:

Step 1: Initialize of the two vectors kgo)(siq) and zéo)(siq) of the Krylov sequence
(0)
= zq (84,)-

Initialization of the normalization coefficient Ay, (siq) for all s;, of each sub-system.

for each expansion point s; where i, = 1,... ,iAq, knowing that kéo)(siq)
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TABLE 2. AORASLS Algorithm

AORASLS Algorithm:(input : Eq, Aq, By, Cyq, Dy, Sy, 1¢; output : V)

Switch q
(1) /*Initialization of the Expansion Frequencies, Matched Moment and the Initial
Residue Vector for Each Sub-system™/
for each s;, € S do
k:éo)(s,-q) = (84, — Ag) "' By,
o =k (si,),
hm,(s,) := 1/*the normalization coefficient™/
end for
(2):/*Begin AORASLS Iterations™*/
forj=1,2,...,q do
(2.1):/*select the expansion frequency with the maximum output moment error*/
Choose s;, € S, as the i, giving max;, (|hu, (s:,C7 207" (si,)|)
Set Sir be the expansion frequency in the jth iteration
(2.2):/*Generate the orthonormal vector at Sis. */
hig—v, (i) = 1257 (siz )l
Vig = 2 (555, ) /14 (533,)
hi, (siz ) := b, (siz )hi-1),(sis )
(2.3):*/Update the residue z](s;,) for the next iteration*/
for each s;, € S, do
if (s;, == si;q) then

ké(si;q) = _(Sinq - Aq)_lEquq

else
kP (55,) = k¢ (s4,)
end if

200 (s,) = ki (s1,)
fort,=1,2,...,j,do
Ry, (Si,) = vszéq(siq)
2 (s1,) = 27" (51,) = by, (51, )n,-
end for
end for
end for
end Switch

V;»q = [Ulq’qu c. Urq]
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(3):/*Generate Real V. for Complex Expansion points*/

if there exists any s;, € S, such that s;_ is not a real number
then V. .q, = real(V;,),Vimag, := itmag(V;,),

Vrgs 7] = qr([Vieat, Vimag,))-

end if

Step 2: Choose the expansion frequency s;, knowing that s; gives the greatest
difference between the j; th-order moments of the ooriginal system Y,(s) and the

reduced one Yq, the chosen expansion frequency is called Sir from this criterion:
(15) max | Y7 (s;,) — Via (s, )| = max | b, (55, CT 207D (s;,))|

Step 2.1: Select the expansion point s;qu, and apply the Arnoldi algorithm around
this point for each sub-system. The new orthonormal vector v;,_ is incorporated into

the orthonormal matrix V(;_1),. The normalization coefficient A, (s;,), according to

*
qu N

Step 2.2: Update the residue vector Zéj )q(siq) and generate the Hessenberg matrix
H using the modified Gram-Schmidt orthogonalization technique.

Numerical Example. To evaluate the Algorithm, we take the model and the fre-
quencies range for each sub-systems used previously. We fix the largest singular value
of the frequency response of the original system and reduced one, we present the vari-
ation of absolute error between the original and reduced one and we give the poles

distribution of the reduced system.

The figure 4 shows the largest singular value of the frequency response of the
original sub-systems of order 1006 and the reduced one of order 12, we see a good
correlation between the two systems over the entire frequency range of the original
system, even when comparing these results with those obtained with RASLS algo-
rithm. The figure 5 presents the variation of the absolute error between the original
sub-systems and the reduced one. Note that the variation of error is low compared to
previous method. The figure 6 depicts the poles distribution of the reduced system
in the complex plane, we see that all poles are negative real part, which explains the

stability of the reduced system.

5. Conclusion

We have proposed a new two model reduction methods for large-scale switched
linear systems. The proposed methods are based on generation of Krylov subspaces
by the use of the moments matching technique for each sub-system. the two methods
is an extension of the Arnoldi Algorithm of the switched linear systems around a single

frequency. However, The RASLS is based on the fixing of the frequency range and the
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FIGURE 4. Largest singular value of the frequency response of the orig-
inal system (sub-system 1) of order 1006 and reduced one of order 10
to a frequency range with AORASLS method

moment matching for each frequency from the beginning. But the AORASLS is based
on automatically choice of the moment for each frequency. the advantages of these
methods are, the stability of the reduced systems is guaranteed and the minimizing of
absolute error is established. to evaluate and demonstrate the accuracy and efficient
of these methods. From simulation results we noted that the best results is obtained
by Adaptive Order Rational Arnoldi Algorithm for Switched Linear Systems.
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(1006) and the reduced one of order (10) with AORASLS method
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