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Abstract

We propose a new interpolatory framework for model reduction of large-scale bi-
linear systems. The input-output representation of a bilinear system in frequency
domain involves a series of multivariate transfer functions, each representing a
subsystem of the bilinear system. If a weighted sum of these multivariate transfer
functions associated with a reduced bilinear system interpolates a weighted sum
of the original multivariate transfer functions, we say that the reduced system
satisfies a Volterra series interpolation [8]. These interpolatory conditions can
also ensure the necessary conditions for Hz-optimal model reduction [8, 5]. We
observe that, by carefully selecting the weights of the series, the Volterra series
interpolatory conditions are transformed to the problem of interpolating a linear
system with an affine parameter dependence. Such linear parametric systems
can then be reduced by some method for parametric model order reduction.

Linear systems where the affine parameter dependence is given as low-rank
variation in the state matrix can be mapped into a non-parameterized multi-
input multi-output linear system. This allows us to utilize the standard (non-
parametric) linear IRKA [10] for the problem of parameterized/bilinear inter-
polation. Numerical results show that the approximations are of comparable
accuracy to those obtained from the bilinear iterative rational Krylov algorithm
[5]. The proposed approach, however, has the advantage that it reduces the
computational costs as it involves computations associated with solving linear
systems only. Keywords. Bilinear control systems, parametric model order
reduction.
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1 Introduction

Bilinear systems are weakly nonlinear systems that have been well studied in the liter-
ature. Some applications include the modeling of electrical circuits, mechanical links,
power systems [1], the heat transfer [6], fluid flow, immunology and cardiovascular reg-
ulators [11]. Often, these models typically involve a large number of state equations
(the system’s order) such that the simulation/control of such models is computation-
ally expensive and prohibitive. In this paper, we discuss model order reduction of such
large-scale bilinear control systems.
Consider a multi-input multi-output (MIMO) bilinear system of the form

y(t) = Cz(t). e

¢ { #(t) = Ax(t) + X7, Nw(t)ui(t) + Bul(t),

Here, A,N, € R™*" B € R and C € RP*" are the state-space matrices and
z(t) € R™, u(t) = [ui(t),...,un(t)]T € R™ and y(t) € RP are the state, input and
output vectors, respectively. It is assumed that ¢ is bounded-input bounded-output
(BIBO) stable. See [16] for the concept of stability for bilinear systems.

The problem of model reduction is to construct a reduced-order bilinear system

(2)

with Z(t) € R” and r < n such that ¢(t) is close to y(¢) in an appropriate norm. Various
techniques are available in the literature to identify CA for a given . Analogously to the
reduction of linear systems, projection is often used to construct f . This, in general,
involves identifying suitable basis matrices V and W (the columns of each matrix span
to a particular subspace), approximating x(t) by V&(t) and ensuring Petrov-Galerkin
conditions (with W'V = I). This leads to the following reduced state-space matrices:

A=wWTAV, N;=WTN,V, i=1,...,m,

B=wTB,  C=CV. )

Clearly, the quality of the reduced system matrices depends on the choice of the
basis matrices V' and W. Various approaches for model reduction of linear systems
have been extended to bilinear systems such that an efficient choice of these basis
matrices can be identified. For example, it is shown in [16, 6] that an extension of
the balanced truncation technique [9] to bilinear systems identifies a good choice for
V and W. The approach, however, requires the solution of two generalized Lyapunov
equations which is known to be computationally complex [(]. Also, interpolatory
model reduction techniques have been extended to bilinear systems, see for example
[12, 2, 7] and the references therein. Here, the input-output characterization (Volterra
series representation) of a bilinear system, that is to be reduced, identifies an infinite
set of multivariate transfer functions also known as subsystems of the bilinear system.
The basis matrices V and W are than constructed such that the first k£ subsystems



of the reduced bilinear system are interpolating the corresponding subsystems of the
original bilinear system.

The problem of Hs-optimal model reduction for bilinear systems has also received
attention after its introduction in [16]. Recently, this is linked to the problem of inter-
polation [5] where Wilson-based necessary conditions [15] for Hs-optimality have been
extended to bilinear systems and an iterative algorithm is proposed that updates a set
of interpolation points. On convergence, the optimality conditions are satisfied. This
extends the iterative rational Krylov algorithm (IRKA) [10] for linear systems to bi-
linear systems. The algorithm is named as bilinear iterative rational Krylov algorithm
(B-IRKA) and was successfully applied to several bilinear test examples, outperforming
most of the available techniques for bilinear systems. An equivalent set of necessary
‘Ho-optimality conditions has been derived in [8] and a truncated bilinear iterative
rational Krylov algorithm (TB-IRKA) has been proposed, that reduces the compu-
tational costs of B-IRKA. The reduced bilinear system, however, only approximately
satisfies the optimality conditions. This link of Hs-optimality with interpolatory pro-
jection suggests that interpolating a weighted sum of multivariate transfer functions
is more useful compared to individually interpolating each multivariate transfer func-
tion. In this paper, we propose that by carefully selecting the weights of the series, the
bilinear interpolation-based necessary conditions can be ensured by using linear com-
putations only. The proposed approach is based on rewriting the bilinear interpolatory
conditions as interpolatory conditions of a linear parametric system.

In Section 2, we briefly review the bilinear interpolatory conditions. It is shown in
Section 3 how these interpolatory conditions are related to the interpolatory conditions
of a linear parametric system. The conditions in the MIMO case are discussed in
Section 4. In Section 5 it is described how the linear parametric system can be reduced
by mapping the system into a non-parametric MIMO linear system and using the
standard IRKA. The efficiency of the proposed approach is underlined by numerical
results in Section 6. Conclusions are given in Section 7.

2 Interpolatory Techniques for Bilinear Systems

In this section, we briefly review the Volterra series representation of a single-input
single-output (SISO) bilinear system. The input-output representation for general
nonlinear systems can be expressed by the Volterra series expansion of the output y(¢)
with quantities analogously to the standard convolution operator:

y(t) = Ezozlyli(ttlv"'t?tk)a
= Yoty oot ST ety )u(t = ty) - u(t — tr)dty . dity,

where it is assumed that the input signal is one-sided, u(¢) = 0 for ¢ < 0. In addition,
each of the generalized impulse responses hy(ti, ..., tx), also called k-dimensional ker-
nels of the subsystem, is also assumed to be one-sided. In terms of the multivariable
Laplace transform, the k-dimensional subsystem can be represented as

(4)

Yi(s1,...,88) = Hi(s1,...,8)U(s1) - U(sk), (5)



where H(s1,...,8,) is the corresponding multivariable transfer function. The above
equation follows by exploiting properties of convolution in (4), see [13] for details. If
the multivariable Laplace transforms H(s1,...,sk) of all subsystems and the input
U(s) are known, then the inverse Laplace transforms can be computed to identify
yg(t1...,tg). The output y(t) becomes

v =Y uk(tr o) lm = = 3 uk(t 1) 6)
k=1 k=1

In case of a bilinear system ( as given in (1) and with the additional assumption that
¢ is a SISO bilinear system with N = Nj, the n-dimensional kernels can be written as

hi(ti,. .. tn) = ce M NeAt-1 N ... Al (7)

The MIMO case is discussed later in Section 4. The multivariable Laplace transform
of the kernel becomes

Hy(s1,...,80) =c(spl — A7 'N(sp_1I — A)TIN - (511 — A)~1b. (8)

For more details on the above theory, we refer to [13]. Most of the interpolatory tech-
niques for model reduction of bilinear systems [12, 2, 7] identify a reduced bilinear sys-
tem such that the first ¢ multivariable reduced transfer functions, H, (81,..-,8k), k=
1,...,q, interpolate the corresponding original transfer functions. We call these con-
ditions for interpolatory model reduction the ‘standard interpolation’.

Definition 2.1 (Standard Interpolation). Let Sy = {01(61)7 . ,a,(:)}, k=1,...,q, be
q different sets of interpolation points. Then we say that ffk(sl, ..., Sk) achieves the
standard interpolation if

He(o, .. o)y = B(e, .o, k=1,...,q,i=1,...,r. (9)

Based on standard interpolation, one can generate reduced-order models. However
in this setting, unlike for linear systems, we can not link the issue of selecting the
interpolation points to the problem of Hs-optimal model reduction. That is, we can
not identify a choice of interpolation points for which the error system associated with
the r dimensional bilinear system is minimized in terms of the Hs-norm. For bilinear
systems, the Hy-norm was introduced in [16] and, analogously to the linear case, it
was expressed as

€113, = cPc”, (10)

where P € R™*"™ golves the generalized Lyapunov equation
AP+ PAT + NPNT + " = 0. (11)
The problem of Hz-optimality for reduced bilinear systems is also considered in [16] and

necessary conditions for Hs-optimality are derived that extend the Wilson conditions
to the bilinear case:

YIX+QP = 0, QNP+YTNX = 0,

- ! 12
YTb+Qb = o, éP— X 0. (12)



Here, P is the solution of the generalized Lyapunov equation corresponding to the
reduced system matrices and X, Y are solutions to the generalized Sylvester equations

AX + XAT + NXNT 4 pp7 0,
ATY + YA+ NTYN + ¢ = 0.

(13)

The reduced system matrices have to satisfy the conditions in (12) for Ho-optimality.
To ensure that a projection technique satisfies these conditions, we assume that there
exist X and Y such that (13) holds and

V=XF W=YG, (14)

with F,G € R"™*". Analogously to the linear case [14], one can view (3), (13)
and (14) as two coupled equations, (/1,]\7,?), ¢) = FI(X,Y,F,G) and (X,Y,F,G) =
fg(fl,]\A/',lA), ¢), for which we have a fixed point (A,N,I;,é) = .7-"1(.72(121,]\7,3, ¢)) at
every stationary point. This clearly suggests an iterative procedure as recently intro-
duced in [5]. The algorithm on convergence satisfies the necessary conditions given in
(12). An equivalent set of interpolation-based necessary conditions for Hs-optimality
is also derived in [5]. To ensure that the reduced system satisfies these interpolatory
conditions, the authors in [5] developed the B-IRKA algorithm which successfully ex-
tends the linear IRKA [10] to bilinear systems. Unlike standard interpolation (9), the
B-IRKA algorithm amounts to a different framework for interpolatory model reduc-
tion. This interpolatory framework is then developed in [8] by observing that the error
system in terms of the Ho-norm can be written as

”C - CAH%-I,Q =
Z};.il Zlnlzl A Zli:l ¢l17~~-,lk (Hk(_/\l17- . —)\lk) — Hk(—)\ll,. . —Alk)) (]_5)
+Z;O:1 2?1:1' ’ ‘Z?kzl lela»---,lk (Hk(_j‘lw' ) _S‘lk) - I;[k(_j\lla ceey _S\Ik)) ,

where ¢y, .1, are the residues of Hy(s1,...,s,) that are defined analogously to the
single variable case. A1,..., A, € C represent the simple zeros of H(s1,...,sk). This
means that the Hs-norm of the error system is due to the mismatch of the weighted
sums of the multivariate transfer functions evaluated at different combinations of the
eigenvalues. This suggested that, analogously to the linear case, one should minimize
the second term in (15). This gives rise to an interpolatory model reduction tech-
nique that aims to capture the response of the underlying Volterra series with respect
to a predefined set of interpolation points in r different combinations. We call this
framework for interpolatory model reduction ‘Volterra series interpolation’.

Definition 2.2 (Volterra Series Interpolation). Let S = {c™,... 0} be a set of
interpolation points. Then we say that a reduced bilinear system  achieves the Volterra
series interpolation if it interpolates the weighted series

Z:ozl 2;1:1. . .Z;k71:1 nll,---,lkpr'HkA(J(ll)’ Ce g'(lk—l)7 O'(j)) =
220:1 2;1:1. . .erk—1:1 nll....,zk_l,ij(U(ll)v . 70‘(lk71)70‘(:j))7

(16)



iy, Gre weights defined in terms of the elements of
a matriz U € R™" such that n, =Uji,_ U1 gps Uy, for k> 2 and

m, =1forli=1,...r

where j = 1,...,7 and 7,

sl 1,3

Projection techniques for bilinear systems can achieve the Volterra series interpola-
tion if the matrices V. = [v1 --- wv;] and W = [w; --- w;,] are computed such
that

o0 T T
vi=3 3 >y (oI = AT N(oy, T~ A)T'N - N(oy, I — A)~'b,

k=1l1=1 lp_1=1

wi=> >0 I = AN oy, T-A)T'NT N (o), T — A)TTC,

k=1ly=1 l_,=1

for 5 = 1,...,r. Clearly, it is not possible to compute explicitly the above infinite
series of shifted systems for each v; and w;. However, it is shown in [8] that the above
conditions are equivalent to solving the following generalized Sylvester equations for
V and W
VA — AV — NVUT + be™ 0,
WM —ATW — NTWS +cTe 0,
where e € R" is a vector of ones, A and M are r xr diagonal matrices with interpolation
points as diagonal elements. U and S are r X r matrices with elements related to the
weights of the Volterra series.

In case of Hs-optimality, these conditions reduce to the interpolatory conditions of
[5]. Based on the Volterra series interpolation, the authors in [8] also proposed the
TB-IRKA algorithm that interpolates the truncated Volterra series where the sum
over k is truncated.

(17)

3 Implicit Volterra series interpolation

In this section, we propose a new framework for the Volterra series interpolation by
carefully selecting the weights of the series. We assume that the weights m,

in (16) satisfy

----- lp—1:3

n _ ) === 0 (18)
Ul 103 0, otherwise

for j =1,...,r. If we also assume that ||, ,(c")] — A)~1N|| < 1, then the following
lemma shows that the Volterra series interpolation reduces to the interpolation of a
linear system.

Lemma 3.1. Let Ty

ing (18). Furthermore, ||, ;(cW 1 —A)~'N| <1 and ||n, ,(cW1 — A)"IN| < 1 hold.
Then, the Volterra series interpolation conditions in (16) become

L be the weights in the Volterra series interpolation satisfy-

(eI —A—n, N)"'b=:G(c?) = G(oW)) = ¢(cWT - A - njyj]\Af)_llA). (19)



Proof. We need to show that under the given conditions,

SIS S HeW o) 60 = Ge). (20)

k=11=1 lp—1=1

We denote the left-hand side of the above equation by LHS and rewrite the series for
a few values of k

LHS = njHl(o-(.j))+ i nllﬁjHQ(o—(ll),o-(j)) + i i nlblz’jHS(o—(ll)’O—(lz)vo—(j))+. o
L=1 L=11l=1
Since the weights are only defined when j =1l;_1 = --- = I, we use (18) to get
LHS = Hl(g(j)) + 77]‘thQ(U(J‘)’ U(j)) + (77”,)2[{3(0(1’)7J(J’)7 J(J‘)) +o
=c(oWVI - Ao+, (e - A)TIN(@DT — A)~ b+

. 2 .
(n,,)%c ((aU)J_A)*lN) (6D — A+ ...
. . 2 .
=c {Hn_m. (eI — A)7IN + (n]._j G A)*lN) +.. } (oW1 — A)~"b.

As |n,,(cWI — A)~IN|| < 1, we can use the Neumann lemma to obtain
LHS =c(I —n,, (W1~ A)7IN)" (oW1 — A)~'b,
which reduces to the right-hand side of (20). Similarly

S myH (0™ o) 600y = G(eW)). (21)

k=10=1 l_1=1
The relations (20) and (21) imply that (19) holds and this proves the lemma. O

Remark 3.1. The assumption on the weightsn,, - in (18) means that the matriz

147
U in (16) s diagonal, i.e., U = Up = diag(n1,1,.--,Mrr)-

Remark 3.2. Although the assumption in (18) is simplifying our conditions of inter-
polation to a great deal, it is also imposing a condition on the original bilinear system
in the sense that ||n, (0 I — A)~'N|| < 1 has to be ensured.

We call this modified framework for interpolatory model reduction ‘implicit Volterra
series interpolation’.

Definition 3.1 (Implicit Volterra Series Interpolation). Let S = {o() ... o} be
a set of interpolation points and let the conditions in Lemma 3.1 hold. Then we say
that a reduced bilinear system é achieves the implicit Volterra series interpolation if
the reduced state-space matrices fulfill

(DT —A—n, ,N)" b= —A-n, ,N)"th (22)

Before going into the discussion of model order reduction via implicit Volterra series
interpolation, we discuss the MIMO case.



4 The MIMO case

For MIMO systems, the Volterra series representation of the output y(¢) can be written
as

X oty pto tr k
y(t):Z/ // hk(tl,...,tk)u(t*Zti)®"'®U(t*tk)dtk...dt1. (23)
=170 Jo 0 i—1
The regular k-dimensional kernels are given as
hi(ty) = Ce'B,
ho(ti,ta) = Ce*>N(I,, ® e*)(I,, ® B),
hk(tl,...,tk) = CeAtkN(Im@)eAt’“*l)(Im®N)~-~

- 24
Iy @ Iy -+ - @ Iy, @e22) (1, @ Iy -+ - @ Iy, ®N)) (24)
—_— — ——

k—2 times k—2 times
Un ® I - ® Ly @A) (I ® I - - ® Iy ®B),
— —

k—1 times k—1 times

where N = [Nl ey Np]. The structure of the kernels for k =1, k =2 and & > 3
is clear from the above equations. Assuming that z(0) = xg = 0, the multivariable
Laplace transform of the k-dimensional kernels can be written as

Hl(sl) = C(Slf—A)ilq,
H2(81782) = C(SQI_A)_lN(Im®(SlI—A)_l)(Im®B),
Hi(srovs8) = Clsul — A) N (I @ (s 1T — A)~ ) (I @ W) -

- 25
—_— —_—

k—2 times k—2 times
(I, @ Ly -+ @ Iy (511 — A"V (I, @ Ly, -+ - @ Iy, @B).
—— —

k—1 times k—1 times

The above expressions are commonly used for the input-output representation of
MIMO bilinear systems, see [13] for details. However, with this representation, a
model reduction technique can not ensure the Volterra series interpolation. This is
because in the above representation, the size of the multivariable transfer matrix,
Hy(s1,...,8k), is p x m*, which changes with k.

We suggest to interpolate a closely related matrix function of fixed size (p x m) which
is obtained by the sum of p x m blocks in a k-th order multivariable transfer matrix,
Hy(s1,...,s;). Each transfer matrix, Hy(s1,..., sx) includes block diagonal matrices
written in the form of Kronecker products which can be used to identify the p x m
block matrices. Exemplarily we set m = 2. Then, the second subsystem becomes

(Sll—A)ilB 0

H(s1,52) = Cls2l = A)H [Ny N [ 0 (1] —A)'B (26)

= [Hél)(ShSQ) HQ(Z)(Sl,SQ):| )



where H{(s1,s0) = C(sol — A)"INy(s1] — A)"'B and H{? (s1,s0) = C(sol —
A)"INy(s1I — A)~1B. This means that the output y2(s1, s2) for the two-dimensional
subsystem is

ya2(81,82) = Hz(l)(sl, s2)uq (s1)u(s2) + H2(2)(sl, s9)ua(s1)u(s2)

1 2 27
= (HQ( )(81,52)U1(81) + HQ( )(Sl,SQ)UQ(Sl))U(SQ). ( )

We assume that the output of the second subsystem is well approximated by the second
subsystem of the reduced system if it interpolates the p x m matrix function

Ha(s1,82) = HS (51, 50) + HE? (1, 52). (28)

Notice that for m > 2, the above summation will include m matrices. Similarly, for the
third subsystem, Hs(s1, s2, s3) will include m? matrices and the k-th subsystem will
correspond to m*~! elements. The matrix function for the k-th subsystem therefore
becomes

mk*l
Hk(sl, ceey Sk) = Z nglk)(sl, ey Sk).
ig=1
Now we can write the Volterra series interpolatory conditions for the matrix func-
tions Hy(s1,-..,sk) for different values of &, similar to the SISO case. This means
that the reduced system has to ensure

Zzo:l 2;1:1. . 'Z;k,lzl My lk—lijkEO-(ll)7 o ole-1)) J(j)) = (29)
leil 2;1:1. . 'Elrk_lzl nll,«.A,lk_l,j/Hk(O-(ll)? o O-(lk—l)’ O'(j)),

1., ; and interpolation points 0@, The following theorem

shows that the Volterra series interpolatory conditions can also be written as interpo-
latory conditions of a MIMO linear parametric system.

for some weights, 7,

Theorem 4.1. Letn, ., . ; bethe weights in the Volterra series interpolation satis-
fying (18) and the inequalities | S~ | n, (eI —A)"IN;|| < L and | Y12, n, (DI —
A)"IN;|| <1 hold. Then the Volterra series interpolation conditions in (29) become

CleWI—A—n, N)'B=G(cV)=G(0Y):=ClcWI-A-n, N)"'B (30)

Proof. The result follows by using the weights in (18) in the interpolatory conditions
(29) and using Neumann series, similar to the proof of Lemma 3.1. O

Both, Lemma 3.1 and Theorem 4.1, suggest that the interpolatory conditions of a
bilinear system can be rewritten into interpolatory conditions of a linear parametric
system, with parameters being the weights of the Volterra series. Next, we discuss two
different techniques for linear parametric model reduction, that can be used to reduce
the original bilinear system.



5 Linear Parametric Model Reduction

Ho-optimal model reduction was addressed in the past years and approaches like B-
IRKA or TB-IRKA were successfully applied to bilinear systems resulting from several
applications. Two-sided projection via these algorithms requires the solution of two
generalized Sylvester equations or four Lyapunov equations in every iteration step
which makes the offline computational costs high for larger problem sizes. In this
section, we consider approaches which are based on the observation that the Volterra
series interpolation conditions lead to a linear system with an affine parameter depen-
dence, see (30) for the MIMO case, (19) for SISO systems.

These linear, parametric systems can, in principle, be reduced by any method for
parametric model order reduction. However, in this work, we further exploit another
system’s property which is encountered in many practical applications. Often, the
bilinear terms are of low (numerical) rank v, N; = biciT7 with b;, ¢; € R™*”, such that
we obtain a transfer function

G(s)=C(sI — A— zm: ni bich)™1B (31)

corresponding to a linear, parametric system with low-rank variation in the state
matrix,
i(t) = Ax(t)+ Y i, mi bicl x(t) + Bu(t),
y(t) = Cx(1).

This system includes parameters 71, ...,7, in a parameter domain D. D has to be
chosen such that the conditions in Lemma 3.1 (or in Theorem 4.1, respectively) are
fulfilled. Methods for parametric model order reduction which are especially adapted
to systems of this low-rank form will be described in the following two subsections.

(32)

5.1 Bilinear PMOR by system extension with B(7)

System (32) can be rewritten in an extended form by defining auxiliary inputs u;(t) =
cfz(t), fori=1,...,m,

u(t)
uy (t)
.’L‘(t) = Al'(t) + [Ba 771b1» ) nmb ] 5
cht(n) um(t)
y(t) C 0 0 0 1/ ult) (33)
y1(t) et 0 —I 0 uy (t)
= z(t)+ | .
ynL(t) C% 0 0 -1 um(t)
—_——— ———
Yext Cezt Deyt Uext

10



Then, if the artificial inputs {uy, us, ..., u,,} are chosen in order to force the auxiliary
outputs to zero, i.e., y1(t) = y2(t) = ... = ym(t) = 0, the extended system (33) and
the original parametric system (32) are equivalent.

This system can be reduced similarly to an approach based on IRKA which is
described in [1]. The main observation here is that a combined Hs X Lo-norm of the
system (33) is equivalent to the Ho-norm of the non-parametric system H(s)L with

C
cf
H(s) = . (sI —A)7L[Bby ... by] (34)
Cm
and L being a Cholesky factor of
L, 0 ... 0 L, 0 ... 0
0 ml, 0 0 ml, 0
/ . _ . ) dn = LLT. (35)
D . : -
0 0 cee Mmdy 0 0 ceo Mmdy

Thus, IRKA is used to reduce the dimension of H(s)L and the resulting reduced-order
system is, on convergence, optimal w.r.t. a combined Hs X Lo-norm,

#(t) = A&(t)  + Bewr(n) tea(t), (36)

gext(t) = Oewtj:(t) + Dextuext(t)a

with A = WTAV, Begt(n) = WT Beai (1)), Cot = CegV, and V, W € R™*" for some
reduced order r < n. X
A reduced, parametric system of the same structure as (32) with B = WTB,

C =CV and b, = WTb;, el = cI'v, for i = 1,...,m, can be recovered from (36)

when uy, ..., up, are chosen s.t. §1(t) = ... = Ym(t) =0:
By = Aa(r)+ S bl () + Bu(h) o
gt) = Cz(t).

A brief sketch of this approach is given in Algorithm 1.

11



Algorithm 1 extB(n): Bilinear PMOR by system extension with B(7)

1. Compute Cholesky factor L by calculating the integral (35) using appropriate
parameter domain D (conditions in Lemma 3.1 for SISO systems or in Theorem
4.1 for MIMO systems are fulfilled).

2. Apply IRKA to H(s)L with H(s) as given in (34) to obtain V and W.
3. Reduced-order bilinear system (37) is obtained by projection:
A=wTAv, B=W"B, C=cCV,

by = W7, ézT:CiTV’ fori=1,...,m.

5.2 Bilinear PMOR by system extension with D(7)

Alternatively, we can rewrite system (32) such that the parameter dependency is solely
in D [3]:

uy (£)
l’(t) = ALE(t) + [B7 bla ) bm] )
Bemt
U (1)
-
y(t C 0 0 . 0 u(t)
y1(t) & 0 —1/m 0 uy (t)
= W+ . :
Ym (1) ck 0 0 cee =1/ Wy (1)
—_———— ———
Yext Cext Dezt(n) Uext
(38)
Here, auxiliary inputs uy(t) = nicf x(t), ..., un(t) = nmcl x(t) are taken, and again,
they should be chosen such that the auxiliary outputs are zero: yi(t) = y2(t) = ... =

ym(t) = 0.

Significantly, the parameterization of (38) resides entirely only in the feed-forward
term Deg¢(n), which is matched exactly in many model order reduction approaches.
Thus, we can apply IRKA [10] (or other non-parametric methods for MOR) to (38) to
obtain an auxiliary reduced-order system similarly like in (36). The reduced system
in original bilinear form can then be retrieved as in (37). The pseudo-code is listed in
Algorithm 2.
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Algorithm 2 extD(n): Bilinear PMOR by system extension with D(n)

1. Rewrite system (32) into extended form (38).
2. Apply IRKA to (38) to obtain V and W.

3. Reduced-order bilinear system (37) is obtained by projection:
A=wTaAv, B=w"'B, C=0V,

bi=WTh;, ¢ =cr'v, fori=1,...,m.

6 Numerical Results

We use two different examples from the literature to demonstrate the efficiency of the
new approach. These include the power system model and the heat transfer model.
The systems are reduced by both techniques discussed in Section 5 and by B-IRKA
and TB-IRKA for comparing the accuracy and the computational complexity of the
reduction. Furthermore, we reduce both examples by applying linear IRKA to the
linear part of the systems. The computed matrices V' and W are then used to reduce
the bilinear system as in (3).
The (B)-IRKA iterations are randomly initialized in all approaches.

6.1 Power System Model

The first example is a power system model [1] that is often used as a benchmark
example for model reduction of bilinear systems. This system naturally has a low
rank of one in all matrices Ny, ..., N4 which constitute the bilinearity in the system.
Thus, the methods extB(n) and extD(n) for parametric model order reduction can be
applied. The size of the original model is 17 with 4 inputs and 3 outputs. Although
the dimension is very low, and does not call for model order reduction in practice, we
can use use it for verifying the behavior of the algorithms. We reduce the dimension to
r=4,...,16 with the extB(n) and extD(n) approaches and with BIRKA, TB-IRKA,
and IRKA for comparison. The relative errors in the Hy-norm are shown in Figure 1.
We additionally compare in Figure 2 the offline times of the approaches considered.
It can be seen that the accuracy of the new approaches is nearly as good as in B-
IRKA but with a lower computational complexity. TB-IRKA performs similarly well
but also with higher offline costs. The naive approach of ignoring the bilinearity in
the system’s reduction is not surprisingly less accurate, but also cheap to compute.
The peaks in Figure 2 indicate reduced orders for which the iteration of the respective
method did not converge within the prescribed 100 maximum iterations steps.
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6.2 Heat Transfer Model

We consider a boundary controlled heat transfer system, that is a standard example
for testing bilinear control systems [5, 6]. The dynamics of the system are governed
by the heat equation

xy = Aw, on Q= (0,1) x (0,1), (39)
with mixed Dirichlet and Robin boundary conditions

n-Azx = wu(zx—1), on I'y,
x = 0, on I'\ Ty,

where I' and I'; are the boundaries of 2 and the heat transfer coefficient u is the input
variable. In our example, the input acts only on a small part I'; of the boundary such
that the bilinear term is of rank one. The output of the system is chosen to be the
average temperature on the grid. Spatial discretization with an equidistant grid and
nodes x;; (together with the boundary conditions) results in a SISO bilinear system
of the form

z(t) = Ax(t) + Nz(t)u(t) + Bu(t),

where z = vec(z;;). The input is set to u(t) = cos(wt). For details on the structure of
the coefficient matrices, see for example [6]. The mesh size is set to h = 3=, so that the
bilinear system has dimension n = 2500. We restrict the computations to a system of
moderate dimension because of the costly computation of the Ho-norm. The bilinear
system is reduced to r = 25 by using implicit Volterra series interpolation with the
extB(n) and extD(n) approaches. The results are compared with those computed by
TB-IRKA and IRKA. The running time of B-IRKA was too long for this example.
The relative Hs-errors and the offline times can be found in Table 6.2. The transient
responses of the original and the reduced systems and the corresponding relative output
errors are shown in Figure 3 and 4, respectively.

It can be seen that extB(n) and extD(n) produce very accurate reduced-order sys-
tems in a very short time.

Table 1: Approximation errors and offline times for heat transfer system with r = 25.
\ IRKA | TB-IRKA | extB(n) [ extD(n) |

Rel. Ha-errors 1.6x1073 [ 1.5x107% [ 2.1 x107® | 1.1 x 10~%
Offline times [sec] 4.1 838.7 2.3 2.4

7 Conclusions

We proposed a new framework for projection-based model order reduction of bilinear
systems. This framework is especially useful for bilinear systems with a bilinear part
in low-rank form. Such systems can be rewritten into extended, parametric systems
where the system’s dimension can be reduced very efficiently by just applying IRKA.

15



Time(t)

Figure 3: Transient response of heat transfer system with r = 25.
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We have shown that the proposed approaches compute accurate reduced-order models
involving linear computations only. This makes the framework well applicable to large-
scale bilinear systems.
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