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Abstract

We consider model order reduction of bilinear descriptor systems using an in-
terpolatory projection framework. Such nonlinear descriptor systems can be
represented by a series of generalized linear descriptor systems (also called sub-
systems) by utilizing the Volterra-Wiener approach [22]. Standard projection
techniques for bilinear systems utilize the generalized transfer function of these
subsystems to construct an interpolating approximation. However, the result-
ing reduced-order system may not match the polynomial part of the generalized
transfer functions. This may result in an unbounded error in terms of Ha or Heo
norms. In this paper, we derive an explicit expression for the polynomial part
of each subsystem by assuming a special structure of the bilinear system which
reduces to an index-1 linear DAE if the bilinear term is zero. This allows us to
propose an interpolatory technique for bilinear DAEs which not only achieves
interpolation but also retains the polynomial part of the bilinear system. The
approach extends the interpolatory technique for index-1 linear DAEs [18] to
bilinear DAEs. Numerical examples are used to illustrate the theoretical results.
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1 Introduction

The importance of model order reduction arises in the analysis of high order mathe-
matical models that describe complex dynamical systems. These high order models
are often expensive to observe and therefore, they are replaced by reduced-order sys-
tems to simulate the approximate behavior of the actual system. Various approaches
have been developed for model order reduction, see, e.g. [Il 4, 10, 23]. In case of linear
systems, balanced truncation [20], moment-matching methods [I4] and the iterative
rational Krylov method [I7] are well-used and well-established model reduction meth-
ods. However, most practical systems have nonlinearities and model reduction of such
systems, particularly models described by differential algebraic equations (DAEs), also
called descriptor systems, are less developed and require further research.

In this paper, we investigate Krylov projection methods for bilinear descriptor sys-
tems. In general, a bilinear descriptor system has the form

m
Bi(t) = Ax(t) + > NDa(t)yu(t) + Bul(t), 0

i=1

y(t) = Cx(t) + Du(t),
where z(t) € R™,u(t) € R™ and y(t) € RP are the state, input and output vectors,
respectively. The matrices E, A, N, i=1,...,m, B, C and D are all real with
dimensions determined by those of z(t), u(t) and y(¢). Notice that the bilinear terms
in the system, involving the product of state and inputs, make it a special class of
nonlinear systems. Also the matrix F might be singular, but it is assumed that
the matrix pencil (A, F) is regular and stable, that is det(sE — A) # 0 and all finite
eigenvalues of the matrix pencil (sE — A) have strictly negative real parts, respectively.
Model reduction aims at deriving another system with much smaller state-space

dimension r < n, similar to , ie.,

E 2. (t) = Avz,(t) + i Nr(i)xr (t)ui(t) + Bru(t), @
yr(t) = Cra(t) + Dyu(t),

such that the output behavior and some important properties of are retained
by (2) for an admissible set of input functions u(t). The reduced-order system ([2)) can
be obtained via projections as follows:

e Construct basis matrices V € R™*" and W € R™*" for the subspaces V and W
respectively.

e Approximate z(t) by V. (t).
e Ensure the Petrov-Galerkin condition:

wT (vaT(t) — AV, (t) — Z NOVa, (tyui(t) - Bu(ﬂ) =0.

i=1



As a result, the state matrices associated with the reduced-order system are
given by

E,=WTEV, A,=wTAv, NO =wTNOY,
BT = WTBv Cr = CV

Clearly, for a given system, the reduced-order system obtained via projection depends
on the choice of V and W, or equivalently, on the subspaces V and W. If the matrix F
is the identity matrix or nonsingular, these basis matrices and the resulting reduced-
order system can be computed by extending the standard balanced truncation and
interpolatory projection methods from linear to bilinear systems [2} [3], [7, 9, 111, 13} 2T,
24]. The bilinear version of balanced truncation involves the solution of two generalized
Lyapunov equations, which is known to be computationally complex [9]. In [§] effective
methods for solving these Lyapunov equations are suggested. Their extension to the
descriptor case is an open problem, though. Therefore, we focus on interpolatory
projection methods for descriptor systems.

Recently, it was shown in [I8] that for a linear descriptor system, it is necessary for
interpolatory techniques to compute a reduced-order system which not only interpo-
lates the actual transfer function of the system, but also retains its polynomial part, in
order to ensure a bounded error in terms of the Ho-norm. We extend this observation
to bilinear descriptor systems and to our knowledge this has not been considered be-
fore. The idea is to compute a reduced-order system for a given bilinear DAE system
such that the generalized transfer functions associated with the reduced-order and the
actual bilinear system not only interpolate at some predefined interpolation points,
but also match the corresponding polynomial parts. This involves, first, identifying
the generalized transfer functions of the bilinear DAE system which is possible by
using the Volterra series representation [22]. Secondly, we construct the basis matri-
ces V and W, where the first k generalized transfer functions are used similar to the
standard interpolatory subspaces [I1]. Then, we identify the polynomial part of each
generalized transfer function and finally project the bilinear DAE system to obtain the
required reduced-order system.

It is not straightforward to identify explicitly the polynomial part of the generalized
transfer functions. In this paper, we assume a special structure of bilinear systems
which allows us to compute explicitly a constant polynomial part of each generalized
transfer function. The special structure reduces to an index-1 linear DAE system, if
the bilinear term is zero. In Section 2, we first discuss interpolatory techniques for
such index-1 linear DAE systems. Its extension with the required modifications to the
special class of bilinear DAE systems is shown in Section 3, where an expression for
the polynomial parts of each generalized transfer function is also derived. In Section
4, we discuss computational issues arising in the interpolatory technique proposed
in Section 3. Finally, in Section 5, we present numerical results to illustrate the
implementation of our approach.



2 Interpolatory Model Reduction for Linear DAEs

In this section, we briefly review interpolatory projection methods for model reduction

of linear descriptor systems. Note that the system in reduces to a linear descriptor
system for N = 0:

Ei(t) = Az(t) + Bu(t),

y(t) = Cx(t) + Du(t).

Throughout our discussion in this paper, we assume single-input single-output sys-
tems, although the results can be extended to the multi-input multi-output case. This
means that B, C7 represent column vectors and D is a scalar. Also, we denote the
transfer function G(s) := C(sE — A)~!B + D which can be decomposed into strictly
proper (Ggp(s)) and polynomial (P(s)) parts, i.e., G(s) = Ggp(s) + P(s).

The problem of reducing the above linear descriptor system by interpolatory pro-
jection has been considered recently in [I8]. It is shown there that the standard
interpolatory techniques for model reduction of linear DAEs will generically produce
an interpolating ODE system (reduced-order) and will not necessarily match the poly-
nomial part of the DAE system. This may result in an unbounded H, error. To
overcome this issue, an idea was proposed to identify explicitly the polynomial part
of the transfer function and ensure that the reduced-order system retains this poly-
nomial part by using modified interpolatory subspaces for projection [I8]. For special
descriptor systems of index-1, this can be achieved without modifying the standard
interpolatory subspaces [I8]. The approach is based on the idea given in [ [19],
where the reduced transfer function G,(s) = C,.(sE, — A,) !B, + D, interpolates
G(s) = C(sE — A)"'B + D with D, # D, unlike for standard interpolation methods
where D, = D. In the following, we review this idea of interpolating with D,. £ D for
linear index-1 descriptor systems [I8§].

Consider a linear descriptor system of index-1,

3)

Ellif}l(t) + Elgxg(t) = Auxl(t) + Algmg(t) + Blu(t),
0= Aglzl(t) + Aggliz(t) + Bgu(t), (4)
y(t) = Cra1(t) + Caxa(t) + Du(?),

where z1(t) € R™ and x5(t) € R™2. By the index-1 assumption, the matrices Ass and
FEi — E12A2_21A21 are invertible. For an index-1 descriptor system, the polynomial
part P(s) is constant and can be determined by the following result.

Lemma 2.1. [18]. Let G(s) be the transfer function of the linear descriptor system
in which Ags and Ei1 — E12A521A21 are both nonsingular. Then, the polynomial part

of G(s) can be written as
P=CMB+ D, (5)

where

0 E 1B, ALY
M= lim (sE — A)~! = A T2

6
sro0 0 —Ag (I+AnE, EzA;)) (6)



with B4 = Eq1 — E12A2_21A21 and s := 2mwjf is the Laplace variable in which f is the
frequency and j is the imaginary unit.

To ensure bounded error, the reduced transfer function G, (s) = Gsp(s) +P(s) should
not only interpolate G(s) but also match the constant part, P(s) = P(s) = P. This
means that the problem reduces to identify Gs,(s), which interpolates Gs,(s). Note
that it is easy to identify an interpolating gAsp(S), once we have an explicit expression
for G,p(s). However, the goal is to identify an interpolating G, (s) without explicitly
constructing Gs,(s) utilizing a special structure of the pencil (A, E). The following
theorem provides a possible solution.

Theorem 2.1. [5,[18] Let G(s) be the transfer function of the linear descriptor system
. Assume that the interpolation points o and u are given such that sE — A and
sE,. — A, are invertible for s = o,u. Define the projection matrices V.€ C**" and
W e C™" " such that

e range (V) =K, ((cE — A)7'E,(cE— A)~'B),
e range (W) = K, ((E — A)"TET (WE — A)~TCT),

where ICy( A, B) = span {B,AB,...,Aq_lB}. Also let F € C™"*! and G € C™*! be
solutions to

FTV = ()T and WTG =e], (7)

where e} s the first column of an v x r_identity matriz. Then, projection of the
intermediate system G(s) = C(sE — A)"'B + D,

E=E, A=A+GDF', B=B-GD, C=C-DF", D=7,
where D = P — D, results in a reduced-order system G.(s) = Cr.(sE, — A,.) 1B, + D,.,
in which:
E.=WTEV, A, =wTAv, B, =W'B, C,=CV,, D,=D.

Assuming that E, is invertible, the polynomial parts of G.(s) and G(s) match, that is
D, =P. Also G.(s) satisfies the following interpolation conditions

(o) =G"(0), V() =GP (n), 1=0,...,q—1,
If 0 = p, then
GW(0)=6W (), 1=0,...,2¢—1.

Remark 2.1. The reduced transfer function G, (s) is not only interpolating G(s) with
D, # D (unlike for standard interpolation methods), but also matches the polynomial
part of G(s), that is D, = P. This is possible by first computing the constant polynomial
part P of G(s), then constructing the intermediate system G(s) with D = P, and then,
applying oblique projection to Q(s) with standard interpolatory subspaces V. and W
associated with G(s).



Remark 2.2. Theorem does not require the explicit computation of F and G in
order to compute the reduced-order system. The expressions for WT'G and FTV can
be substituted directly from @

Remark 2.3. In case of Hermite interpolation with m distinct interpolation points

(i.e., using o; and wu;, i =1,...,m), the conditions on F and G become
FTv=[1,1,...,1] and WTG=[1,1,...,1]%.
—— —_——
m times m times

3 Interpolatory Model Reduction for Bilinear Descriptor
Systems

In this section, we extend the interpolatory technique with D, # D as discussed before
for index-1 linear DAEs to a special class of bilinear descriptor systems. Consider a
bilinear descriptor system, where the matrix pencil (A, E') has a structure analogous
to the index-1 linear DAE, given in . That is,

Ellil(t) + Elzibg(t) = A11$1(t) + Algxz(t) + Nllxl(t)u(t) + N12£E2(t)u(t) + Blu(t),
0 = Aglzl(t) + AQQIQ(t) =+ Nglxl(t)u(t) =+ NQQQZ‘Q(t)U(t) —+ Bzu(t),
y(t) = Crx(t) + Coma(t) + Dult),

where Ags and E1y —E12A2_21A21 are invertible. In frequency domain, the input-output
representation of the bilinear system is given by the Volterra series representation of
the system. Each term of the Volterra series can be considered as a subsystem of the
bilinear descriptor system and involves generalized multivariate transfer functions. The
structure of these multivariate transfer functions corresponding to the kth subsystem
in the regular form is given as

H(s1y...,s1) =C(sxE—A)"'N(sp_1E—A)"'N---N(siE—A)"'B+Djs(k—1). (8)

where §(I) = 1, if I = 0 and §(I) = 0, otherwise. The next lemma shows that each
subsystem of has a constant polynomial part:

Lemma 3.1. Let H(sy,...,s;) be defined as in , that is the reqular multivari-
ate Laplace transform of the degree-k kernel associated to X, where Azs and Fqi1 —
E12A§21A21 are both nonsingular. Then, the constant polynomial part of H(s1,...,Sk)
is given by

Dy = C(MN)*"'MB + D§(k — 1), (9)

where M is as defined in @
Proof. Let F(S) = F(s1,..., k) be the multivariable function

F(S,) = (sxE — A" 'N(sp_1E—A)"'N---N(s;E — A)7'B, (10)



then the polynomial part of H(Sy) is given by

Dy =C lim F(S)+Dd(k—1). (11)

k—> 00

Note that for k£ =1, reduces to the linear case and using @ we have

lim F(s;) = lim (s;E£ —A)"'B= MB. (12)

S1—o00 §1—00

It is easy to see from that (9) holds for k = 1 (analog to the linear case). Now for
k =7 > 1, assume that

lim F(S;) = (MN)’"'MB. (13)

Sj—00
We need to show that the above equation holds for k£ = j 4+ 1. Note that
F(Sj41) = (sj1E — A)TINF(S)).
Taking the limit S;4; — oo, we have

lim F(Sj41)= lim (s;+1E—A)7'N lim F(S;),

5j+1—>00 Sj+1—>2>0 Sj-)OO
= lim (s;+1E—A)'N(MN)~'MB,
Sj41—>00

where the last equation follows from (13). Now, we define Byyy = N(MN)I~'MB
and use @ to obtain

lim F(Sj41)= lim (sj31E — A 'Byy = MByn = (MN)Y MB

Sj+1—)00 Sj4+1—2>00
Thus, implies that @ holds. O

Lemma [3.1] suggests that if

N — {Nn Ny

0 0 } , where Nj; € R™*™ and Nijp, € R"M*"2, (14)

then Dy = 0 for kK > 1 and P = D; = CMB + D. This means that only the first
subsystem has polynomial part and all other subsystems have zero polynomial part.
The next subsection addresses the issue of retaining the polynomial part, D, in the
first subsystem of the reduced bilinear system.

3.1 Interpolating a bilinear descriptor system and retaining D,

We begin with outlining the standard interpolatory projection, where D, = D.



Theorem 3.1. [T1] Consider arbitrary interpolation points o, u; € C such that sE—A
and sE, — A, are invertible for s = o;, p;, i =1,..., k. Define the projection matrices
V and W as follows

)7t
q((oiE A)~ E(aiE—A)_lNV(i_l))7 =2k
( )

)"

TET, (wE — A)~TNTW- 1>) i=2.. ..k

range (V) = O range (V(i)> }, range(W) = O { range (W(i)) }.

Assume V and W are full column rank matrices. Construct the reduced-order system
matrices as

E,=WTEV, A, =WTAV, N, = WTNV,
B, =WTB, C. =V, D, =D,

then

H(Sk) = Hr(Sk) + O ((s1 = p1)? -+ (s — p) (51 — 01)® - (s, — 0p)7) .

Remark 3.1. It was shown in [T1] that with the choice of the projection matrices V
and W in Theorem [3.]] also yields the matching of additional moments which involve
WTEV and WINV.

Our aim is to utilize the basis matrices V and W as given in Theorem and
extend the approach used in Theorem to the bilinear descriptor system , with
N31 = Nog =0 as in . The following theorem provides a possible solution:

Theorem 3.2. Let V and W be as defined in Theorem and assume that the
structure of the matriz N is as in . Also let F € C™ ! and G € C™*! be solutions
to

FTv =(eD" and WTG=e¢, (15)
where r is the order of the reduced-order system. Then, projection of the intermediate
system Z(E A N,B,C,D),

E=E, A=A+GDFT, N =N,
B=B-GD, C=C-DFT, D=CMB+ D,

where D = CMB, results in a reduced-order system %.(E,, A, Ny, B,,Cy,D,) in
which



E,.=WTEYV, A, =WTAV, N, =WTNV,
B, =WTB, C.=CV,, D, =D.

Assuming nonsingular E,., the polynomial parts of the first subsystem associated with
the reduced and original bilinear systems are matched. Also

H(Sk) = Hr(Sk) + O ((s1 = pa)? -+ (s — o) (s1 — 01)? -+ (55 — 01)7) .

Proof. For the first subsystem, the result reduces to Theorem However for com-
pleteness, we derive its proof in the following;:

H(o1) — Hy(01) =C ((c1E—A)™'B—-V(01E, — A,)"'B,)
H+ DFT —1 (16)
—~ D+ DF'V(01E. — A.)" 'B,.

Hence,

V(o E, — A,) " 'B, = V(01 E, — A,)"'WT(B - GD),
=V(o B, — A) " 'WT(01E — A— GDFT)(01E — A)7'B.

Note that P, = V(cE, — A,)"'"WT(¢cE — A — GDFT) is an oblique projector onto
range(V) and let z € range(V'), then P,z = z. This implies,

V(o1E, — A) !B, =P, (E—~A)"'B=(0,E - A)"'B. (17)
Thus becomes
H(oy) — Hy(01) = =D + DFT(01E — A)™'B.

Now from (I5)), we have F* (61 E — A)~*B =1 and this proves the matching at oy for
the first subsystem. Similarly, H(u1) = H,(p1) holds. Next, we consider the second
subsystem

H(oy,02) — H,(01,02) = C((02E — A)"'N(owE— A)™'B
— V(O-QET — Ar)ilNr(UlET’ - Ar)ilBT) (18)
+ bFTV(O-QET — Ar)ilNT(O'lEr - Ar)ilBr“
Since

|4 (0'2E7" - Ar)ilNr(UlEr - AT)ilBr = V(UQEr - AT)ileNV(UlEr - AT)ilBra

Zr

it holds

Vz, =V(ooE, — A,)'WTN (o1 E — A)™'B,



by using . Now using , the above equation becomes
Ve = V(0oEy — A))"'WT ((UQE —A) - GDFT) (02 — A)"'N(01E — A)~'B
=P, (02E — A)"'N(02E — A)"'B = (0,E — A)"'N(0nE — A)"'B.
Using this in , we have
H(oy,09) — Hy(01,00) = DFT (0, E — A)"'N(0,E — A)"'B.

From (15)), we have FT (6o E—A)"'N(0cy E—A)~'B = 0. Hence H (01, 02) = H,(01,02).
Similarly H(u1, pe) = H,(p1, p2). Using the same steps, we can deal with subsystems
of higher order and higher derivatives. O

3.2 Interpolating a bilinear descriptor system and retaining the
polynomial part of the first & subsystems

So far, we have discussed how an interpolatory technique can retain the polynomial
part of the first subsystem in the reduced bilinear system by assuming that the higher
order subsystems have zero polynomial part. In this section, we consider a general
case where the higher order subsystems also have non-zero polynomial parts. The goal
is to construct a reduced bilinear system that retains the polynomial parts (non-zero)
of the first k£ subsystems associated with the original bilinear system, in addition to
interpolating these subsystems. As discussed in the preceding section, the structure
of the kth subsystem of the reduced bilinear system can be written as

Hr(sh ey Sk) :CT(SkEr - AT')_lN’I'(SkJ—lE’!' - AT')_lNr e

1 (19)
"'NT(SIET_AT) Br+Dk7

in which F, is nonsingular and Dy, is the polynomial part of the kth subsystem of the
original bilinear system. This means that the reduced bilinear system ensures matching
of the polynomial parts of the first k£ subsystems corresponding to the original bilinear
system. However, we also need to ensure interpolation for these subsystems. The
following theorem provides our main result for achieving this.

Theorem 3.3. Let V and W be as defined in Theorem [3.1] and define intermediate
matrices:

E=E, A=A+Ly, N=N-Ly,

B=B-Lg, C=C-Lg,

where La, Ly, Lp, Lo are solutions to the following equations:

WLy = [Die)”. Dotef ). Duel )] (20)
LoV = [Du(e)T, Da(ef ), Diled )], (21)
LaV = [Lp(eD)" Ly [VIUg @ (D)), . VT U @ (D)), (22)
WTLa = [LEET LAV L ()T), .. W Tp @ ()] (29)



in which D1 = Dy — D and e‘fj is the first column of an identity matriz of size ¢7 x ¢7.
Then, projection of the intermediate system results in a reduced-order system:

E,=WTEV, A, =WTAV, N, =WTNV,
B, =WTB, c, =Cv,

that satisfies
H(Sk) = Hp(Sk) + O ((s1 = pa)? -+ (55 — ) (51 — 01)? -+ (31 — %)) .
Proof. Consider the first subsystem at s; = o7y:

H(o1) — Hy(01) = C((s1E — A) B~ V(s1E, — A,)'B,)
+ LCV(SlET - AT)_lBT — (Dl _ D) (24)
HA,_/

D,

Since, V(01 E, — A,) !B, = V(01 E, — A,)"*WT(B — Lg) and from , L(oE—
A)~B = Lg, therefore

V(e1E, — A) 'B, =V (1B, — A) "W ((01E — A) — L) (01 E — A)™'B.

Now, introducing the oblique projector P, = V(0 E,—A,)"*W7T ((¢E — A) — L) and
utilizing P,z = z for z € range(V), we get

V(1B — A) 'B. = P, (nE— A)"'B= (0, F— A)~'B. (25)
Using this in (24)), we get
H(o1) — Hy(01) = Lo(s1E — A)7'B - D.

From @I), Lo(0nE — A)~'B = Dy. Hence H(o1) = H,(01). Similarly, H(ui) =
H,(p1) holds. Now, consider the second subsystem

H(O’l,dg) - Hr(Jl,O-Q) = C((O’QE - A)ilN(UlE - A)ilB
—V(o2E, — A;) ' Ny (01 E, — A,) 7' By) (26)
+ LoV (0B, — A.) " 'Ny(01E, — A,)"'B, — D».
Hence,

V(02E,—A.) Ny (01E,—A,) !B, =V (02E,— A,) "WT(N-Ln)V(61E,—A,) ' B,,

P

=V(02E, — A) " "WT(N - Ly)(o1E — A)™'B,
where the last equation follows from . Now implies

Li(0oFE — A" 'N(01E— A)™'B = Ly(01E - A)~'B.

10



Thus,

Vi, =V(ooE, — A) "W ((0oFE — A) — La)(0oE — A)"'N(0nE — A)7'B,
= P,,(02E — A)N(02FE — A)"'B = (62E — A)N(0,E — A)"'B.

Using this in , we have
H(oy,03) — Hp(01,02) = Le(02FE — A)"'N(0nE — A)"'B — D,.

Now from (1)), Le(02E — A)™'N(01E — A)™'B = D, and therefore H(o1,03) =
H,.(01,09). Similarly, H(u1,pu2) = H,-(p1, p2). Using similar steps, we can also deal
with higher subsystems and higher derivatives. O

4 Computational Issues and Time-domain
Representation of the Reduced-order System

In this section, we discuss the computational issues associated with the intermediate
system Y. As discussed before, the intermediate system requires the solution of —
for matrices L4, Ly, Lp and Lo. Since Lp and Lg are independent of other
unknowns, they can be easily computed. However, the main issue is the computation
of L4 and Ly. These matrices require the simultaneous solution of and for
given L and Le. To ensure the existence of the simultaneous solution, we derive a
necessary condition, called the compatibility condition. This follows by equating the
right hand sides of and after pre-multiplying by W7 and post-multiplying
by V, respectively:

W [Lg(e])™, Ly [V Iy ® (e)T),...,VF I p-1 @ (e])T))]] =

T/ a\T T 1 q\T k—1 g\T\11T (27)
LC(el) 7LN[W (Iq®(el> ),...,W (qu71®(€1) )]] V.

The following theorem guarantees that the above compatibility condition is satisfied.

Theorem 4.1. Assume L and Lp satisfy and , respectively, and let Ly €
R™ "™ satisfy,
Dy -+ Dyg

WILyV =T | .. = |TF, (28)
Dyy1 -+ Doy

k=1
where T = > (e’1'+qi)T ®el v =q+ -+ ¢" is the order of the reduced-order
=0

1=
system and D; is the polynomial part of the jth subsystem. Then, the compatibility
condition s satisfied.

Proof. Consider the first row of the block matrix given in :

(W) [Lpe)T, Ly [VEI, @ D)), ..., VF Ipos @ (eD)T))]] = el LV

11



To show that the above equation holds, we use and
W L), Ly [VHI ® €)7).. ., VE (Ipes @ () T))]]
= 4Dy ()", 1D () (I, @ ()T, ... e Dpled )T (I @ (D7),
= (D1 ()T, Da(e)” ® ()T, ..., Diled )T ® ()7,

2 k

= e(f[bl(e‘{)TvDQ(e({ )T’ .- 'aDk(etll )T]a

where the last equality follows from . Now consider the ith row of the block matrix

in :
(W) [Lp(eh)T LN[ NI, @ (D)D), .., V(T @ (e)T))]]
[LTW1 Iy @ (e %
= [ DT, e Disa (D) (g @ (D)), el Dialel ) U @ (D))

—1 2 k
:< o1 @ () >T% D), Disa (1), i (€] )]

k—1

Using the condition on Ly given in , we obtain

R = Lp— @ (e (W HTLyV, WYLy V2, o, (W HT Ly V],
=T @ ()T [(WHTLyV, (WHTLy V2, ., (W DT Ly V],
[LTW’L 1( i 1®(61)T)T]TV.

This means that each row of the block matrix corresponding to the left and right side
of the compatibility condition given in are equal. Therefore, if Ly is chosen to
satisfy the assumption , then it is ensured that holds. O

Remark 4.1. It is interesting to see that in order to compute the reduced model, we do
not need to compute explicitly the matrices Ly, Ly, Lp and Lo. We only require the
expressions for WTLB, LoV, WTLAV and WTLNV. One can substitute WT Lg and
LcV directly from (20) and . The expression of WT LV can be easily identified
using . Szmzlarly, one can obtain the expression of WTLAV without explicitly
computing L s by pre-multiplying (@) by WT' and use and ( .

Now, we summarize the complete methodology of computing the reduced-order sys-
tem for the system in the following algorithm.
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Algorithm 1 Interpolatory Model-Order Reduction for Bilinear Systems
IHPUt: EaA7N7B7CaDa [017' o aak], [IU/17 e 7/j/k]aq'
Output: E,., A,,N,,B,,C,.
Construct V and W from Theorem [B.1]
Compute the polynomial part of the kth subsystem
Dy, = C(MN)**MB + D§(k — 1).
5: Identify the expression of W' Lg, LcV , WTLAV and WT LNV as
. 2 k T A
WTLp = [Dl(egf)T,D2(e‘{ )T, Di(e! )T} —: Ry, D,=D,—D.
WTLy = [Di(ef)”, Da(el )T .., Dulef )T] = Re.
Dy -+ Dpy
WILyV =T | © | TT =: Ry,
Digi1 -+ Doy

k-1
where T = ’LZ:O (671A+q11)T ® €§+1 and r = Z’I;:1 qz 44 qk‘
WTLAV = [Re(e)T, Ru(:,1: q)(Iy @ ()T, ..,
Ry(og+ -4+ (11 ¢) (I @ (9)7)] = Ra
6: Compute the reduced model as
E.=WTEV, A, =WTAV + Ry, N,=WTNV — Ry,
B,=WT'B—-Rp, C,=CV —-Rc.

Remark 4.2. As shown in [11], two-sided projections might lead to much better ap-
prozimation since more multi-moments are matched for higher order subsystems. The
same holds for the proposed modified Krylov subspace technique. To see this we con-

sider an example similar to the one used in [I1|]. Let us assume the projection subspaces
V and W are as follows

span(V) =span {A™'B,...,(A"'E)’A"'B,A"'NAT'B,A"'N(A"'E)A"' B},
span(W7') = span {CA™',...,C(A'E)°PA™" ,CAT'NA™" | C(AT'E)A"'NA™'}.

According to Theorem[3.3, the reduced model preserves 12 multi-moments of the first
subsystem

C(AT'E)"A7'B+ Dé§(l)) = CT (A1 E)" A7 B, + D16(1y),
where Iy =0,...,11. For the second subsystem, 29 multi-moments match
C(AT'E)2ATIN(AT'E)" A7 B = CT(A'E, )2 AT N (A E, ) AT B, 4 Dod(11)0(12),

where, 11,10 = 0,1,...,5 orly =6, I = 0,1 and l; = 0,1, Iy = 6. For the third
subsystem, 37 multi-moments match

C(AT'E)sA™IN .. N(AT'E)" A7'B = CT(A'E )2 ATIN, - - N (A E,) AT B,
+ D30(11)d(12)6(13),

13



wherell = 0,1,...,5,12 =0,13 = 0,1 O’I“ll 20,1,12 :O,lg = 2,3,4,5 07“[1 = 0,1,12 =
1,13 =0,1. For the fourth subsystem, 4 multi-moments match

C(AT'E)4A7IN ... N(AT'E)Y!A™'B = C.(A'E )4 AN, - - - N.(AT'E, )" AT B,

+ D46(11)6(12)6(13)0 (1),
where Iy =0,1,l1o =0,Il3=0,l4, =0,1.

4.1 Time-Domain Representation

Till now we have shown how to achieve interpolation for the leading &k subsystems along
with retaining their polynomial parts. In this subsection we show the time domain
representation of the reduced bilinear system whose kth order subsystem is of the form
given in (19). The following theorem summarizes our results.

Theorem 4.2. Given a bilinear system, whose kth order transfer function has the
form given in . Then, the time domain representation of this bilinear system can
be written as

E.z.(t) = Arz, . (t) + Npz - (t)u(t) + Bru(t),

> 29
yr(t) = Crp(t) + Y Dru(t). (29)
k=1
Proof. We begin with the kth order transfer function
Hr(sla'“vsk) = Cr(skEr *Ar)ilNr(Sk—lEr *Ar)ilNr"'
to Nr(ler - AT)ilBr + Dy,
= CO(spl, — A)'N(sp_1I, — A)7IN -
~-~J\7(31[T —A)_IB-FD}C, (30)
where A R A .
A=FE'A.,, N=E'N,, B=E'B,, and C=0C,. (31)

Now by utilizing the multivariate inverse Laplace transform on , we obtain the
regular Volterra kernel as

hi(ti,ta, ... te) = Cedte NeAts1 N o NeAU B 4 Dps(t)6(tr_y) -+ 6(t1).  (32)

As discussed in [22], the output y,(¢) of a nonlinear system can be described in terms
of the Volterra kernel hy(t1,ts,...,t;) and input u(t) as follows:

k

oo t1 to L
@) =32 [ [ elentateute = 30 0l — e di
/o Jo 0

i=1

Substituting in the above equation, we can write

14



yr(t) =y (1) + ¥ (1),

where

k

00 pty ptg ty o
ys () :Z/ / / G N - N2 Net Bu(t — 3 t:) - u(t — ti)dti - - dta,
o Jo Jo 0

i=1
k

y&Q)(t):i/tl /t2',./tk Dkd(tk)ci(tk-q)---5(t1)u(t—th’)"'u(t—tk)dtk"'dtb

=1

The response yﬁl)(t) is simply the Volterra series representation of a bilinear ODE

system with zero initial condition [22]. This means that corresponding to y,(«l)(t), we
have

i (t) = Az, (t) + N, (t)u(t) + Bu(t),

y I (t) = C,.(t), 2,(0) = 0. (33)

For y£2)(t), we use the properties of the Dirac delta function [12] which leads to

y P (t) = Dyult)---u(t) =Y Dpub(t).
k=1 k=1

By combining the responses y,(nl)(t) and yy(,z)(t) and substituting the expression of
A,N,B and C from (1), we obtain a bilinear system as in and this proves
the theorem. O

Since the output equation in contains the sum of an input dependent infinite
series, we need to compute the summation at each time step. This increases the com-
putational cost and may suppress the importance of the model reduction procedure.
In the following, we discuss some cases where this infinite summation can be computed
cheaply.

Case 1: For the particular structure of N as in , Dy, = 0 for all £k > 1. Thus
> Dpuf(t) reduces to Dyu(t), which is computationally cheap.
k=1

Case 2: There are some applications where the input u(¢) can be considered constant
or unity (u(t) = « or u(t) = 1). These scenarios may appear, for example in the
parameter varying systems [6]. In such a case

e}
ZDkuk(t) = DlOé + 1)2()(2 + D30(3 e
k=1

15



Substituting the expression of Dy, from Lemma[3.1]in the above equation, we get

> DyuF(t) = (CMB + D)o+ C(MN)MBo? + C(MN)*MBa® + - -,
k=1
=aC(I+aMN +a*(MN)?+---)MB + aD.

Now, if we assume |[[aM Nz < 1, we have
> DyuF(t) = (C(I — aMN)"'MB + D)o
k=1

Thus we can identify an expression of the convergent series for constant inputs.

o0
Case 3: In this case, we assume convergence for |Dg|, ie. > ||Di| < 7 < 1.
k=j+1
Then for bounded inputs, we can truncate the infinite summation after the jth

term. That is ‘
oS} J
k=1 k=1

(o]
Thus, we can save the computations associated with >"  DjuF(t).
k=j+1

5 Numerical Experiments

In this section we present numerical results for model reduction of a structured bi-
linear DAE system using different approaches. The reduced-order system can be
computed either by direct implementation of Theorem without matching the
polynomial part in the reduced-order system (classical interpolatory technique) or
by our proposed methodology which achieves matching of the polynomial part in ad-

®

dition to interpolation. All the numerical results were simulated in MATLAB™ ver-
sion 7.11.0.584(R2010b) 64-bit (glnza64) on Intel(R) Core(TM)2 Quad CPU Q9550 @
2.83GHz, 6 MB cache, 4GB RAM, openSUSE 12.1 (x86-64).

5.1 Artificial Example

The bilinear DAE system, that is to be reduced, is generated randomly with order
n = 100 and with partitioning n; = 90, ny = 10. It is ensured that the structure of
the pencil is similar to the index-1 pencil of a linear DAE. The polynomial parts of
the first 4 subsystems of the bilinear system are D; = 0.1472, Dy = 5 x 1073, D3 =
1.92 x 1074, Dy = 7.35 x 1079, where D; is the polynomial part of the ith subsystem.
The interpolation points are selected as ¢ = p = [0,0.5] with multiplicity ¢ = 1
resulting in a reduced-order system of order r = 4. We truncate the infinite summation
in Lemma 4.1 after first 4 terms since || D;|| decreases exponentially.
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We compute the reduced model using the classical interpolation technique and the
proposed methodology using the same interpolation points and multiplicity. The time
response of the actual and the reduced bilinear systems, obtained by using the implicit
Euler method, is shown in Figure [l| for an exponential input. The relative errors
associated with the two approaches are shown in Figure

0.15 —— Original Bilinear System |
—— Reduced Bilinear System (New proposed)
§ 01l —=— Reduced Bilinear System (Classical) h
g .
3
~
5.10-2 A eSS e
O | | | | | | | | |
0 01 02 03 04 05 06 07 08 09 1
Time (s)
Figure 1: Transient response, u(t) = e~ 10
1071 8

Relative Error
—_
S
w
I
|

10-5 | —— Reduced Bilinear System (New proposed)
| | —=— Reduced Bilinear System (Classical)

0 01 02 03 04 05 06 07 08 09 1
Time (s)

Figure 2: Relative Error, u(t) = e~ 10

Certainly, the reduced-order system obtained from the direct implementation shows
completely different dynamics whereas the proposed methodology captures the dy-
namics of the original system well.
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5.2 Nonlinear RC Circuit

As a second example, we consider a nonlinear RC circuit that represents a modified
form of the transmission line circuit proposed in [16]. The circuit includes resistors,
capacitors and diodes as shown in Figure

vy vy Yni—1 Uny  Unj+4l vn
CH - W - -

g(v) g(v) g(v) g(v)

i = u(t)
/N
N\
g(v)
[
1 &
|
1
|
1
||
115
||
115
|
I
N\
&
-
&
)
N\
i =u(t)

Figure 3: Nonlinear transmission line circuit.

All the resistances and capacities are set to 1 and all the diodes ensure ip = e0v> 4
vp — 1, where ip represents current and vp voltage across the diodes. The input u(t)
is the current source i and the output y(t) represents the average voltage over all nodes
ranging from 1 to n.

Using Kirchhoff’s current law, at each node we have

01 = —2u1 4 vy + 2 — 100 — 201mv2) Ly,

O = =20k + Vg1 + Vg1 + 201U 0k mn) () < | <y — 1)

Up, = —2Up; +VUpg—1 + Unqy1 — 1+ (540(71"1—1_”"1)7 (34)
0 =3vg —Vk—1 — Vg1, (n1+1§k§n—1)

0 = —2v, +vp_1 +u(l).

In order to represent the above nonlinear system as a quadratic-bilinear system, we
set v1 t0 Vg k41 (Vkg+1 = Uk — Ugt1), K = 1,...,n1 — 1 and v, 41 to v, as the
state variables and perform some changes of variables by defining y; = e*®¥* — 1 and
yp = e*0Wr-16) _ 12 < k < ny. Together with the differential equations of all y;’s,
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the above changes lead to the following quadratic system

U1 = —v1 — V12 — Y1 — Y2 + u(l),

V12 = —v1 — 2012 + V2.3 — Y1 — 2y2 + y3 + u(t),

Uk k1 = —2Vk k1 + Vk—1.k + Vkt1 k42 + Yk — 2Uk+1 + Yy, (2<k<ng—2)
Uni—1n1 = —2Vn;—1m + Uni—2n1—1 + Uny — Ung+1 T Uni—1 — 2Yns,
0 =3v; —Vk_1— Vgal, (m+1<k<n-1)
0 =—2v,+v,-1+ut),

Y1 =40(y1 + 1)(—v1 —v12 —y1 — y2 +u(t)),
Yo = 40(y2 + 1)(—v1 — 2012 + V2.3 — y1 — 292 + y3 + u(t)),
Yr = 40(yr + 1) (—20k 1,k + Vk—2,k—1 + Uk k1 T Y1 — 2k + Yrt1),
Yny = 40(Yn, + 1)(—2Vn; —1,1, +Vny 2011+ Vny — Vny -1+ Yny—1 — 2Yn, )-

ni
In the above set of equations, we fixed vy, to v1 — D vg_1,. This means that the
i=2

circuit can be modelled by a quadratic-bilinear descriptor system of order n = ny +n.
It is easy to see that the matrix pencil associated with this quadratic system has
nilpotency index-1. Next, we utilize the Carleman bilinearization, thus ensuring that
the resulting bilinearized system also has an index-1 matrix pencil [I5]. The order of
the bilinearized DAE system is N = (n; + n)(2n1 + 1). The polynomial part of the
first subsystem of the bilinearized system is D1 = 0.0333 and higher order subsystems
have zero polynomial part.

For our experiment, we choose ny = 10 and n = 30. The bilinearized system is
therefore of order N = 840. Using Theorem we compute the projection matrices
such that the reduced-order system guarantees interpolation of the first two subsystems
at o = p = [10,50,300]. The multiplicities of all the interpolation points are set to
1. The reduced models of the bilinearized system are computed using the classical
and the proposed methodology using the same interpolation points and multiplicities.
Since we do not have specific criteria yet to choose this interpolation points and their
multiplicities which can ensure a stable reduced-order model for both the modified and
the classical method. For our result, it is possible to get stable reduced-order models
using this methodology for the same interpolation points and same multiplicities in
case of one-sided projection, i.e. W = V.

The time response of the resulting reduced-order bilinear systems is shown in Fig-
ure [4] by utilizing the implicit Euler method. Also the absolute error (|y — /) is shown
in Figure
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—— Original Quadratic Bilinear System
Carleman Bilinearized System
—— Reduced Bilinear System (New proposed)

g .10~2 | = Reduced Bilinear System (Classical)
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;b.g) / x
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0 =102 0.1 015 0.2
Time (s)

Figure 4: The time response of the original and the reduced models with input u(t) =
cos(20mt) + 1.

102
—
2 02
= 10
£a)
[
2
é 10-° —+— Carleman Bilinearized System o
—— Reduced Bilinear System (New Proposed)
o —=— Reduced Bilinear System (Classical)
10 0 5.10"2 0.1 0.15 0.2
Time (s)

Figure 5: The absolute error for the original bilinearized system and the reduced bi-
linear systems with input u(t) = cos(207t) + 1.

Clearly the proposed interpolatory technique shows substantial improvement in the
transient response of the system.

20



6 Conclusions

We proposed interpolatory techniques for a special class of bilinear descriptor system
with particular attention to its polynomial part. An expression that explicitly identifies
the polynomial part of each subsystem associated with the bilinear system has been
derived. This extends the expression for the polynomial part of linear index-1 DAE
systems discussed in [I8] to bilinear systems. Also, we have derived conditions on
interpolatory subspaces that not only guarantees interpolation of the first k£ subsystems
but also retains the polynomial part of the bilinear system. The approach can also
be applied to other bilinear DAE structures as long as the polynomial part of each
subsystem is constant.
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