IEEE TRANSACTIONS ON COMPUTHR- AIDED DESIGN OF INTEGEATED CIRCUITS AN SYSTEME, VO, 32 NOL 12 DECEMBER 2013

Piece-wise Quasi-linear Approximation for
Nonlinear Model Reduction

5. A. Nahvi. M. Nabi, and 8. Janardhanan

Absfraci—The trajectory picce-wise lincar (TPWL) method
is a popular technique for nonlinear model order reduction
IMOR}) Though widely studied, it has primarily been restricted
to applications mwodeled by nonlinear systems with linear input
aperators. This paper is an effort to bridge this gap. We illustrate
problems in the TPWL method in creating reduced order models
for nonlinear systems with nonlinear input operators. We also
propose a solution based on a quasi-linear formulation of the
nonlinear system at approximation points. This results in o
method for nonlinear MOR, called the trajectory piece-wise
guasi-linear (TPWOQ) method. TEWOQ is formulated, numerically
vialidated and o new technigoe to reduce the computational
costs associated with simulating the gquasi-linear syslems is also
demonstrated.

Index Terms—Large dvnamical systems, model order reduoc-
ton, nonlinear systems, trajectory piecewise linear,

L INTRODUCTION

TPWL has been applied with success for nonlinesr MOR
in diverse application areas like computational fluid dynamics,
power electronics and electromagnetics. However, these ap-
plications have generally heen restricted to nonlinear systems
with Tinear input operators, In this paper we study the efficacy
of TPWL-ROMs in approximating dynamics of more general
nonlinear SVEIemS,

Consider the class of nonlinear dynanucal systems given by

r=Filx, )

=L i

where x € R" is the n dimensional state vector, u € R* is
the input, v € R is the ouput, F : B — R™ is the
nonlinear vector feld and C s/ = o output matrix, To get the
TPWL formulation corresponding to {1, Fs, ) s lineurized
at (xj. i)

Fix.on)= Fly, b+ A, e —x )+ Bl e —uw) (20

Here Afx;, w;) is the Jacobian of Fix, u) with respect w x
evaluated at (v, u) and By, ;) is the Jacobian of Fix, u)
with respect W u evalusted m (1. u;). The linear system al
(x;, 1;) 15 hence

&= Alxy, e+ Bl wme+ v, u)

y=0Cx <)

where D0x;, )= Flag, ) — Al oy — B, ang,
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Assuming the dominunt dynamics 1o be restricted to an r di-
mensional subspace spanned by the columns of an orthonormal
o matrix V, substituting v = Ve in (3) and premultiplying
by VI we obtain the reduced submodel at x;

2= VT A, ) Ve + VI BUG, aou+ VT DO, )
F=CVz
The TPWL-ROM is expressed as a weighted sum of m such
dimensionally reduced linear systems (4) and is given by
= E:lﬂ-r U.'!'E__'_, “H A"l": + El’r“ + Du .r

y =103
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where A, = VYA, w0V, By = VIBx,w), Dy =
VI, u), € =CV. Al g particilar value of {2, a), the
weight assiznment strategy seeks o find the linear submodels
formed at o state-input combination (2, wy) that s closest to
(2,00 Weights that are functions of both the state and input
(v, u) or (z,u)) have been used [1] and are decided by a
distance measure given by

iy = pllz = =il + &l — | (6}

Here (3 ¢) decide the relative importance associated with
states and inpuis and are heuristically chosen. It is abvious that
two dilfereol eriteria are being balunced 1o switch on the fght
submodels (unlike the case of input-affine nonlinear systems
as in [2]) Amongst the two, the distance in inputs. [l — ],
15 unrelated to the nonlinear system being approximated, This
criteria may lead 10 a reduction in the weight given to the
miost relevant submodel with a sharp change in the mput, as
would be illustrated in Section -A. The problem inercases
when teainmg and evaluation inputs are differant, as o more
pronounced difference in w is likely to skew the weights in
the wrong direction, Further no method 1o select (30 &) and
decide the relative importance of the two criteria is available,
The prohlem can be solved by retaining the nonlinearity of
the inpul aperator, and sssigning weights on the basis of the
distance in states alone. In the following paragraphs it is shown
how this can be done,

O TPW(Q FORMULATION

It is proposed that the system (1) is linearized with respect
tor the states alone, this quasi-linearization at x; yields

Fle,u)= Fla, n)+ Alx, wl(x = x7) (7}

where Alxv,, w) is the Jucobian of Flx, w) with respect to
evalpated at v, Hence the quasi-linear system af v, would be
ziven by

x=Alx, wix+ Blx;, u)

y=0Cx (8)

where By, u) = Fiy, o) = Alx;, wly. Assuming that the
dynamics can be restricted 1o the subspace spanned by V and
premultiplying by V7 gives the sub-model at each

= V' Ay, )V + VI Blx,, o)

v=[C¥z. @)
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