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Abstract— This paper presents a time-domain
macromodeling using model order reduction based on
Padé approximation via the Lanczos method. In this
method, the transfer function which describes input-output
relation of an electromagnetic device obtained by PVL-
based MOR in Laplace domain is transferred to time
domain. It is shown that the transient currents of a DC-DC
converter and transformer computed by this method are in
good agreement with those obtained by time-domain FE
analysis. Fast analysis can be performed using the present
macromodel.

1. Introduction

Finite element method (FEM) has been widely used to
analyze electromagnetic devices such as inductors,
reactors and transformers. For analysis of these devices,
equivalent circuits [1] and behavior models [2] are also
adopted because of their light computational burden.
However, it is difficult to accurately express frequency
characteristics over wide frequency range using these
methods. FE analysis of these devices is expected to be
more accurate, while it is time-consuming.

Model order reduction (MOR) [3]-[6] has been
proposed to reduce the computational time for the analysis
of electromagnetic devices without deterioration of
accuracy. In this method, the original system is reduced by
projecting the original unknown vector onto the reduced
space spanned by the basis vectors generated by MOR. It
has been successfully applied to quasi-static and high
frequency problems [3-5] as well as optimization
problems [6]. The authors have proposed macromodel
generation from FE models using MOR [7][8]. However,
it has remained unclear if this method is valid for analysis
of multi-port devices.

In this paper, we propose a novel method to generate
macromodel of multi-port devices using MOR based on
Padé approximation via the Lanczos processes (PVL) [5].
This method allows us to realize accurate and fast analysis
of multi-port devices.

To test the performance, the present method is applied
to modeling of an inductor in a DC-DC converter and
transformer in a flyback converter which has two inputs
and outputs.

2. Time-domain Macromodeling
Let us consider a linear system with p inputs and
outputs in Laplace domain (s-domain)

Nx + Kx = Bv
i=L'x

(1)
(1b)

where v, i€RP are the voltage and current vectors. The
unknown vector is defined by x=[a, ¢, i]', where a and
¢ are vectors composed of magnetomotive force along
element edges and scalar potential at nodes. The matrices
in (1) are defined by

M C O

N=|Cct s 0|ecRrmaxna (2a)
H 0 0
F O —H

K=|0 0 0 |ermaxn (2b)
0 0 R

where

M :jKNi-deV (32)
\%

o8 =J‘/<Ni -gradN ;dV (3b)
v

Si :'[kgradNi -gradN ;dV (3c)
v

Hy = [Ny -9 av (3d)
v

Fj = [rotN - rotN v (3e)
v

R = diag|R, Ry ]. (3f)

and x Ni, Ni, Ji and Rj (j = 1,...,q) are the conductivity,
vector and scalar interpolation functions, unit current
density and dc resistance.

From (1), the admittance matrix

Y(s)=L"(K+sN)™B (4)
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is obtained. Expanding (4) around so, we obtain

Y(sy +0)=L'"(1-0A)'G (5)

where s=sogtc, A=—(K+soN)IN and G=(K+soN)!B.
Applying spectral decomposition to A in (5), we obtain

=L —o—SAS'l)_lG
n+p (6)

_Z:;L‘st - s'c

where 4; are the eigenvalues of A and S denotes a matrix
whose columns are its eigenvectors. The transfer function
for p-inputs and outputs is given by (6). It is
computationally prohibitive, however, to perform spectral
decomposition of A.

To modify (6), we apply Neumann series expansion to
each element of Y(so+0) to obtain

Y(Sy +0)

Yi(so +0) =l (1+0A+0°A®

+::)0; :kao'k (7
k=0

where L=[ly, Ip,...,1], G=[g1, 92...,.00]" We still need

heavy computational burden to calculate power of Ain (7).

To effectively calculate the power of A, we employ
Lanczos method whose details and algorithm can be found
in [9].

Applying Lanczos method to m; in (7), we obtain the
reduced transfer function which is equivalent to (6) as

Yij (So +U)=Z|itgj(e{-rilj<el)0k 8
k=0 (8)
= Iitgje]t.(l_o:rij)_lel

where T;;€R%1 s a tridiagonal matrix obtained by Lanczos
method, and q is number of iteration for Lanczos method,

and e;=[1,0,...,0]" We now apply the spectral
decomposition to Tj;
Y (so+o) =l gje; (1 - 0S;ASi)) 'ey
—ZI i 9j HijmVijm ©)
1-Aijm
where  g=Si'e;, vj=Sij'es. Note that spectral

decomposition of Tj is not time-consuming because the
size of Tj is much smaller than that of A. The reduced
transfer function can be expressed by

k.

(10a)
m=1 o — pijm
where
119 1
Kiim = — =) m um Pim = —— (10b)
o /qijm o /qijm

Because o=s-5o, the transfer function in frequency domain
is given by

YIJ (S) z S— (SO + pljm)

The relation between the inputs and outputs can be written
by

(11)

1(s) || Y1a(9) Yiq(8) | v1(s)
. . . . (12)

i q (S) qu (S) qu (S) Vq (S)

Moreover, by applying the inverse Laplace transform to
(12), we obtain the relation in time domain as

0] (yat-0  yut-0 v
D= : : dr (13)
iq (t) 0 yql(t_r) yqq(t_r) Vq (T)
where
q
Vi O = kime P (14)

m=1

Note that if so+pim is greater than zero, this transfer
function is not passive.

3. Numerical Analysis
3.1. Single input and output model

First, we consider an inductor used in the DC-DC
converter which has the single input and output shown in
Fig. 1 (a) and (b). The magnetic saturation in the core is
taken into account by employing the frozen permeability
technique whose detail is found in [10]. The driving
voltage, frequency, duty factor and resistance are set to
0.35V, 100kHz, 0.9 and 0.05Q), respectively. Eddy current
flows through the coil windings of the inductor whose
conductivity is set to 5.76x107S/m. Figure 1 (c) represents
the macromodel constructed by the present method.

In conventional FE analysis of the DC-DC converter
shown in Fig.1(a), FE equations (1) coupled with the
circuit equation

f(v,i)=0 (15)

are solved in time domain. This FE analysis is time-
consuming for design of inverter topology and
optimization of circuit parameters. This analysis needs
long computational time when the number of variable n
for FE analysis is large.

By replacing the FE model with the macromodel shown
in Fig. 1 (c), we can drastically reduce the computational
time. After we construct the macromodel in the time
domain, we simultaneously solve (13) and (15) to analyze
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(c) Macromodel connected to DC-DC converter
Fig. 1 DC-DC converter with FE model and macromodel.
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Fig. 2 Current which flows in Ry.

the DC-DC converter. In this study, we set q=5. Figure 2
shows the resistance currents where green and red lines
represent the results obtained by conventional FEM and
the macromodel. The both results are in good agreement
during the transient analysis and steady states.

The computational time for construction of the
mancromodel is  about  12min. using  Xeon
W5590/3.2GHz(12GB RAM). Once the macromodel of
Leem is constructed, we can analyze the DC-DC converter
less than 1 sec. On the other hand, analysis of the DC-DC
converter with FEM takes about 2 hour under the same
computational environment.

3.2. 2-multi-port problem

We now consider a transformer model shown in Fig. 3.
The relative permeability of the magnetic core is assumed
to be 100 and the frequency of interest is set to 0 < f <
1MHz.

The frequency characteristics for the impedances of
transformer shown in Fig. 3 (b) are shown in Fig. 4 in
which (a) and (b) represent Z11 and Zi,, respectively. The
lines and dots represent results obtained by macromodel
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Fig. 3 transformer model.
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Fig. 5 Flyback converter.

(g=15) and conventional FEM. The results obtained by
macromodel agree well with those obtained by FEM in
the high frequency domain. In the low frequency domain,
there exist differences between them. To reduce the
differences, g should be increased.

Figure 5 shows a flyback converter. The diode in this
converter is assumed to have V-1 characteristic given by

wo_OJ 0020

in (t) <0

0.026 x In[

Vo = (16)

10%%i5(t)
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Fia. 6 Current with respect to time
In the analysis for the flyback converter, the driving
voltage, frequency and duty factor are set to 100V,
100kHz and 0.5, respectively. The resistances R; and R:
are set to 10 and 1Q.

The currents i; and i, which flow through R; and R are
shown in Fig. 6 where we set At =T/80 and At =T/20 for
present method and FEM, respectively. Both results are in
good agreement during the transient and steady states. On
the other hand, as can be found in Fig. 7 the discrepancies

become large when we set At = T/20 in the present method.

It is concluded from these results that time discretization
must be enough fine to reduce the errors in evaluation of
the convolution integral in (13).

4. Conclusion

We have proposed a construction method of the
macromodel from FE model using MOR based on PVL. It
has been shown that this method can be extended to
analysis of multi-ports devices. It is shown that the results
obtained by the macromodel are in good agreement with
those obtained by full FE analysis in time and frequency
domains. We can perform fast analysis using the proposed
macromodels, which is effective for design and
optimization of electromagnetic devices.
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