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Abstract—For low frequency applications, transformer
model extraction has been widely investigated using both
time and frequency domain data. However, the studies for
high frequency transformers have been carried out in the
frequency domain only. The reason is due to the complications
in acquiring time domain data for high frequency transformer
model estimation. This paper presents a methodology to deal
with the numerical difficulties associated with time domain
data collection, and to obtain a frequency-dependent model
of a 3-winding flyback transformer using time domain system
identification techniques. The obtained transformer model is
experimentally verified.

Index Terms—Flyback transformers, frequency-dependent
model, time domain, system identification.

I. INTRODUCTION

Given the success of the primary-side sensing approach
to flyback converters operating in discontinuous conduction
mode [1], the extension to continuous conduction mode
(CCM) with the aim of achieving a higher performance and
a lower production cost is of significant interest. However,
the application of primary-side sensing to a converter in
CCM requires an accurate model of the flyback transformer,
particularly at high frequencies.

The topic of modeling and extracting models for a high
frequency transformer has been investigated previously [2]—
[5]. In general, most studies focus either on identifying
a frequency-dependent winding model with an ideal core
assumption using small signal excitation [4], [5], or on
estimating a dynamic core loss model of a specific magnetic
material using both high amplitude and high frequency
voltage sources [6]. In fact, the transformer model obtained
from the small signal assumption can be improved by
replacing an ideal core model with a nonlinear one [7].

In this paper, we will focus on extracting the high
frequency model of the flyback transformer using small
signal excitation. The frequency-dependent winding model,
as shown in Fig. 1, is suggested to include the core charac-
teristic (denoted by Z,,(s)) and the winding configuration
properties (the remainder of the model). The energy storage
in the core is characterized by the magnetizing inductance

978-1-4673-1301-8/12/$31.00 ©2012 IEEE

458

Fig. 1.

Transformer winding model with a linear core.

L,,, while the resistor R,,, stands for the power losses due
to the eddy current and hysteresis effect. For simplicity,
the assumption was made that both L,, and R, are
constant with frequency. The impedance {Z;(s)}3_,, which
represents the effect of the parasitic components in the ith
winding, is generally defined by,

Zi(s) = Ri(s) + sL;(s), fori=1,2,3 (1

where {R;(s)}?_, and {L;(s)}3_, represent the power
losses and the leakage inductance in the ¢th winding, re-
spectively. As both parameters {R;(s)}5_; and {L;(s)}3_;
vary significantly with frequency, the winding impedance
{Zi(s)}3_, does not have a closed-form and depends
on the configuration of each transformer. The capacitor
C,, describes the electric energy storage in each winding
referred to the first winding, while the electric energy
storage between windings is symbolized by Cj2, C13 and
Cs3. The transformer voltage gains mo and ng3 account
for the coupling between transformer windings. All the
capacitances C,, C12, Ci3, Ca3 and the voltage gains ns,
ng3 are presumed constant with frequency, in this study.
For low frequency applications, transformer model es-
timation has been widely studied using both time and
frequency domain data [3], [8], [9]. However, the studies
for high frequency transformers have been carried out in



the frequency domain only [4], [S]. The reason behind this
selection is due to the advantages of a frequency domain
approach over a time domain one. Particularly, with the
help of an impedance analyzer, the response of a system
over a wide frequency range is much easier to collect
in the frequency domain rather than in time domain. In
addition, the frequency domain data, which is returned by
an impedance analyzer, is also less noisy than the equivalent
time domain data collected by a data acquisition card.
Despite these difficulties in data collection, the time domain
approach is still preferred because it requires only a simple
measurement facility (such as digital oscilloscope) and
provides an easy way to deal with a complex transformer
model [3]. This paper presents a methodology to deal with
the numerical difficulties associated with time domain data
collection and to obtain a frequency-dependent model of a
3-winding flyback transformer using time domain system
identification techniques. The obtained transformer model
is experimentally verified.

The remainder of this paper is organized as follows; Sec-
tion II introduces the continuous time system identification
method, while the data collection and transformer param-
eter estimation are examined in Section III. The flyback
transformer model is identified and verified in Section IV.
Conclusions are drawn in Section V.

II. SYSTEM IDENTIFICATION ALGORITHMS

In general, system identification uses statistical ap-
proaches to find a mathematical model of an actual system
from discrete-time input-output data {u(tx), y(tx)}o_,. As
illustrated in Fig. 2, the estimator will search for the
best model parameters 6 that statically minimize the error
between the measured output signal {y(tx)}_, and the
estimated output signal {§(tx)}2_,. A model of a dynamic
system can be in discrete-time or continuous-time form. A
fidelity continuous-time model is of primary interest in this

paper.
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Fig. 2. A generic procedure to identify a model of an actual system from
sampled data.
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Various identification methods have been investigated
to estimate a continuous time model G(s) from sampled
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data [10]. In fact, we have implemented three different
algorithms to obtain the winding model from sampled
data. However, due to space limitation only one well
known method, named Refined Simplified Instrumental
Variable Method for Continuous Time System Identification
(SRIVC) [11], is presented here. Let the continuous time
model be

_ B(s)  bis™ 4 bys™ 2 4 L+ by,
A(s) st dapstel 4l ta,,

The prediction error between the estimated and measured
output data is

G(s) @)

_ B()
A(s)

(
(

£ = 4(0) - eut) = 40300 - GEu0.

1

If we define a low pass filter L(s) = and substitute
filtered signals y¢(t) = L(s)y(t),us(t) = L(s)u(t) into
Eq. (3), then
e(t) = A(s)ys (t) — B(s)us(t)
=" (0) + a0 + g (1)
= byu V(@) = = g up (),

N
=

B
N

“
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Here, the symbol £~! and * denote the inverse Laplace
transform and convolution product respectively. By
evaluating Eq. (4) at sampling instants {t;}Y_,, we have
N equations in n, + np variables, which are the model
parameters 6 = (a1, a2, .., an,, 01, ..., by, ). If N > ng +my,
a unique solution of the model parameters can be found
by a least mean square method. A detailed investigation
of the SRIVC technique is documented in [11]. The
implementation of the SRIVC method is available in
CONTSID toolbox for Matlab [12].

where

j = 1, ceey M.

III. TRANSFORMER WINDING MODEL IDENTIFICATION
A. Data collection

A test arrangement, as illustrated in Fig. 3, shows a
process of acquiring data for identifying the impedance
Z1a16(s) between two terminals la and 1b (Fig. 3(a)), and
for estimating the transfer function Hi2(s) from port 1 to
port 2 of the three-port network T (Fig. 3(b)). Vrps(t) is
a general random binary signal having a flat spectrum over
the frequency range of interest. In the case of impedance
estimation, as presented in Fig. 3(a), a sensing resistor R
is purposely inserted into the test circuit to capture the
current information. The excitation voltage Vrps () and the
response voltage V;(t) are collected using data acquisition
cards.

Although Vgps(t) and Vi (t) generally serve as input and
output data for system identification respectively, their role



Vi(s)
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Fig. 3. Test circuits to collect time-series data for estimation of (a) an
impedance and (b) a transfer function.

can be altered depending on the objective of the system
under test. For example, referring to Fig. 3(a), a causal
impedance Z1,15(s) can be either calculated indirectly from
the identification result with input Vzps(t) and output V4 (¢)
(according to Eq. (5)), or extracted directly by considering
Vo(t) as the input and Rs(Vrps(t) — Vo(t)) as the output
(see Eq. (6)).

G(S) o VRBS(S) a R, + Zlalb(s) ©)
_ Vi(s) _ Rs(Veps(s) — Vo(s))
Zrawls) = 75 = R e < 6)

The difficulties of the time domain method arise when the
magnitude response of the system varies significantly over a
wide frequency range and can not be sufficiently resolved by
the data acquisition card. The round-off error occurring will
distort the estimated result regardless of the identification
techniques used. Two options, consisting of increasing the
resolution of each sample (more expensive measurement de-
vices) and/or narrowing the observing frequency range, can
be used to reduce the round-off error. The latter approach
can be easily applied to impedance estimation by picking
an appropriate value of R,.

B. Parameter extraction procedures

A set of 8 different experiments is performed to derive
all parameters for the winding model, as shown in Fig. 1.
To clarify the measurement and identification procedure,
a fixed template for each experiment, described below, is
introduced. Noted that the transformer terminals are named
in accordance with the three-port network in section III-A.

i) Test arrangement specification: presents which
structure in Fig. 3 is followed to collect the time-series
data. For example, M Zs,3, indicates that using the
set up in Fig. 3(a) but terminal 1a and 1b are replaced
with 2a and 3a. While M Hy3 implies that the test in
Fig. 3(b) is applied with the excitation signal Vrps(t)
injected into port 2 and the response voltage Vj(t)
captured at port 3.

Short circuit specification: describes the short circuit
connection between transformer terminals. For exam-
ple, V34,35 = 0 means that making a short circuit
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connection between terminal 3a and 3b. Noted that
any terminals, which are not mentioned in this item,
will be left in the default configuration as depicted in
Fig. 1.

iii) The identification objective: denotes the transfer
function and/or model parameters obtained from mea-
sured data.

Experiment 1:

) MZia

ii) No short circuit connection
ifi) 22O Ry Lo, G
Experiment 2:

) MZia1p

i) Vaa2p =0

Z3(5) Zm(s)

i) Z1(s) + ;53 n3zn )
Experiment 3:
i) MHis
i) Vaaop =0
i) Z(s), Za(s)
Experiment 4:
1) MZlalb
i) V3a3p =0
iii) Z1(s) + 7 s
Experiment 5:
i) MHy,
i) Vaazp =0
iii) Z1(s), Zs(s)
Experiment 6:
1) MZlaQa

i) Viawy =0, Vaa2p = 0, V3a3p = 0, V2434 =0
i) Zcy,+Cus (s), Ci2 + Ci3
Experiment 7:
1) MZi424
i) Vias =0, Vaa2s = 0, V343p = 0, Vig3a =0
1ii) ZCm+ng (8), Cha + Cas
Experiment 8:
1) MZZaSa
i) Viaws =0, Vaa2s = 0, V3435 = 0, Vig2a =0
iil) Zcyg4015(8), Coz + Crs
We define the voltage transform ratios ne = %—f and
ng = %—?, where N1, No and N3 are the number of turns

in first, second and third windings. In order to explain how
to obtain the model parameters from each experiment, the
following assumptions are made:

o The inter-winding capacitances C12, Cs3 and Ci3 can
be identified separately from the rest of the transformer
model.

The impedance Z,,(s) is typically much larger than
Z1(s), hence we can neglect Z;(s) in Exp. 1.

The impedance of Cp,, say Zem(s), is much higher
than Zi(s), Za(s) and Z3(s) , therefore Z.n,(s) is
neglected in Exps. 2, 3, 4 and 5.



The derivation of the impedance Z;(s), Z2(s) in Exp. 3
requires an extra processing step. The relation between the
signals (V1 (t) and V5(t)), captured in Exp. 3, is given by

Z3(8) Zm (s)
ns zg(§)+ngzm ©)
Z5(8) Zim (s)
21(8) + ZG) i zm®

Dividing both side of Eq. (7) by 5228Zn (%)

Va(s) = Vi(s). (7

Za(s)Fn3zn(s) We can
rearrange Eq. (7) into the form
1 na ()~ Inls)) .
= ; (
Zs(s) n3Vs(s)
where
; Vi(s)
L(s) = 3 , ©)
(8)Zm(s)
Z1(s) + Z2(§)+n§Zm(s)
- Va(s)
In(s) = ———. 10
() N3Zm(8) (19)

where I (¢) and I,,,(t) denote the estimate of the primary
current I;(¢) and the magnetizing current I,,(t) respec-

tively. Since Z; (s)+ %Zgzi)(s) and Z,,(s) are available

from Exps. 1 and 2, we can easily calculate I;(¢) and

fm(t) from Vi (t) and V3(¢) via Egs. (9) and (10). Using

signals n2V3(t) and ng(Iy(t) — I,,(t)) as data for system

identification, one can directly obtain Z(s) (according to

Eq. (8)). In the case of Z;(s) estimation, Eq. (7) is modified
as,

1 - fl (8)
Va(s) *
Zi(s)  Vi(s) — %

an

where fl(e) is given by Eq. (9). As can be seen in
Eq. (11), fl(t) (can be computed from Vi (t) using Eq. (9))
and V4 (t)— Vfl (St) are enough to extract the impedance Z; (s).
It should be noted that the extraction of the impedance
Z1(s) and Z3(s) in Exp. 5 can be carried out in the similar
way as implemented in Exp. 3. Since the impedance Z (s)
can be obtained from either Exps. 3 or 5, the similarity of
the two results will act as a validation for the estimation
technique.

In addition to the input-output data, a properly chosen
order for the transfer function is a prerequisite for a system
identification procedure. Fortunately, the transfer function
order can be computed based on the transfer function
order of the impedance that we want to determine in each
experiment. For the frequency independent parameters, say
Ly, Ry, Cp, Cia, C3 and Cig, their corresponding
impedances have a fixed order. By contrast, the impedance
Z1(8), Za(s) and Z3(s) of the frequency dependent param-
eters defined in Eq. (12) have an undefined order.

. bilSnibil + bmSnibi2 + ...+ b”hb
sMia 4 a;q8Me T+ L a,,

Zi(s) i =1{1,2,3}

(12)

However, the relation between {n;,}3_; and {n;,}?_; in
Eq. (12) has to be followed,

Nip = Nig + 2,1 = {1,2,3}. (13)

The condition in Eq. (13) is introduced to limit the orders
so that an obtained {Z;(s)}?_, can be represented by a
Foster’s network and, hence, can be readily used in electrical
simulators [7].

IV. EXPERIMENTAL RESULTS
A. Winding model determination

The procedure, described in section III, is applied to
a 3-winding transformer designed for a flyback converter
application with a specification of an output power 90W,
a switching frequency 100K Hz, an input voltage range
Vi = 113 — 373V and an output voltage V, = 32V. The
number of turns of the first, second and third windings are
46, 10 and 6 respectively. A ferrite core (EE type, Ferrox-
cube 3C95) with an air gap length of approximately 0.1mm
is required to provide an expected inductance of 800uH.
A signal generator circuit is designed and implemented
to provide a symmetrical random binary voltage Vrps(t),
having an adjustable amplitude 0V —2V, a clock of 5M H =z
and a flat spectrum from 100Hz to 5M Hz. The input-
output data is acquired by an Agilent digital oscilloscope
(DSO6054A) with a preset sampling rate of 50M Hz and
12 bits for each sample. A sensing resistor of 465.5(2 is
chosen for Exps. 1, 6, 7 and 8, while Exps. 2 and 4 use a
resistor of value R, = 6.84€). The transfer function orders
of the impedances Z1(s), Z2(s) and Zs(s) are selected
{nw}3_; = 3 and {n;,}3_, = 1 in order to maximize the
fit between the measured and simulated data.

The estimated parameters of the winding model are sum-
marized in Table I, where the impedances Z;(s) obtained
from both Exps. 3 and 5 are all included for comparison. As
can be seen in Table I, the two independent estimations of
Z1(s) are very close. This effectively confirms the accuracy
of our estimation approach.

TABLE I
WINDING MODEL PARAMETERS.

Component SRIVC Algorithm
Lo 795.24p H
R 87.153k€)
Cm 8.864pF
Cia 7.8907pF
Ci3 123.95pF
C3 62.77pF
n2 0.2174
n3 0.1304
=6 0.908
Z1(s) 0.327 4+ 1.012 - 10 s + HTQ;OG from Exp. 3
0.326 +1.009 - 10~ %5 + 0580 from Exp. 5
=7 0.125
ZQ(S) 0.0408 + 1.224 - 10 8S + W
- . S
ZJ(Q) 0.0415 + 7.399 - 10 s+ m




Fig. 4. A circuit structure for validating the transformer winding model
in time domain.
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Fig. 5. Measured and simulated results obtained from the time domain
model validation scheme in Fig. 4

B. Model verification

Both time and frequency domain tests are required to
examine the accuracy of the obtained winding model. The
time domain test circuit, as sketched in Fig. 4, is both
experimentally performed and simulated in Simulink. A
binary random voltage V;(t), as plotted in Fig. 5(a), is
injected to the primary side of the transformer. Two load
resistors ;o = 3.034€2 and R;3 = 1.05652 are chosen. The
secondary and third winding voltage, which are returned
from the experiment and model simulation, are compared in
Fig. 5(b) and Fig. 5(c) respectively. The similarity and good
fit between the simulated and measured output voltages
strongly supports the time domain approach to determine
the transformer model. The comparison with different load
resistors, not presented here due to space limitation, also
shows a good agreement between modelling and experi-
mental results.
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A test in the frequency domain is performed using a
HP4194A Impedance/Gain-Phase Analyzer. The primary
impedance of the transformer is measured between 500H z
and 15M Hz in three different circuit configurations as
presented in Table II.

TABLE II
FREQUENCY DOMAIN TEST CONFIGURATIONS.

Test case Winding configuration
1 Open circuit both secondary and third winding
9 Open circuit secondary winding and
short circuit third winding
Short circuit secondary winding and
3 o L
open circuit third winding

For comparison, the corresponding frequency behavior
of the primary impedance is computed in Matlab based
on the model parameters in Table I. The frequency re-
sponses resulting from the actual measurement and mod-
elling computation at different secondary and third winding
configurations (as mentioned in Table II) are described in
Figs. 6, 7 and 8. In all the three frequency-domain test
cases, the model shows very good performance in predicting
the transformer response at frequencies larger than 10K H z.
However, the error between the measured and modelling re-
sults increases at lower frequencies (smaller than 10K H z).
The reason for the discrepancy at low frequencies is due to
the limitation in the total data time which can be collected
by the digital oscilloscope. An oscilloscope, that can store
a longer time-series of data, is expected to bring a better
transformer model, particularly at low frequencies.

V. CONCLUSIONS

In this study, we present a time domain approach to
the identification of a frequency-dependent model for a
3-winding flyback transformer. The method requires only
simple measurement equipment (such as a digital oscillo-
scope) to acquire the time domain data. Although the round-
off error occurring during the data collection phase limits
the performance of the estimation procedure, the accuracy
can be improved by employing a high resolution data
acquisition card or focussing on a frequency or dynamic
range of interest. The latter approach has been successfully
applied to impedance estimation by picking an appropriate
sensing resistors for each experiment. As demonstrating in
the paper, the time domain approach can provide a winding
model at least as accurate as obtained with the frequency
response data. With a longer data time series record, a more
accurate transformer model is obtained, particularly at low
frequencies. The results in this paper are valid for relatively
small signal variations and represent the dynamics of the
transformer, particularly for high frequencies. Future work
will extend the operational range of the model to include a
nonlinear transformer core effect.
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