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Abstract—A new transformer equivalent circuit model is
presented containing separate common-mode and differential-
mode capacitors, allowing for direct and simple analysis of the
transformers influence. The representation of common-mode and
differential-mode signals in two-winding transformers have been
described and presented. Problems related to two commonly
used transformer equivalent circuit models are shown. Operation
scenarios of an isolated full bridge phase-shift DC/DC converter
is used to compare the new transformer model with a commonly
used model. Three transformers with different turns-ratio are
constructed, with the purpose of evaluating the transformer
models. Both models provided accurate impedance prediction
for transformers with turns-ratio equal to one. However, for
turns-ratios different from one, the commonly used model has
an error of 40%-132% in the predicted equivalent capacitance
of the measurements, whereas the proposed model only has
an error of 0.6%-7.3%. The proposed model is therefore the
only model that predicts accurate transformer behavior for any
turns-ratio.

Index Terms—Common mode, Differential mode, Parasitic
capacitance, Equivalent circuits, Transformers, Modeling, DC-
DC power converters, Phase shifted converter, Impedance mea-
surement

I. INTRODUCTION

The equivalent circuit model of the transformer is a key
factor in many aspects of a Switch-Mode Power Supply
(SMPS) design, such as power loss calculation, common-mode
(CM) and differential-mode (DM) filter design. An important
element when designing a CM or DM filter is the amount of
capacitance charged or discharged by the respective signals
[1], [2]. The transformer models that currently exist does not
clearly distinguish between whether the lumped capacitors are
influenced by CM or DM signals, which is shown later in this
paper. This makes it difficult to design proper filters for the
SMPS.

Many different equivalent circuit models of the transformer
has been presented in the literature. Common for all the
models is that they contain an ideal transformer, windings
resistances, capacitors, magnetizing and leakage inductances.
When comparing the many different transformer models, it be-
comes clear that the main difference are the number and place-
ment of the lumped capacitors. Two of the most commonly
used transformer models are the asymmetrical three capacitor
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Fig. 1. The asymmetrical transformer model, excluding leakage inductance
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Fig. 2. The six-capacitor transformer model, excluding leakage inductance
and winding resistance

transformer model (henceforth called the asymmetrical model)
[3]–[7] and the six-capacitor transformer model [8]–[12]. The
two models are shown on Fig. 1 and Fig. 2 respectively, where
the leakage inductance and winding resistance are excluded for
the sake of simplicity.

The transformer model lumped circuit parameters is ex-
tracted from the measured transformer impedance in specific
scenarios [6]–[8]. The specific scenarios does not always
match the operation scenarios that the transformer is exposed
to. Therefore the model should both be able to extract its
equivalent circuit parameters from measurements, but also be
able to predict the impedance in scenarios that have not been
measured. Otherwise problems may arise when analyzing the
transformer performance in operation scenarios of a SMPS.

The six-capacitor transformer model are widely used, be-
cause it has been shown to precisely depict the impedance
of the transformer. The reason for its precision is that the
parameters are determined by measuring the transformer in
many different scenarios [8]. The model does however have
at least two problems. The first problem lies in defining the
amount of charge or discharge that comes from CM or DM

© 2020 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including reprinting/republishing this material for 
advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other works.



TABLE I
VOLTAGE POTENTIALS BETWEEN THE TRANSFORMER TERMINALS

Terminal voltage Voltage equation

+� − +� +38 5

+� − +� +2>< + +38 5 (1 − =) /2
+� − +� +2>< + +38 5 (1 + =) /2
+� − +� +2>< − +38 5 (1 + =) /2
+� − +� +2>< − +38 5 (1 − =) /2
+� − +� =+38 5

signals, as multiple capacitors are affected by both signals. The
second problem is the complexity of measuring the parameters,
as it require specific measurements to have three resonance
frequencies. Since transformer optimization typically leads to
lowered parasitic parameters [13], the impedance resonances
occurs at larger frequencies. Therefore, in certain cases are
the resonances so numerically high in value that only the
first resonance is visible and the rest is obscured by the non-
modeled influences on the transformer.

The asymmetrical model is simpler than the six-capacitor
model, mainly due to the lower number of lumped capacitors
in the model. The asymmetrical model only needs the first
resonance of the impedance measurement to determine the
lumped capacitors. However, the asymmetrical model also has
the problem of not being able to separate the amount of charge
or discharge that comes from either CM or DM. Further-
more, it does not correctly mimic the measured transformer
impedance for certain scenarios, which is proven later in the
paper.

A new accurate equivalent circuit capacitance model of
the transformer are therefore needed, which preferably is
simple like the asymmetrical model, but also correctly mimics
the transformer impedance. It should furthermore be able to
clearly separate the amount of charge or discharge that comes
from CM and DM signals In this paper, a new accurate
transformer capacitance model is proposed which satisfies the
previously mentioned conditions.

II. CM AND DM SIGNALS IN A TRANSFORMER

Fig. 3 is used to explain the CM and DM signals of a
transformer. The figure illustrates a transformer with a turns-
ratio of n, where signals are applied to each primary terminal
(A and B), while each secondary terminal (C and D) are loaded
with infinite impedance. All of the terminals signals +�, +�,
+� and +� are referred to the same reference frame. The
transformer CM signal (+2><) is defined as the difference
between the CM level on either side of the transformer,
whereas a DM signal in a transformer

(
+38 5

)
is defined as

the difference between the primary terminals

+2>< = (+� ++�) /2 − (+� ++�) /2 (1)
+38 5 = +� −+� (2)

For the sake of simplicity is it assumed that the transformer
model is loss-less, meaning that +38 5 is transferred directly as
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Fig. 3. Universal transformer application
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Fig. 4. The proposed symmetrical transformer equivalent circuit model,
excluding leakage inductance and winding resistance

a function of the turns-ratio. The DM signal on the secondary
side is therefore

=+38 5 = +� −+� (3)

It is clear to see that any lumped capacitor placed between
the transformer terminals A and B or C and D only experiences
a pure DM signal. Capacitors placed between any other termi-
nals are influenced by a mixture of CM and DM signals. For
instance the voltage between terminal A and C are expressed
as

+� −+� = ((+� ++�) −+�) − ((+� ++�) −+�) (4)
= +2>< + (+� −+�) /2 − (+� −+�) /2
= +2>< ++38 5 (1 − =) /2

Table I lists all the possible combinations of voltage poten-
tials between the transformer terminals, expressed in the form
of +2>< and +38 5 . This shows that some of the capacitors in
the six-capacitor and asymmetrical model are influenced by a
mixture of CM and DM signals.

III. PROPOSED TRANSFORMER EQUIVALENT CIRCUIT
CAPACITOR MODEL

A new equivalent circuit models of the transformer is
proposed in which the lumped capacitors only is affected by
either CM or DM signals. The proposed symmetrical model is
shown on Fig. 4, where the leakage inductance and winding
resistance are excluded. In the proposed model, both the
primary and secondary winding of the ideal transformer, are
split in two equal portions. This allows for the placement of
�12 such that only the CM signal affects it. The split windings
are all coupled to the same core, meaning half the primary
voltage is across each portion of the primary winding, and half
the secondary voltage is across each portion of the secondary
winding. This representation of the ideal transformer provide
the same analytical results as the ideal transformer used on the
six-capacitor and asymmetrical model. The voltage signal +12
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Fig. 5. Measurement method for extracting the transformer equivalent circuit
parameters, !<, �1, �2 and �12

across the capacitor �12 in the symmetrical model are defined
as

+12 = (+� + (+� −+�) /2) − (+� + (+� −+�) /2) (5)
= (+� ++�) /2 − (+� ++�) /2
= +2><

A. Extraction of the equivalent circuit parameters

It is described how to measure the asymmetrical model
circuit parameters in [6]. The same method also applied for the
symmetrical model. Two different measurements are needed to
determine the values, one measurement extracting �12 and a
measurement that determines !<, �1 and �2.

The extraction of �12 is done by measuring the impedance
between the primary and secondary side, where terminals A
and B are shorted and terminals C and B are shorted, see
Fig. 5a. The impedance of the asymmetrical and symmetrical
models in this scenario are

/�" =
1
B�12

(6)

The parameters !<, �1 and �2 is determined either by
measuring the open circuit impedance on either the primary
side or the secondary side. Fig. 5b shows the measurement of
the primary side open circuit impedance. The impedance of
the asymmetrical and symmetrical models in this scenario are

/�" =
B!<

B2!<
(
�1 + =2�2

)
+ 1

(7)

The measured equivalent capacitance in this scenario is �4@ =

�1 + =2�2, which determines the joint capacitor values of �1
and �2. Additional measurements are needed to separate �1
and �2, however this is only possible if the leakage inductance
and winding resistance is included. It should however be
mentioned that it is not necessary to separate �1 and �2 for
the following explanation.

IV. OPERATION OF THE TRANSFORMER IN A DC/DC
CONVERTER

An isolated full bridge phase-shift DC/DC converter as
shown on Fig. 6 is utilized to show the CM and DM signals in
a transformer during normal operation. The converter opera-
tion is descried in [14]. For the sake of simplicity it is assumed
that the voltage difference between primary and secondary
return is zero (+� = 0), as is often the case in SMPS. The
CM and DM signals in the transformer during one switching
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Fig. 6. Isolated full bridge phase-shift DC/DC converter
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Fig. 7. Operation of an isolated full bridge phase-shift DC/DC converter

cycle is illustrated on Fig. 7, along with the voltage potentials
at each of its four terminals.

The converter has four different operation scenarios during
one switching cycle, as indicated by the numbers 1, 2, 3 and
4 on Fig. 7. Scenarios 1 and 3 are the power transfer states
of the converter, in which the transformer is subjected to both
CM and DM signals. Scenarios 2 and 4 are the free wheeling
states of the converter. The transformer is only affected by a
CM signal in scenario 2, whereas in scenario 4 no signal is
applied to the transformer.

The circuitry involving the transformer during the four
operation scenarios can be simplified as shown on Fig. 8, by
assuming that the switches are ideal, meaning zero impedance
when ON and infinite impedance when OFF. The dashed
lined in each of the figures indicate a virtual short between
primary and secondary return. By viewing the four operation
scenarios of Fig. 8, it follows that operation scenario 1 and
3 produce different scenarios than what is used to measure
the asymmetrical and symmetrical models equivalent circuit
parameters. Operation scenario 2 is however the same as the
measurement used to define �12, while operation scenario
4 is a state of zero impedance. For this reason, operation
scenarios 1 and 3 are used for comparing the asymmetrical



TABLE II
IMPEDANCE EQUATIONS OF THE TWO TRANSFORMER MODELS

Symmetrical model Asymmetrical model

Scenario 1 /BH<,(1 =
B!<

B2!<
(
�1 + =2�2 + 1

4�12 (1 − =)2
)
+ 1

/0BH<,(1 =
B!<

B2!<
(
�1 + =2�2 +�12 (1 − =)2

)
+ 1

Scenario 3 /BH<,(3 =
B!<

B2!<
(
�1 + =2�2 + 1

4�12 (1 − =)2
)
+ 1

/0BH<,(3 =
B!<

B2!<
(
�1 + =2�2

)
+ 1
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Fig. 8. Illustration of the transformer connections during the operation
scenarios of an isolated full bridge phase-shift DC-DC converter

and symmetrical model.
In [8] it is shown that operation scenario 1 and 3 are

used to define the parameters of six-capacitor model. Since
measurements that are used for parameter extraction always
matches the measured impedance, will the six-capacitor model
not be compared with the symmetrical model. If the impedance
of the six-capacitor model are to be compared with symmet-
rical model, it should be in a scenario that are not used for
parameters extraction.

A. Transformer impedance in the operation scenarios

The impedance equations of operation scenarios 1 and 3
in the symmetrical model is different compared to those of
the asymmetrical model. The impedance equation of operation
scenario 1 for the symmetrical model is derived from Fig. 9,
which illustrates the effective circuit during the scenario. The
input current of the model (�8=) is expressed as

�8= = ��1 + �!< + �?1 (8)

All the current flowing to the ideal transformer primary side(
�?1 + �?2

)
are transformed to the secondary side (�B1 + �B2)

with the turns-ratio (=), therefore

�?1 + �?2 = = (�B1 + �B2) (9)

From Fig. 9 is it clear that

�?2 = �?1 − ��12 (10)
�B1 = ��2 (11)
�B2 = ��2 − �- = �B1 − ��12 (12)
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Fig. 9. Symmetrical transformer model in operation scenario 1

By comparing (11) and (12), it follows that ��12 = �- . Inserting
(10), (11) and (12) in (9) yields

�?1 = = ��2 +
1
2
��12 (1 − =) (13)

Thereafter by inserting (13) in (8) gives

�8= = ��1 + �!< + = ��2 +
1
2
��12 (1 − =) (14)

The impedance of each component are illustrated on Fig. 9
along with their corresponding voltage potential, where +8=
is the voltage applied to the model. The admittance and
impedance of operation scenario 1 are therefore as shown in
(15) and (16) respectively.

�8=

+8=
= B �1 +

1
B !<

+ B �2 =
2 + 1

4
B �12 (1 − =)2 (15)

/BH<,(1 =
B!<

B2!<

(
�1 + =2�2 + 1

4�12 (1 − =)2
)
+ 1

(16)

The impedance of operation scenario 3 is derived the same
way, and it yields the same result as in (16) when using the
symmetrical model. The impedance of operation scenario 1
and 3 are also derived for the asymmetrical model by using the
same method, and a comparison of the impedance equations
among the two models are listed in Table II. It follows that the
symmetrical model predicts the same impedance in operation
scenario 1 and 3, whereas the asymmetrical model predicts
different impedance. Only when the turns-ratio equals 1 does
the two models predict the same impedance in both operation
scenarios.
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Fig. 10. Three constructed foil transformers

(a) Interwinding measurement, /�"

(b) Open circuit measurement seen from primary, /�"

Fig. 11. Measurement used for parameter extraction of the three transformers

V. EXPERIMENTAL RESULTS

Three transformers with the same core but different turns-
ratio are constructed. The utilized core is the E55/28/21-
3C90 from Ferroxcube and the turns-ratios are 12:12, 12:06
and 12:03 respectively. The primary and secondary winding
for each transformer are constructed by using copper foils
of 0.15mm thickness and 30mm width. The primary and
secondary winding of each transformer are heavily interleaved,
to minimize AC resistance and leakage inductance [13], [15],
[16]. The constructed transformers are shown on Fig. 10.

The equivalent circuit parameters of the transformers are
measured by using a Keysight 4294A Precision Impedance
Analyzer. The results are shown on Fig. 11. It follows from
Fig. 11a that the three transformers all have a resonance
frequency after 10Mhz. This resonance frequency is a product
of �12 and the transformer parasitic inductance added with
the termination inductance. The capacitor �12 dominates the
impedance before the resonance, allowing for a simplified
impedance equation as shown in (6). The measured �12 for
the three transformers are listed in Table III.

(a) Transformer turns-ratio 12:12

(b) Transformer turns-ratio 12:06

(c) Transformer turns-ratio 12:03

Fig. 12. The measured impedance (/B1) of the three transformers in operation
scenario 1, compared with the theoretically calculated impedance of the
asymmetrical and symmetrical transformer model

The measurement on Fig. 11b equals the impedance from
(7). The numerical value of the first resonance frequency
( 5A4B1) for each transformer is shown on the figure. The
impedance before the resonance frequency is dominated by
the magnetizing inductance (!<), from which its value can
be obtained. The equivalent capacitance value

(
�4@

)
of the

measurement are derived as shown below, and the values are
listed in Table III.

�4@ = �1 + =2�2 =
1

4c2!< ( 5A4B1)2
(17)

Measurements of operation scenario 1 and 3 are performed
on the transformers according to the depictions from Fig. 8.
The impedance is measured from +8= in both scenarios, and
a physical short are performed to mimic the virtual short.
The measured impedance of operation scenario 1 (/(1) and
3 (/(3), together with the theoretical impedance equations



TABLE III
MEASURED TRANSFORMER EQUIVALENT CIRCUIT PARAMETERS

Turns-ratio !< �1 + =2�2 �12

12:12 1.11 mH 113 pF 13.19 nF

12:06 1.15 mH 804 pF 8.13 nF

12:03 1.11 mH 646 pF 3.08 nF

TABLE IV
EQUIVALENT CAPACITANCE OF THE OPERATION SCENARIO 1

Turns-ratio Measured Symmetrical model Asymmetrical model

12:12 115 pF 113 pF 113 pF

12:06 1223 pF 1312 pF 2837 pF

12:03 1104 pF 1079 pF 2377 pF

TABLE V
EQUIVALENT CAPACITANCE OF THE OPERATION SCENARIO 3

Turns-ratio Measured Symmetrical model Asymmetrical model

12:12 116 pF 113 pF 113 pF

12:06 1372 pF 1312 pF 804 pF

12:03 1073 pF 1079 pF 646 pF

from Table II, are compared on Fig. 12. Since the symmetrical
model predicts the same impedance in both of the operation
scenarios, it is chosen to present both of the predictions as
/BH<.

The measurement on Fig. 12a shows results of the trans-
former with turns-ratio 12:12. The impedance equation in
Table II show that when the turns-ratio equals one (= = 1)
both models predict the same result, which is evident from
Fig. 12a. The small difference between the measurement and
calculation is due to non-ideal connections. The measurement
of the transformer with turns-ratio 12:06 and 12:03 are shown
in Fig. 12b and 12c, respectively. The comparison between
the measurement and the models clearly shows that only
the symmetrical model provides the correct results for the
operation scenarios.

The equivalent capacitance value of each of the measure-
ments are derived using (17), and the numeric values for
operation scenario 1 and 3 are listed in Table IV and V
respectively, along with the equivalent capacitance of the
model predictions. It follows that for turns-ratios different
from one, the asymmetrical model has an error of 40%-132%,
whereas the symmetrical model only has an error of 0.6%-
7.3%. The large error of the asymmetrical model proves that
it provides faulty analysis of e.g. the capacitive power loss or
emitted noise of the transformer. Only the symmetrical model
provides accurate analysis of the transformer behavior for all
turns-ratios.

VI. CONCLUSION

A new symmetrical transformer equivalent circuit model
has been proposed and compared to a commonly used asym-
metrical model. It has been shown how the operation of a
isolated full bridge phase-shift DC-DC converter, subject the
transformer to four different operation scenarios. Two of those
scenarios are chosen to compare the two models. The proposed
symmetrical model has been shown to accurately reflect the
impedance in both scenarios, while the asymmetrical model
does not.

Common-mode and differential-mode signals in a trans-
former has been explained. It has been described that the
symmetrical model clearly separates which lumped capaci-
tors are influenced by common-mode and differential-mode
signals, whereas other equivalent circuit models does not. The
symmetrical model does therefore allow for a simpler analysis
of the common-mode and differential-mode noise than other
model does.

Three heavily-interleaved foil transformers was constructed
with different turns-ratio, and their equivalent circuit param-
eters were extracted. The three transformers were subjected
to the operation scenarios, and the measured results were
compared to the calculated response from the models. It was
shown that both models provided correct impedance prediction
for turns-ratio equal to one. For turns-ratios different from
one, the asymmetrical model had an error of 40%-132% in
the predicted equivalent capacitance of the measurements,
whereas the symmetrical model only had errors between 0.6%-
7.3%. The symmetrical model is therefore the only model that
predicts accurate transformer behavior for any turns-ratio.
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