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Experimental Extraction of Winding Resistance in
Litz-Wire Transformers—Influence of

Winding Mutual Resistance
Korawich Niyomsatian , Student Member, IEEE, Johan J. C. Gyselinck , Member, IEEE, and Ruth V. Sabariego

Abstract—The extraction of winding resistance from impedance
measurements needs a compensation of undesirable effects, e.g.,
core loss and distributed winding capacitance. This paper rigor-
ously shows that the core loss (or core-loss resistance) measured
with the two-winding method always includes the effect of the
winding mutual resistance. At high frequencies, this effect becomes
more prominent and can cause an overestimation of the measured
core-loss resistance. As a result, the compensated winding resis-
tances can be significantly underestimated. To mitigate this effect,
this paper proposes to measure the core-loss resistance on an aux-
iliary 1:1 transformer with single-turn windings. Consequently, it
is scaled to obtain the actual core loss. The proposed analysis and
method is applicable to multiwinding systems. For validation, this
paper considers a gapped transformer with litz-wire winding for
high-frequency operations. The experimental results are validated
against the results from its three-dimensional finite-element (FE)
model. The litz-wire winding is considered in the FE model by
means of a homogenization approach. With the method proposed
in this paper, the experimentally extracted winding resistances be-
come more accurate and are in good agreement with the FE results.

Index Terms—Eddy current, finite-element (FE) methods, HF
transformers, resistance measurement, transformer windings.

I. INTRODUCTION

A PART from core loss, winding loss is an integral part of
the losses of magnetic devices and it has become more

significant in modern-day high-frequency applications. Aiming
for a high-efficiency magnetic device, the experimental verifi-
cation of winding loss from winding resistance is an essential
procedure after the design process since a prototype always in-
cludes nonideal factors, e.g., tolerance of litz-wire construction
and core shape, which are difficult to be considered exhaus-
tively during the modeling and design processes. For a device
with nw windings, its winding loss is governed by frequency-
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Fig. 1. Configurations to measure winding resistances of a two-winding device
with an impedance analyzer [3]. The DUT is excited through the source terminals
of an impedance analyzer with the adjustable voltage source and with the known
current, whereas the voltage across the winding can be measured with the
sense probes. (a) Self-resistance measurement. (b) Small-signal core-resistance
measurement (Conventional two-winding method). (c) Leakage connection.

dependent nw (nw − 1)/2 winding mutual resistances in addi-
tion to conventional nw winding self-resistances [1]. Mutual
resistance between any two windings represents the additional
power loss in all the windings when the currents in both wind-
ings are nonzero. This winding mutual resistance is normally
negligible at low frequencies, but it becomes significant at high
frequencies particularly when windings are wound close to one
another to achieve tight coupling (proximity effect).

Despite being a simple and linear property when a core is in
its linear region under small excitation, determining the wind-
ing resistance from impedance measurements can be difficult
due to the excited core loss. The self-resistance obtained from
a measurement of resistance at the terminal of a winding [see
Fig. 1(a)] includes the small-signal core-loss resistance in ad-
dition to the desired winding self-resistance [2]. Despite using
low-loss ferrite cores, this core-loss resistance can yield more
than 10%–20% error above a few hundred kilohertz [3]. Notably,
the winding resistance of a device under test (DUT) should not
be measured without its magnetic core because the presence of
the core and airgap can greatly affect both the field distribution
in the winding region and the winding resistance. Therefore,
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determining the core loss and its compensation are crucial. Ac-
cording to a recent study [3], the predicted core loss based on
the complex permeability in a datasheet can significantly differ
from the actual one due to different testing conditions. Instead,
the measurement of the actual core loss is recommended, which
can be done with the two-winding method.

In this paper, all the methods relying on electrical measure-
ments and two windings are considered as the “two-winding
method” [4]–[7]. One winding (excitation winding) is used to
excite a core with a known current, while the other winding
(sensing winding) is kept open and its terminal voltage is mea-
sured [see Fig. 1(b)].1 Thus, the measured core loss excludes
the loss from its winding self-resistances. However, it includes
the effect of the winding mutual resistance between the two
windings because the measured voltage of the sensing wind-
ing is affected by the electric field caused by the excitation
winding [3], [5]. Therefore, if the core loss for compensation
is carelessly measured by directly performing the two-winding
method with the windings of the DUT, the obtained core loss
can be erroneous. From our observation of a gapped transformer
with a set of two tightly coupled litz-wire windings, the effect
of the winding mutual resistance can cause the overestimation
of the core-loss resistance, and thus the underestimation of the
extracted winding resistance. Despite being mentioned in [1]
and [3], to the best of our knowledge, the precise relationship
between the winding mutual resistance and the measured core
loss has not been rigorously formulated in the literature. In [1],
winding loss and a winding-resistance matrix are considered
without core loss and no circuit relation between them has been
clarified.

A direct way to determine the winding resistance is to use
a numerical method [8]–[12], particularly when the resistance
is small and difficult to measure accurately, e.g., winding mu-
tual resistance [5]. In this work, we have considered the finite-
element (FE) method because of high modeling flexibility and
accuracy for complex geometries. Furthermore, to model a litz
wire, the homogenization method in [8] and [13] has been
adopted. As a result, a litz-wire bundle is replaced by a homoge-
neous conductor enabling the easy integration into an FE model
of a magnetic device, avoiding a huge number of unknowns due
to fine discretization of many small conductor strands.2

The main original contribution of this paper is a rigorous
modeling and illustration of the effect of the winding mutual re-
sistance on the core-loss measurement based on the two-winding
method and the corresponding extracted winding self-resistance.
Additionally, a compensation of small-signal core-loss resis-
tance is exemplified to alleviate the effect of the winding mutual
resistance yielding accurate extracted winding resistance.

The paper begins by reviewing the electrical circuit model
of magnetically coupled windings and an equivalent circuit
of a two-winding device in Section II. As a result, the pa-

1Some variants from Fig. 1(b) are proposed in [4], [5], and [7] by adding a
capacitive element to in series or parallel with a DUT improve the accuracy of
measurement.

2As a rule of thumb, the characteristic length of the FE discretization of a
conductor should be at least three times smaller than the skin depth to accurately
capture the eddy-current effect at high frequencies.

per illustrates the effect of the winding mutual resistance
on the core loss measured with the two-winding method in
Section III. An improved core-loss compensation is proposed in
Section IV. The homogenized model of litz wires in FE models
is briefly explained in Section V. As a test case and validation,
a gapped transformer with tight coupling is selected, and its
three-dimensional (3-D) FE model is developed. The numerical
and experimental results are presented in Section VI.

II. ELECTRICAL CIRCUIT MODEL OF MAGNETICALLY

COUPLED WINDINGS WITH A MAGNETIC CORE

A. Device With nw Windings

Considering a frequency-domain magnetodynamic3 problem
of a magnetically coupled linear system with nw galvanically
isolated windings and a core being in its linear region due to
small excitation, at frequency f (angular frequency ω = 2πf ),
the voltage V i in complex rms-amplitude phasor (underlined
symbols with j =

√−1) across the terminal of the ith winding
can be described in terms of an impedance Zij = Zji = Rij +
jωLij with i, j = 1, . . . , nw as

V i =
nw∑

j=1

Zij Ij , i = 1, . . . , nw (1)

where Ij is the current entering the jth winding and Zij is
the mutual impedance if i �= j, otherwise, self-impedance Zii .
Herein, the passive sign convention is adopted. The current Ij

is defined positive when entering the defined positive voltage
terminal of a device. This results in positive Rii and reciprocity,
i.e., Rij = Rji .

When only the jth winding is excited
(
Ij �= 0

)
, an electro-

magnetic field is induced inside the conductors of the ith wind-
ing and vice versa (i �= j), leading to the winding impedance
Zw

ij between the ith and jth windings (proximity effect [6]).
In other words, the current distribution in the ith winding is
affected by the presence of the currents (and its generated mag-
netic field) flowing in the jth winding in its proximity, leading to
the change in the voltage drop (electric field) along the winding
(conductor). In addition, the current Ij creates the magnetic field
passing through the ith winding and induces additional voltage
across the winding. This magnetic field passes through the ith
winding via the air and via the core resulting in the magnetic
flux associated with the inductance Lair

ij and the complex induc-
tance Lcore

ij , respectively. The latter is a complex value since the
magnetic field flowing through a lossy core incurs core losses in
addition to lossless magnetic energy. The lossy property of the
core can be represented with a complex permeability, leading
to resistive and reactive components when under the magnetic
field [14], whereas the air is a lossless medium and contributes
to only a reactive component. To conclude, the impedance Zij

in (1) reads

Zij = Zw
ij + jω

(
Lair

ij + Lcore
ij

)
(2)

3The frequency is sufficiently low and the distributed capacitance effect is
neglected.
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Fig. 2. Simple illustration of a two-winding device. The common fluxes in
the core φcore

m
and in the air φair

m
are depicted with solid lines. The leakage flux

is denoted as φcore
leak

if its associated magnetic field passes through the magnetic

core and induces core loss, and is denoted as φair
leak

if its associated magnetic
field passes through the air.

where these three terms represent the phenomenon on different
medium: winding (conductor), air, and core, respectively.

To correctly model the winding resistance of a system,
in addition to the conventional winding self-resistance Rw

ii =
Re {Zw

ii}, the winding mutual resistance Rw
ij = Re

{
Zw

ij

}
with

i �= j is necessary particularly at high frequencies. The winding
self-resistance represents the losses in all the windings in the
system when only the net current in the ith winding is nonzero.
This also includes the eddy-current losses in the other windings
even when their net currents are zero (e.g., induction-heating ef-
fect). The winding mutual resistance represents the losses in all
the windings in the system when only the currents in the ith and
jth windings are nonzero. As previously explained, the winding
loss of the system depends on the phase difference among each
winding current. In other words, the winding loss of the system is

Pwinding =
nw∑

k=1

Rw
kk |Ik |2 +

nw∑

1≤i �=j≤nw

2Rw
ijRe

{
IiI

∗
j

}
(3)

where ∗ indicates the complex conjugate. Following a passive
sign convention, for a given device, the winding mutual
resistance Rw

ij can be positive or negative depending on the sign
convention of voltage variables V i . If positive, the winding
loss becomes highest when all the currents are in phase. For the
sake of clarity, this paper follows the dot convention in Fig. 1.

B. Two-Winding Device (nw = 2) and Its T-Equivalent Circuit

In this section, we derive a detailed model and its T-equivalent
circuit for a device with two windings (nw = 2) to analyze the
two-winding method.

The common flux (or magnetizing flux) φ
m

, linking two wind-
ings together through a magnetic core and air (see Fig. 2), can
be written based on Ampere’s law as

φ
m

= φcore
m

+ φair
m

=
(

1
Rcore

+
1

Rair

) 2∑

j=1

NjIj (4)

with Nj the number of turns of the jth winding, Rcore complex-
valued reluctance of the core, and Rair the real-valued reluctance
of the air. This core reluctance Rcore nonlinearly depends on the

Fig. 3. T-equivalent circuit of two magnetically coupled windings with pas-
sive sign and dot conventions. (a) At high frequencies, the winding mutual
impedance Zw

12 appears as part of the impedance obtained from the two-winding
method Z12/N , as well as the actual core impedance Z core

m ,11 . The magnetiz-

ing impedance Z core
m ,11 and Zair

m ,11 arise from the common fluxes linking two
windings together via the core and the air, respectively. (b) At low frequen-
cies, the winding mutual impedance can be neglected yielding the conventional
T-equivalent circuit.

flux level in the core
∣∣∣φcore

∣∣∣. By decomposing the total flux into

a mutual flux and a leakage flux, the corresponding impedance
in (2) can be rewritten as

Zij = Zw
ij + Zcore

m ,ij + Zair
m ,ij + Z leak,ij (5)

where

Zcore
m ,ij = jω

NiNj

Rcore
, Zair

m ,ij = jω
NiNj

Rair
(6)

Z leak,ij =
(
jωLcore

ij − Zcore
m ,ij

)
+

(
jωLair

ij − Zair
m ,ij

)
. (7)

In addition to the winding impedance due to eddy-current in the
first term in (5), the second and the third terms are associated
with the mutual fluxes through the core and the air, respectively,
and the last term is associated with the leakage flux.

For illustration, a two-port network in (1) with nw = 2 can be
represented by a T-equivalent circuit with an ideal transformer4

[see Fig. 3(a)], whose turns ratio is chosen to be N1 :N2 or
N = N2/N1 . This T-circuit is preferred over other variants,
e.g., Pi (Π)-circuits [15], because of its consistency with the
ones commonly adopted in the literature on the two-winding
method [4]–[7]. This helps illustrate the effect of the winding
mutual resistance in the two-winding method.

With Z leak,12 = 0 for a two-winding device, from (5), the
shunt impedance in the equivalent circuit [see Fig. 3(a)] is

Z12

N
=

Zw
12

N
+ Zcore

m ,11 + Zair
m ,11 (8)

4For two-winding systems, the turns ratio can be arbitrarily chosen [15].
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whereas the other series impedances in Fig. 3(a) are

Z11 − Z12/N =
(

Zw
11 −

Zw
12

N

)
+ Z leak,11 (9)

Z22 − NZ12 = (Zw
22 − NZw

12) + Z leak,22 . (10)

At low frequencies, the winding mutual impedance Zw
12 is neg-

ligible. Moreover, if the impedance Zair
m ,11 are omitted due to

dominant common flux in high-permeability cores, the detailed
equivalent circuit in Fig. 3(a) reduces to the conventional low-
frequency transformer model in Fig. 3(b). Therein, the winding
impedances simply become the winding self-impedance Zw

11
and Zw

22 . The conventional magnetizing inductance and core-
loss resistance seen from winding 1 correspond to the core
impedance Zcore

m ,11 .
Note that the circuit model can be extended to include the

nonlinear characteristics of the magnetic core by means of the
core-impedance element Zcore

m as a type of saturable transformer
component models [16], [17]. Even though in the linear case the
T- and Pi-circuits are equivalent, in case of nonlinearity of the
core, the Pi-circuit would be more suitable as more accurate [18].

III. INFLUENCE OF WINDING MUTUAL RESISTANCE ON

WINDING RESISTANCE EXTRACTION BASED ON

TWO-WINDING METHOD

From (5), the self-resistance Rii measured at the terminal of
the ith winding always includes the core-loss resistance Rc

ii in
addition to the desired winding resistance Rw

ii as

Rii = Re {Zii} = Rw
ii + Rc

ii (11)

where Rc
ii ≈ Re

{
Zcore

m ,ii

}
is the equivalent core-loss series re-

sistance [2], neglecting the core loss due to the leakage flux
[Re

{
Zcore

m ,ii

} � Re
{
Z leak,ii

}
in Fig 3(a)]. Hence, determining

the core-loss resistance Rc
ii is necessary, which can be measured

by the two-winding method. For single-winding devices (e.g.,
inductors), another winding is suggested to be wound, while for
multiwinding devices, two windings are selected. Therefore,
without loss of generality, a model of a two-winding device
(nw = 2) in Section II-B is considered.

A. Two-Winding Method for Core-Loss Measurement

Fundamentally, the two-winding method [see Fig. 1(b)] ex-
cites a core with one winding and a known winding current,
and measures the voltage in the other open-circuited winding
[4]–[7]. With the information of the current and the voltage, the
core loss5 (or core-loss resistance) under the given excitation
can be determined. Since the voltage is measured on a different
winding from the excitation one, the winding loss due to the
winding self-resistance of the excitation winding is excluded.
Instead, as explained hereafter in this section, the measurement
includes the effect of the winding mutual resistance between the
two windings.

5If the nonlinear core loss is of interest rather than the linear lumped resistance
model when the core suffers from large excitation, it is computed from the time
integration of the voltage and the current [6].

Considering the circuit in Fig. 3(a) with winding 1 as the
winding of interest to measure its winding self-resistance, the
two-winding method is employed using winding 2 as the sensing
winding to compensate the core loss. The voltage across the
shunt element V 1c [see Fig. 3(a)] can be known from the voltage
measured across the open-circuit sensing winding V 2 and the
given turns ratio N = N2/N1 , which is

V 1c =
V 2

N

∣∣∣∣
I 2 =0

. (12)

Concurrently, the exciting current I1 is known from the exci-
tation winding, and the core-loss resistance can be computed.
Equivalently, this results in the shunt impedance Z12/N [see
Fig. 3(a)]. This results in the estimated core-loss resistance of

R̃c
11 = Re

{
V 1c

I1

∣∣∣∣
I 2 =0

}
= Re

{
Z12

N

}
= Rc

11 +
Rw

12

N
. (13)

Clearly, the core-loss resistance measured with the two-winding
method R̃c

11 includes the effect of the mutual winding resistance
between the two windings Rw

12 in addition to the desired actual
core-loss resistance Rc

11 .

B. Effect of Winding Mutual Resistance Rw
12 on

Extracted Winding Resistance

Substituting the estimated core-loss resistance obtained with
the two-winding method from (13) in (11), the corresponding
winding self-resistance can be estimated from

R̃w
11 = R11 − R̃c

11 = Rw
11 − Rw

12/N. (14)

In other words, from the circuit in Fig. 3(a), the compensated
impedance is the series element Z11 − Z12/N in (9), but not
the desired winding self-impedance Zw

11 . Evidently, the error
of the estimated winding self-impedance is due to the winding
mutual resistance Rw

12 , which inherits from the two-winding
measurement shown in (13).

If the winding mutual resistance Rw
12 is negligible (Rw

12 ≈ 0),
which is true at low frequencies in a system of galvanically iso-
lated windings, this conventional method results in the estimated
winding resistance being consistent with the actual winding
self-resistance of our interest [R̃w

11 = Rw
11 at low frequencies,

Fig. 3(b)]. However, at high frequencies, this can lead to large
errors when the winding mutual resistance becomes significant
and the two windings are tightly coupled.

IV. EXPERIMENTAL METHODOLOGY WITH IMPROVED

CORE LOSS COMPENSATION

A. Core-Loss Resistance Compensation

As illustrated in the previous section, the measured core-loss
resistance from the two-winding method always includes the
effect of winding mutual resistance. Despite being irremovable,
one possible way to alleviate the effect consists in applying
the two-winding method on an auxiliary device with a set of
windings that possesses low winding mutual resistance. As an
alternative to [3] that uses the same number of turns as the orig-
inal one, in this work, we propose to perform the two-winding
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method on an auxiliary with an ungapped-core counterpart and a
set of single-turn 1:1 windings (N1,aux = N2,aux = Naux = 1)
to minimize the winding mutual resistance.

If litz wires are used, it should have as few strands as possible.
One may use only a single strand extracted from a litz-wire bun-
dle (for the test in Section VI, we used a single round wire with
a diameter of 0.2 mm). Furthermore, the two windings should
be wound separately and far from each other. In this manner,
the winding mutual resistance between the two windings can be
neglected. One can try adjusting the distance between the two
windings and performing the measurement to ensure that the
measured resistance remains almost constant.

The core impedance in (6) seen from the ith winding can
be written as a series RL (Rc

ii , L
c
ii) element and a parallel RL

(Rcp
ii , Lcp

ii ) element as

Zcore
m ,ii = jω

N 2
i

Rcore
= Rc

ii + jωLc
ii =

(
1

Rcp
ii

+
1

jωLcp
ii

)−1

(15)
where

Rc
ii = ωN 2

i

Im {Rcore}
|Rcore |2

, Lc
ii = N 2

i

Re {Rcore}
|Rcore |2

(16)

Rcp
ii =

ωN 2
i

Im {Rcore}
, Lcp

ii =
N 2

i

Re {Rcore}
. (17)

To ensure the same core loss between the auxiliary and the
actual DUT, we need to control the flux density inside the core
of both cases to be the same. Considering the same two-winding
device in Section III [see Fig. 3(a)] and assuming the two wind-
ings are wound around the limbs of the core with the same
cross-sectional area, the flux density in the DUT’s core dur-
ing the self-impedance measurement on winding 1 can then be
estimated from the flux of winding 2 as

∣∣∣φcore

∣∣∣ =
|V 2 |
ωN2

∣∣∣∣
I 2 =0

(18)

or one can use the reactive components of the measured voltage
to avoid the effect of the resistive components, i.e., ||V 2 | sin θV |
with θV the angle between the phasors I1 and V 2 , instead of
|V 2 |. While performing the two-winding method on the auxil-
iary, the excitation level of its excitation winding is adjusted to
yield the open-circuit voltage of the sensing winding of

∣∣V 2,aux

∣∣ =
Naux

N2
|V 2 | (19)

so as to regulate the flux density inside the auxiliary’s core.
To measure the core resistance of the auxiliary, it is recom-

mended to use the core with minimum airgap or without [3],
[19], and [20]. This leads to lower quality (Q) factor and less
errors of the measured core-loss resistance [7]. With a smaller
airgap in the magnetic path, the excitation VA to generate the
same level of core loss (magnetic flux) decreases, thus the power
factor and the Q factor of the system also decrease [19]. In other
words, the parallel (Rcp

ii , Lcp
ii ) element representation should

be considered rather than the series representation (see Fig. 4).
In general, the core losses of gapped and ungapped cores are
comparable at the same flux level because the airgap volume is

Fig. 4. Core impedance Z core
m , i i represented by a series RL element: Rc

ii +
jωLc

ii , and by a parallel RL element: ( 1
R

c p
i i

+ 1
jω L

c p
i i

)−1 . Since both represent

the same core impedance, the Q factor remains the same.

Fig. 5. Comparison of the measured Q factor of the core impedance of the
auxiliary winding with gapped and ungapped cores. It is displayed only in the
region where the measured resistance is positive. At low frequencies and high Q
factors, the core resistance cannot be correctly measured based on the instrument
accuracy.

usually smaller than the core volume, yielding Im{Rgapped
core } ≈

Im{Rungapped
core } and thus comparable Rcp

ii . Moreover, for the
same number of turns and flux level, the ungapped core yields
higher Lcp

ii since Re{Rgapped
core } � Re{Rungapped

core }, and thus a
lower Q factor. We confirm this experimentally in Fig. 5.

Since the core losses of both cases are approximately the

same at the same flux level
∣∣∣φcore

∣∣∣, the imaginary parts of their

core reluctances, Im {Rcore}, are comparable and, from (15)
and (17), this yields

Rcp
11 =

(
N2

Naux

)2

Rcp
aux,11 (20)

where Rcp
11 and Rcp

aux,11 are the core-loss parallel resistances of
the DUT and the auxiliary seen from winding 1, respectively.
By converting the parallel resistance to the equivalent series
resistance, the core-loss series resistance Rc

11 can be found from

Rc
11 =

(ωLcp
11)

2

(Rcp
11)

2 + (ωLcp
11)

2 Rcp
11 (21)

where Lcp
11 is the measured parallel inductance of a DUT with

gapped core. To avoid the effect of the resonance at high fre-
quencies, one can use the low-frequency value because the in-
ductance of a gapped inductor varies slightly with frequency.
For an ungapped DUT, one can still use (20) without (21), but
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has to replace the parallel resistance Rcp with the series resis-
tance Rc now that the core of the DUT and the auxiliary are
identical.

B. Steps of the Winding Resistance Extraction Method

The proposed procedure to extract winding resistance from
impedance measurements is summarized in this section. The
procedure requires the two windings of a DUT: the winding of
interest and the other to measure the flux density inside the core.
If a DUT is a multiwinding device, two windings are selected.
If a DUT is a single-winding device, another winding should
be wound with as few turns as possible and with finer strand so
that it does not affect the field distribution in the winding region.
In addition, the procedure requires an auxiliary device made of
the ungapped-core counterpart but with a 1:1 single-turn two
windings. Notably, the dot convention is followed (see Fig. 1).

We assume that the ith winding as the winding of interest
and excitation winding, the jth winding as a sensing winding
with N = Nj/Ni , and the winding self-resistance Rw

ii can be
determined based on the following steps. Since, the concept is
the same as the guideline in [3], the first four steps from [3] are
repeated herein for completeness.

1) Measure the self-resonance frequency fres (ωres =
2πfres) of a DUT based on Fig. 1(a).6

2) Measure the self-impedance of the DUT, Zmeas
ii =

Rmeas
ii + jωLmeas

ii , based on Fig. 1(a) together with the
open-circuit voltage V j .

3) Estimate the equivalent winding distributed parallel ca-

pacitance from Cp
i =

1
(2πfres)

2 Lres
ii

where Lres
ii is the

estimated inductance at the resonant frequency. Lres
ii can

be estimated from the low-frequency value of the mea-
sured self-inductance Lmeas

ii using a gapped core.
4) Compensate the measurement from the effect of wind-

ing capacitance, yielding Rii from the formula in [3], or
equivalently from

Rii = Re {Zii} = Re
{

ZC ,iZ
meas
ii

ZC ,i − Zmeas
ii

}
(22)

where ZC ,i = 1/ (jωCp
i ).

5) (Optional for determining winding mutual resistance)
Measure the small-signal core-loss series resistance of
the DUT, R̃c

ii , based on the two-winding measurement
using winding i and winding j [see Fig. 1(b)].6

6) Measure the small-signal core-loss parallel resistance
Rcp

aux of an auxiliary device (ungapped transformer with
1:1 single-turn windings) based on the two-winding mea-
surement [see Fig. 1(b)].6 The core must be excited to
have the same flux level by satisfying (19) based on the
measured V j in step 2.

7) Determine the small-signal core-loss series resistance Rc
ii

from (20) and (21).

6The reactive power compensation by adding a capacitor to the network
similar to the two-winding methods in [4], [5], and [7] can be performed instead
to improve accuracy.

Fig. 6. Micrograph of a cross section of a real 0.1-mm-diameter 200-strand
litz-wire bundle with the fill factor λ = 0.4 taken by the authors (left) being
homogenized with frequency-dependent and fill-factor-dependent complex per-
meability and impedance (right).

8) Obtain the winding self-resistance from

Rw
ii = Rii − Rc

ii . (23)

For determining the winding mutual resistance Rw
ij = Rw

j i ,
the test leakage connection in Fig. 1(c) can be done. Given Rw

ii

and Rw
jj from the aforementioned steps, the winding mutual

resistance can be derived from (3) or Fig. 3(a) by imposing
I1 = −I2 , reading

Rw
ij =

Rw
ii + Rw

jj − Rlkg

2
(24)

where Rlkg is the resistance measured from the leakage con-
nection [3]. Notably, the compensation of core loss might still
be required when measuring Rlkg except for a transformer with
unity turn ratio because of negligible core flux. Alternatively,
knowing the measured R̃c

ii and Rc
ii from steps 5 and 7, we can

exploit the relation (13) and find the winding mutual resistance
from

Rw
ij =

(
R̃c

ii − Rc
ii

)
N. (25)

V. NUMERICAL FE MODEL WITH HOMOGENIZATION

OF LITZ-WIRE BUNDLE

In this paper, the homogenization method in [13] and [21] is
adopted to incorporate a litz-wire bundle into an FE model. To
avoid high computational cost due to fine discretization of many
small conductors, the litz-wire bundle is replaced by a round
homogeneous conductor, in which the current density is uniform
(see Fig. 6). Considering the reduced frequency X defined as
the ratio of a strand radius rs to a skin depth δ =

√
2/ (σωμ0)

X = rs/δ =
√

f · rs
√

πσμ0 (26)

with f the working frequency, σ the conductivity, and μ0 the
permeability of the conductor; its skin and proximity effects
are represented by frequency-dependent complex impedance
Zskin (X) and permeability μ

prox
(X) (or reluctivity) as de-

picted in Fig. 6 [22]. They are extracted from a two-dimensional
(2-D) FE cell problem. Notably, the packing type of litz-wire
strands inside a bundle does not significantly affect the complex
permeability [23], [24], only the fill factor does, which is defined
as the ratio of a conductor area to a bundle area. Therefore, we
consider the hexagonal packing in this work.

Herein, we assume that the litz wire is properly constructed
yielding equal current in each strand. Twisting of strands
does not significantly affect the complex permeability μ

prox
when X < 1, which normally holds in practice for litz-wire
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TABLE I
TRANSFORMER UNDER TEST FOR WINDING RESISTANCE EXTRACTION

Fig. 7. DUT and cut of its homogenized FE model. The distribution of the
flux density is also depicted. (a) DUT. (b) Cut 3-D FE model with flux density.

applications [25]. However, the twisting imperfection can cause
the circulation current and bundle-level skin effect leading to
additional losses [10], [26], [27].

The homogenization-based FE computation is implemented
based on the magnetic-vector-potential formulation. The
proximity-effect complex permeability μ

prox
is included di-

rectly as a property of the winding, whereas the skin-effect
complex impedance Zskin is straightforwardly included in the
electrical circuit that supplies the device. In this work, they are
obtained from the 2-D FE cell problem or alternatively from
[24], [28]–[30].

VI. MEASUREMENT AND NUMERICAL RESULTS

A gapped litz-wire transformer with the configuration in
Table I was selected as a test case [see Fig. 7(a)]. In
spite of the intended operating frequency of the core mate-
rial at 500 kHz(X = 1.13), the measurement is extended to
1 MHz(X = 1.6) to show the effectiveness of the core loss com-
pensation. The impedance analyzer PSM3750 NumetriQ IAI2
[31] was used for impedance measurement.

A corresponding 3-D FE magnetodynamic model was con-
structed as a benchmark [see Fig. 7(b)] with the open-source FE
software bundle ONELAB [32] integrating the mesh generator
Gmsh [33] and the FE solver GetDP [34]. The core loss was
numerically modeled using the complex permeability from the

Fig. 8. Extracted winding self-resistance R̃w
ii from the measured self-

resistance Rii [see Fig. 1(a)] compensated by the core-loss resistance R̃c
ii

obtained from the conventional two-winding method on the DUT itself [see
Fig. 1(b)]. The 3-D FE results are also included for comparison. The extracted
winding self-resistances show large error due to the winding mutual resistance.
(a) Winding 1 (primary winding). (b) Winding 2 (secondary winding).

datasheet.7 The litz-wire windings have been modeled with the
homogenization method described in the previous section.

A. Measurement Based on Windings With High Winding
Mutual Resistance

In this section, we illustrate the winding resistance extracted
without careful consideration of winding mutual resistance.
Since the two windings of the DUT are made of identical
litz wire and have the same number of turns, the two-winding
method was directly applied on the DUT.

According to Fig. 8, the primary- and secondary-winding
self-resistance, R̃w

11 and R̃w
22 , compensated for the core loss

7According to [3], the use of small-signal complex permeability of a core
given in the datasheet can incorrectly predict small-signal core loss. However,
from our numerical observations, the associated field distribution in the winding
area slightly changes and does not significantly affect the winding loss. In other
words, the predicted winding resistance still remains comparable despite using
real permeability.
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resistance do not correspond with the results from the FE com-
putation. Besides, the estimated self-resistance of the primary
winding R̃w

11 = R11 − R̃c
11 becomes negative after the compen-

sation, which is not physically meaningful [see Fig. 8(a)]. This
occurs because the core-loss resistance measured from the two-
winding measurement R̃c

11 is comparable to the self-resistance
R11 . Clearly, this shows the flaw in the measurement procedure.
Despite being positive, the estimated secondary-winding self-
resistance R̃w

22 = R22 − R̃c
22 significantly deviates from the ref-

erence FE results [see Fig. 8(b)]. This error is difficult to notice
in practice, leading to an underestimation of the winding resis-
tance. Consequently, the mutual resistance from (24), R̃w

12 , is
also erroneous due to the incorrect winding self-resistance R̃w

11

and R̃w
22 .

Furthermore, the FE results are in good agreement with the
self-resistance R11 , R22 below 300 kHz due to negligible core
loss. This indicates that, at high frequencies, the core loss cannot
be neglected even for small-signal excitation, and thus the proper
compensation is required.

B. Improved Measurement Based on a 1:1 Auxiliary
Transformer With Single-Turn Windings

According to Fig. 9, the measurement and the FE results are
in good agreement in the whole considered frequency range up
to 1 MHz in contrast to Fig. 8. Clearly, the core-loss resistance
obtained from applying the two-winding measurement directly
on the DUT, R̃c

ii , is erroneous. The core-loss resistance obtained
from the scaling of the results from the 1:1 auxiliary transformer
with single-turn windings Rc

ii is more accurate. It starts to con-
tribute to higher than 10% of the total resistance above 100 kHz,
which is still within the recommended operating range of the
core material. It becomes higher than the winding self-resistance
at 1 MHz. The core-loss resistance computed from the FE model
based on the complex permeability from the datasheet greatly
underestimates the actual core-loss resistance. Still, the com-
puted winding resistances remain correct.

In Fig. 9(c), the winding mutual resistance extracted based
on (24), Rw

12 , is displayed only above 10 kHz due to the limited
accuracy of the impedance analyzer and the use of a single-turn
winding. Despite aiming to reduce winding mutual resistance,
the induced voltage sensed from a single-turn winding is smaller
than the recommended range of the instrument at low frequen-
cies. Nevertheless, the results from FE indicate that it is not
significant in this region and the sensed voltage becomes prop-
erly measurable at high frequencies.

Below the knee point at 500 kHz, the winding mutual re-
sistance Rw

12 is approximately proportional to f 2 reflecting
the proximity effect [1], [27], and it rises to the dc value of
self-resistance at 30 kHz. Due to tight coupling, the winding
mutual resistance becomes higher than the primary-winding
self-resistance Rw

12 > Rw
11 above 100 kHz, leading to the spuri-

ous measurement in Fig. 8(a). This proves that in some cases
the mutual resistance is not negligible and should be carefully
considered. The sum of the secondary-winding mutual resis-
tance and core-loss resistance is in good agreement with (25)

Fig. 9. Extracted winding resistances. (a) and (b) Extracted winding self-
resistance Rw

ii from the measured self-resistance Rii [see Fig. 1(a)] compen-
sated by the core-loss resistance Rc

ii obtained from the 1:1 auxiliary trans-
former with single-turn windings. (c) Extracted winding mutual resistance Rw

12 .

The core-loss resistance R̃c
22 measured with the conventional two-winding

method is also displayed to show the effect of the winding mutual resistance
or R̃c

22 = Rw
12 + Rc

22 . Error bars are also displayed. The 3-D FE results are
included for comparison.

confirming the relation R̃c
22 = Rw

12 + Rc
22 and the proposed

model in Fig. 3(a).

C. Accuracy of the Measurement

This section analyzes the error made on the obtained winding
resistance propagated from the main sources of uncertainties,
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i.e., the impedance analyzer and the parasitic parallel capaci-
tance. The uncertainty propagation in this study is critical be-
cause finding the winding resistances Rw

ii = Rii − Rc
ii from

(23), or Rw
ij from (24) involves a subtraction and may lead to

large relative error when the core loss dominates.
The impedance analyzer obtains the resistance R from: 1)

V , the measured voltage across a DUT; 2) I = V shunt/Rshunt ,
the current through a built-in shunt resistor; and 3) θ the phase
difference between V and V shunt . It reads

R =
|V |

|V shunt |
Rshunt cos θ. (27)

Assuming the uncertainties of all the measured quantities ran-
dom and independent from one another. The relative uncertainty
of the resistance measured with the impedance analyzer is [35]

ΔR

R
=

√∣∣∣∣
Δ |V |
|V |

∣∣∣∣
2

+
∣∣∣∣
Δ |V shunt |
|V shunt |

∣∣∣∣
2

+
∣∣∣∣
ΔRshunt

Rshunt

∣∣∣∣
2

+(tan θ |Δθ|)2

(28)

where the relative uncertainties of |V |, |V shunt |, Rshunt , and θ
due to the instrument accuracy can be found in [31]. Herein, Δ
denotes the uncertainty of a quantity.

From (28), we can determine the relative uncertainty of Rmeas
ii

(step 2) and Rcp
aux (step 6) in Section IV-B. Since the auxiliary

device has only a set of 1:1 single-turn windings wound sep-
arately, the capacitive coupling is negligible and the compen-
sation of the capacitive coupling can be neglected [4], [5]. By
neglecting small interwinding capacitance, obtaining the self-
resistance Rii still requires the compensation of the equivalent
parallel parasitic capacitance Cp

i (step 4), which is determined
from the measured self-resonance angular frequency ωres (step
1) and the estimated inductance at the resonance frequency Lres

ii .
The uncertainties of ωres and Lres

ii constitute the uncertainty of
the compensation in (22).

Note that the error on Lres
ii is a systematic error as Lres

ii is
estimated from FE method. This type of error cannot be reduced
with repeated measurements. In this case, we can either separate
this uncertainty from the rest or combine it with the rest in
quadrature [35]. The latter is adopted herein.

Assuming the uncertainties of all variables of interest random
and independent from one another, we can show that the relative
uncertainty of the measured self-resistance Rii and the measured
core-loss series resistance Rc

ii at angular frequency ω are

ΔRii

Rii
=

√√√√λ2
1

∣∣∣∣
ΔRmeas

ii

Rmeas
ii

∣∣∣∣
2

+λ2
2

(∣∣∣∣
ΔLres

ii

Lres
ii

∣∣∣∣
2

+4
∣∣∣∣
Δωres

ωres

∣∣∣∣
2
)

(29)

ΔRc
ii

Rc
ii

=

√

λ2
3

∣∣∣∣
ΔRcp

ii

Rcp
ii

∣∣∣∣
2

+ λ2
4

∣∣∣∣
ΔLcp

ii

Lcp
ii

∣∣∣∣
2

(30)

where

λ1 =
1√

1 − α2
, λ3 =

1 − γ2

1 + γ2 , λ4 =
2γ2

1 + γ2

λ2 =
∣∣∣λ1 − 1 + 2βω3Rmeas

ii Lmeas
ii (Cp

i )2
∣∣∣

α = 2ωRmeas
ii Cp

i

(
ω2Lmeas

ii Cp
i − 1

)

β =
1 +

√
1 − α2

α
√

1 − α2
, γ =

Rcp
ii

ωLcp
ii

.

Moreover, using the approximations similar to the studies in [4]

and [5] (Rmeas
ii , ωLmeas

ii � 1
ωCp

i

), we obtain

λ1 ≈ 1 , λ2 = 2
Lmeas

ii

Lres

(
ω

ωres

)2

, λ3 = −1 , λ4 = 2 .

In this work, the uncertainties of ωres and Lres are 3% and 1%,
respectively. Finally, the uncertainties or errors on the obtained
winding self- and mutual resistance are given by

ΔRw
ii =

√
(ΔRii)

2 + (ΔRc
ii)

2 (31)

ΔRw
ij =

√
(ΔRw

ii)
2 +

(
ΔRRw

jj

)2 + (ΔRlkg )
2

2
. (32)

According to Fig. 9, above 200 kHz where the winding self-
and mutual-resistances are of the same order of magnitude,
the derived errors of Rw

11 , Rw
22 , and Rw

12 are below ±15%,
±12%, and ±10%, respectively. In the same range of fre-
quencies, these final relative errors are higher than the errors
of the quantities used to obtain the winding resistances from
(23) and (24) due to the subtraction processes: (R11 (±9%),
R22 (±9%), Rc

11 (±4%), Rc
22 (±4%), and Rlkg (±4%)). There-

fore, one should carefully reduce the uncertainties involved in
measuring those quantities to achieve higher accuracies of ex-
tracted winding resistances. These errors mainly stem from high
Q factors and small obtained resistance values, particularly sig-
nificant at low frequencies. For example, the maximum relative
errors of Rw

11 , Rw
22 , and Rw

12 (±26%, ±21% and ±33%, re-
spectively) occur in the vicinity of 20–60 kHz (Q > 350) [36].
This can be alleviated by adding series capacitors during the
measurement to reduce the Q factor [4], [5].

VII. CONCLUSION

This paper has rigorously illustrated the effect of the winding
mutual resistance on the well-known two-winding method for
measuring core loss and on the corresponding extracted winding
resistance. Furthermore, it has demonstrated a method to miti-
gating this issue. The effect of the winding mutual resistance can
contribute to large error in the extracted winding resistance, es-
pecially at high frequencies and with tightly coupled windings.
For positive winding mutual resistance, the extracted winding
resistance can underestimate the actual winding resistance of a
DUT.

The guideline on the compensation of core loss has been
exemplified. It consists in measuring the core-loss parallel re-
sistance of a 1:1 auxiliary transformer with single-turn windings
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excited at the same flux level, from which the actual core-loss
resistance then can be obtained by scaling. The analysis has
been demonstrated using a gapped litz-wire transformer with
PM74 core.

As a benchmark, the 3-D FE model has been developed with
an accurate homogenization method to avoid a large number of
unknowns. The skin and proximity effects of a litz-wire bundle
are modeled with the frequency-dependent skin-effect complex
impedance and proximity-effect permeability (reluctivity). Sub-
sequently, this paper has shown that the core-loss compensation
with the conventional two-winding method must be carefully
performed considering the effect of winding mutual resistance,
otherwise the result can become spurious. Based on the im-
proved compensation, the experimental and FE results are in
good agreement up to 1 MHz.
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sor with the Université Libre de Bruxelles, Bruxelles,
Belgium. He is (co-)author of some 270 journal and
conference papers. His main research interests in-
clude low-frequency numerical magnetics, electrical

machines and drives, and renewables (wind and photovoltaics).

Ruth V. Sabariego received the Graduate degree in
telecommunication engineering from the University
of Vigo, Vigo, Spain, in 1998. She received the Ph.D.
degree in applied sciences from the University of
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