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This paper investigates the high-frequency transformer losses attributed to eddy currents in both conductors and
the core. A comprehensive model of a transformer winding is presented, meticulously incorporating skin and
proximity effects. The winding resistance increase due to these effects is determined by applying analytical and
finite element methods. The investigation highlights that eddy current losses in the magnetic core notably in-

crease the resistance of each winding section in low frequencies. However, the impact of these losses diminishes
as the winding length approaches the voltage wavelength at high frequencies. Consequently, the net magneto-
motive force and flux in the core become negligible. As a result, the high-frequency impedance characteristics are
remarkably similar for windings with and without a magnetic core. These findings are substantiated through
rigorous simulations and empirical measurements.

1. Introduction

One of the primary causes for transformer failures results from fast
transient oscillations within the system [1]. When transformers are
exposed to transients, the voltage distribution in their windings may
become nonlinear. Additionally, these signals have the potential to
trigger resonance conditions within the transformer windings, leading to
a high local electric field and thus increasing the risk of failures [2].
While losses in the windings and core are undesired during normal
operation, they serve to dampen and effectively limit the amplitude of
the overvoltages within the transformer windings. Identifying the
damping mechanisms for transient studies is crucial for transformer
designers and system operators.

There are different opinions on whether conductors or magnetic core
losses dominate in the high-frequency region. In [3], it is claimed that
the transformer core significantly impacts the damping during transient
overvoltages in transformers. Moreover, it is concluded that inductance
values remain influential even for frequencies exceeding 1 MHz, con-
tradicting the belief that flux does not penetrate the core for very high
frequencies. Another research study [4] concludes that when the LV
winding is open, the laminated core constitutes the primary source of
loss in transformers. Authors in [5] showed that the effective complex
permeability of the power transformer core is significant even at 1 MHz.
By comparing the skin, proximity, and core losses, they asserted that
eddy current losses in conductors are negligible. Furthermore, in [6], it
is discussed that the magnetic core must be considered for frequencies
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above 10 kHz. All these findings show that magnetic flux exists in the
core at high frequencies. In contrast, in [7], it is proposed that core losses
can be disregarded due to the minimum penetration depth in trans-
former cores at high frequencies. Additionally, [8] suggests that the core
acts as a magnetic shield at high frequencies, implying minimal losses
within it.

Despite extensive research on high-frequency transformer modeling
and behavior, as noted in the CIGRE workgroup A2/C4.52 [1], there is
no straightforward agreement about the core effects. Therefore, through
modeling, simulation, and measurement, this paper investigates the
importance of conductor and core losses on the transformer’s high-
frequency behavior. A high-frequency model of a transformer winding
is developed by considering skin, proximity, and core losses. Finite
element simulations are employed to quantify the resistance increase
attributable to each effect. In addition, this study investigates how high-
frequency voltage wavelength minimizes core losses. These concepts are
substantiated through finite element method (FEM) simulations and
experimental measurements.

The rest of this paper is organized as follows: Section II provides an
overview of the existing analytical method on the effects of magnetic
core on conductors’ resistance and inductance. Section III describes the
methodology used in this study and the development of a high-
frequency model that considers skin, proximity, and core losses along-
side finite element simulations. Furthermore, this section elaborates on
resistance increase and voltage wavelength effects at high frequencies.
Section IV discusses the measurement results, and the paper ends with
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Fig. 1. Definition of parameters of two coils on a ferromagnetic solid core.
Section V, which summarizes the main contributions.
2. Core’s influence on conductor resistance

When investigating transformer behavior, especially the impact of
the core on winding’s resistance and inductance, equations formulated
by Wilcox et al. [9] play a pivotal role. These equations provide a
theoretical framework for understanding the self and mutual in-
ductances and resistances of coils wound on a solid ferromagnetic core.
By solving Maxwell’s equations and defining suitable boundary condi-
tions, [9] derived equations describing the behavior of coils wound on a
solid ferromagnetic core. These equations, represented by (1) through
(7) for the coils wound on the same limb as shown in Fig. 1, provide
insight into the relationship between the core’s magnetic properties and
the resulting inductances and resistances of the coils. In (1), Z;( ac-
counts for the effects of the common flux in the core, and it affects the
sections on the same core limb equally. On the other hand, terms Zy
and L; are related to the leakage flux and influence the sections differ-
ently depending on the geometry of the transformer.

Zij = SLyj + Zagj) + Zag) €))
where
b2 2u,1; (mb
Zy) = SNiNjT {ngb; —H } 2

T 4 N
Zog) = SN\Niw —————
o0 = NN Rwiws 21 oS
1\Vn
=, [t “
p
p, =2 )

A

In the equations above, s is the Laplace variable, 1 is the apparent
magnetic circuit length seen by section i, y, and p, (= p,) are the mag-
netic permeability of the core in the axial direction and magnetic
permeability of the medium outside of it, and p is the resistivity of the
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Fig. 2. The geometry of the laminated core.

Table 1

Geometry of the laminated core shown in Fig. 2.
Number of turns 32
Laminated sheet width (mm) 0.3
Insulation width between sheets (mm) 0.1
Core Conductivity (S/m) 1.12e7
Inner/ outer diameter (mm) 20/27.8
Core height (mm) 1
Core relative permeability 4000
Current source (A) 1

core. Iy, Ky, and K; as well as K; represent modified Bessel functions. The
ancillary functions P;, Q; and F; are defined in Appendix A. The choice
of N depends on the required level of accuracy. L; can be estimated using

6):

2 2
Ly = p,NiN;\/ra % Kl — ’;)K(k) E(k)] 6)
where
4ar
k=,——— 7
22+ (a+71)° @

Pi(fnar, fraz) X Pi(fa11, ful2) X Q1 (B w1, B, wWa)

3

Other parameters are defined in Fig. 1.

The transition from a solid core to a laminated core design necessi-
tates deriving an equivalent solid core model. The equation proposed in
[10] introduces the concept of effective conductivity (¢*) for the solid
core, providing a bridge between the laminated sheet configuration and
an equivalent solid core. This concept involves replacing the laminated

core with a solid equivalent exhibiting the same behavior and losses.
. ok
“n2

(8

In (8), o is the conductivity of the material the sheets are made of, k is
the stacking factor to account for the gaps between laminated sheets,
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Fig. 4. An illustration of a section model.

and n is the number of sheets.

To assess the precision of this method, FEM simulations are con-
ducted in COMSOL Multiphysics using the magnetic field module. To
manage computational resources efficiently, a small, laminated core
composed of 10 sheets, each with a width of 0.3 mm made of iron, is
modeled alongside its equivalent solid core (Fig. 2). Table 1 outlines the

\/

Fig. 5. The geometry of the winding used for the simulations.

geometric details and simulation configurations for this specific case. A
copper conductor is wound around these cores. The conductor is excited
with a current source, enabling the extraction of the model’s inductance
and resistance at various frequencies using Egs. (9) and (10):

. (V
Li=im (w_1> ©

Ri=re (¥) (10)

Fig. 3 depicts the resulting comparisons of self-inductance and
resistance of the winding, illustrating an excellent agreement between
the results obtained for the laminated core and its equivalent solid core
representation calculated using (8). Replacing the laminated core with
an equivalent solid core model offers several advantages. Not only does
it facilitate the application of analytical formulas, but also it improves
significantly the mesh structure in FEM simulations, as it eliminates the
need to explicitly consider the laminated structure, thereby enhancing
computational efficiency and accuracy. Using this approach, the
inductance and resistance of windings considering the effects of the core
can be obtained.
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Table 2
The details of disk-type winding.
HV winding Winding type Disk
Number of Disks 20
Number of turns per disk 10
Conductor size (radial x axial) (mm) 6.99 x 15.35
Inner/ outer diameter (mm) 200/376
Core Leg diameter (mm) 100
Leg height (m) 1.2

3. Winding model

Transformer models can be broadly categorized into three main
types based on the level of information required about the transformer’s
internal design and construction [11]: white-box models that require
detailed knowledge of the transformer’s geometry and construction,
black-box models that rely solely on terminal measurements or fre-
quency response data, and gray-box models that aim to derive physical
models from limited geometric information typically provided by
manufacturers [12]. To explore the impact of losses in both the core and
conductors, a detailed high-frequency model of the transformer winding
is developed, as depicted in Fig. 4. In this model, L, M, C, and R, are the
self and mutual inductances, capacitances, and resistances of each sec-
tion of the transformer windings. Given the focus on eddy current losses,
this study excludes losses in dielectrics. The resistance R encompasses

10'2E
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the skin and proximity effects of the conductors, along with eddy current
losses in the core. These effects are outlined as follows:

o Skin effect: Eddy currents induced in the conductors, driven by the
same current flow, concentrate current at the edges, leading to AC
resistance increase.

e Proximity effect: Currents within one conductor induce eddy cur-
rents in nearby conductors and further increase the AC resistance.

e Eddy current in the core: Eddy currents circulating within the mag-
netic core contribute to increased winding resistance.

Apart from the methodology described in the previous section, FEM
is used to accurately capture the combined effects of skin and proximity
effects on the high-frequency winding resistance across all conductors in
the winding sections. It should be noted that the eddy currents in the
conductors are not considered in the Wilcox method.

The modeling is performed by considering a disk-type winding
comprising twenty disks with ten turns each. The model is represented in
a 2D domain within the FEM environment, as shown in Fig. 5, consid-
ering each disk as an individual section. Table 2 outlines the parameters
required to model the winding and core. Periodic boundary conditions
are applied to the upper and lower boundaries, effectively closing the
core and ensuring continuity of the magnetic potential between these
boundaries. By individually exciting each winding section, the self and
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Fig. 7. The resistance of section 1 of the winding considering air and iron cores.
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Fig. 9. (a) Disk carrying the same current in the presence of the magnetic core, (b) Disk carrying an opposite current in the presence of the magnetic core, (c) Disk
carrying an opposite current in the air, (d) The inductance and resistance of the winding in different cases.

mutual inductances and resistances of each section are derived. These
values are calculated for both ferromagnetic and air core scenarios, with
and without accounting for skin and proximity effects in the conductors.
Furthermore, the capacitance associated with each section (disk) was
obtained based on the energy method, considering a linear voltage
distribution within the sections [13].

Figs. 6 and 7 present comparative analyses of the inductance and
resistance values of the first disk based on varying conditions, including
air and ferromagnetic cores, with and without accounting for skin and
proximity effects in the conductors. The analysis reveals a substantial
rise in the resistance due to core losses, outweighing the impact of skin

and proximity effects in the conductors. Notably, the inductance values
remain significantly higher for the ferromagnetic core, even in the high-
frequency domain. This observation, characterized by a high skin depth
attributable to the equivalent conductivity of the core material, suggests
a notable presence of magnetic flux within the core at high frequencies.
While the core’s significant impact might suggest that skin and prox-
imity losses in conductors can be reasonably ignored, this conclusion is
not strictly correct, as evidenced by the subsequent analysis.

The impedance characteristics of the winding are depicted in Fig. 8
across three scenarios: 1) an air core with skin and proximity effects
obtained from FEM analysis, 2) an equivalent iron core with skin and
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Fig. 10. The inductor used for the measurement verification.

proximity effects obtained from FEM analysis, and 3) an equivalent iron
core without skin and proximity effects obtained from analytical for-
mulas. Despite significant differences in inductance values between the
two core cases, as shown in Fig. 6, a remarkable convergence in char-
acteristics is observed at high frequencies when skin and proximity ef-
fects are considered. This convergence suggests that the presence of the
core does not influence the high-frequency behavior of transformers.
This phenomenon is related to the phase shifts that occur between
different winding sections when the voltage/current wavelength be-
comes comparable to the winding length. At lower frequencies, the
voltages across all winding sections are essentially in phase, resulting in
their magnetomotive forces (MMFs) adding up coherently. This pro-
duces a significant net MMF that induces substantial magnetic flux
linking the core, leading to significant eddy current losses. However, as
the frequency increases, propagation delays cause phase shifts between
the voltages across different winding sections, akin to the behavior
observed in long transmission lines. These phase-shifted voltages pro-
duce MMFs in different sections that begin to cancel each other out
instead of adding up coherently. Consequently, there is minimal net
MMF, leading to very little magnetic flux penetrating the core and
drastically reducing the associated eddy current losses in the core
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material. Thus, the high-frequency response closely mirrors that of an
air-core transformer.

To investigate the MMF cancelation, an additional simulation is
conducted using COMSOL Multiphysics. The simulation involves the
utilization of two disks, as depicted in Fig. 9, to examine the concept. In
Fig. 9 (a), both disks are energized with an identical current at a fre-
quency of 1 kHz, resulting in a flux concentration within the core,
aligning with expectations. Subsequently, in scenario (b), the currents
applied to the disks exhibit a 180-degree phase shift, and as can be seen,
most of the flux concentrates between disks, and the iron core influences
the flux distribution rather locally. This is similar to the air core scenario
shown in Fig. 9 (c). The comparison in Fig. 9 (d) verifies that when there
is a phase shift between conductors, the iron core negligibly impacts the
inductance and resistance of the segments. It should be noted that the
phase shift means the volume confined within the winding is practically
shielded from the surrounding magnetic field.

Finally, eddy current losses in conductors completely change the
impedance characteristic of the winding. This is again because the
behavior of the transformer at high frequencies depends on the differ-
ences between the inductive branches rather than their absolute values.
While errors in the absolute values of inductances may not be signifi-
cant, they can be amplified in the difference between them. Hence, it is
crucial to consider the eddy current losses in conductors.

4. Experimental measurement

To validate the concept of reduced core effects, the impedance of the
inductor shown in Fig. 10 is measured in a wide frequency range using
ferrite and air cores. The total length of the conductor is around 300 m
and the.

measurements are carried out using Omicron Bode 100. Despite
ferrite’s low conductivity, which can retain the magnetic flux at MHz
frequencies, the impedance characteristics for both ferrite and air core
configurations exhibit remarkable similarity above 300 kHz, as illus-
trated in Fig. 11. The similarity of the response between air- and ferrite
cores validates the diminished core effects attributed to wavelength
effects.

5. Conclusion

This paper investigates the high-frequency transformer losses
attributed to eddy currents in both conductors and the magnetic core. A
comprehensive model of a transformer winding is developed that

= Air Core
= Ferrite Core

101 | . |

10 10*

10° 10° 107

Frequency (Hz)

Fig. 11. Frequency response of the inductor with air and ferrite cores.
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meticulously incorporates skin and proximity effects in the conductors
as well as eddy current losses in the core. It is demonstrated through
rigorous finite element simulations and empirical measurements that
while core losses dominate at lower frequencies, their impact diminishes
as the winding length approaches the voltage wavelength at higher
frequencies. In such a case, the phase shifts between different winding
sections lead to the cancellation of the net magnetomotive force, result
in negligible flux in the core. Consequently, the high-frequency imped-
ance characteristics converge remarkably for windings with and without
a magnetic core. Furthermore, it is also shown that accurately modeling
eddy current losses in the conductors is crucial, as the transient behavior
depends on the difference between inductive branches rather than their
absolute values. Hence, even small errors in inductance and resistance
values can be amplified when their differences are considered. These
results can improve transformer design procedures and transient studies
involving high frequencies.
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Appendix A
The required functions in (3) are defined as:

) - ()it

z

b + ()b

z

Fl (ﬁnb) = Sio

1
Balpr(x) —p1 ()]
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Ko(y)

g =vr K0)
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where Ly (a) is the modified Struve function.
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