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Abstract

The increasing integration of renewable energy sources, high-voltage direct current (HVDC)
and power-electronics-based equipment has intensified the exposure of transformer wind-
ings to high-frequency voltage components, steep-front transients and high-dv/dt stresses,
highlighting the need for detailed high-frequency winding models. This study presents a
high-frequency model of a six-section winding assembly corresponding to one phase of
a 10 kV/0.41 kV, Dyn11, 2500 kVA distribution transformer. The winding assembly was
experimentally investigated under coreless conditions using frequency response analysis
(FRA) measurements over the frequency range of 20 Hz—2 MHz. Frequency-dependent
resistance R( f) parameters were extracted from finite element method (FEM)-based electro-
magnetic field analyses, while the self- and mutual inductance matrix and the capacitance
parameters were obtained from electromagnetic and electrostatic field solutions, respec-
tively. The resulting segmented resistance-inductance-mutual inductance—capacitance
(R-L-M-C) equivalent circuit model was solved in the frequency domain using Modified
Nodal Analysis (MNA). Before the FRA-based validation, the low-frequency consistency
of the model was checked at 50.431 Hz, where the calculated and measured magnitudes
differed by only 0.1074 dB. Over the common frequency range, the model achieved a root
mean square error (RMSE) of 3.09 dB and a mean absolute error (MAE) of 1.76 dB. The
results show that the proposed field-extracted model can represent the overall FRA trend,
the dominant attenuation region and the main resonance/anti-resonance characteristics of
the winding assembly, although deviations remain around sharp resonance points.

Keywords: high-frequency transformer modeling; frequency response analysis (FRA);
R-L-M-C equivalent circuit; finite element method (FEM); modified nodal analysis (MNA);
transformer winding; frequency-dependent parameters

1. Introduction

Power transformers are among the most critical and costly components in electrical
power systems, since their reliable operation directly affects the continuity, stability and se-
curity of generation, transmission and distribution networks. In recent years, the operating
conditions of power transformers have become increasingly complex due to the integration
of renewable energy sources, high-voltage direct current (HVDC) links, flexible AC trans-
mission system (FACTS) devices, energy storage systems and gas-insulated substations.
These developments have increased the importance of electromagnetic transient studies,
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as high-frequency interactions between transformers and the surrounding network may
create hazardous operating conditions and jeopardize the dielectric integrity of transformer
insulation systems [1,2].

In addition to conventional lightning impulses, switching operations and short-circuit
events, modern power systems may expose transformer windings to steep-front voltage
excitations, high-dv/dt stresses and converter-induced high-frequency components. Such
fast transients can produce non-uniform voltage distributions along the winding, local
overvoltage concentrations, resonance phenomena and additional electrical stress on the
insulation system. Although factory proof tests defined in existing standards are essential
for transformer qualification, they do not completely address all types of transient events
that may occur in field operation. Therefore, standard transient calculations based only
on lightning or switching impulses may not be sufficient to assess the maximum dielectric
stress during actual operating conditions [3].

Accurate high-frequency transformer models are therefore required to evaluate tran-
sient overvoltages, resonance behavior, damping and internal voltage distributions. Con-
ventional low-frequency equivalent circuits are generally suitable for power-frequency
studies, load-flow analysis and short-circuit calculations; however, they cannot represent
the distributed electromagnetic interactions that dominate the winding response in the kHz—
MHz frequency range. In detailed high-frequency studies, transformer windings are com-
monly represented by segmented resistance-inductance-mutual inductance—capacitance
(R-L-M-C) networks, where the winding is divided into sections and described using
series resistances, self-inductances, mutual inductances, series capacitances and shunt
or coupling capacitances [4]. Such models are capable of representing not only terminal
impedance or transfer functions, but also internal node voltages and segment-level voltage
distributions [5].

Frequency Response Analysis (FRA) is widely used as a non-destructive technique
for assessing transformer winding condition because the measured response is strongly
related to the physical and geometrical properties of the winding [6]. The transformer
winding behaves as a complex R-L-M-C network and mechanical or electrical changes in
the winding alter the equivalent circuit parameters, which in turn modify the measured
transfer function. However, despite its high sensitivity, FRA interpretation remains a major
challenge because the relationship between a specific fault type and the corresponding
change in the frequency response is not always explicit [7]. For this reason, interpretation
approaches based on numerical indices, transfer-function estimation, artificial intelligence
and detailed winding modelling have been proposed [8]. In addition to fault diagnosis,
FRA measurements are also commonly used as reference data for validating high-frequency
transformer winding models, since the measured response reflects the combined effect of
resistive, inductive and capacitive interactions within the winding structure [9].

The need for physically interpretable winding models arises from the requirement
to make the interpretation of FRA measurements more quantitative and objective for
transformer fault diagnosis [10]. In cases where detailed design information is limited,
model parameters are often estimated from measurement data obtained at the transformer
terminals by using optimization-based, metaheuristic, artificial-intelligence-based, analyt-
ical, or system-identification methods [11-13]. These approaches are useful for practical
applications; however, the main challenges of parameter estimation based only on terminal
measurements are from non-unique solutions, dependence on initial parameter assump-
tions, convergence problems and physically ambiguous parameter sets [14]. In contrast,
detailed physics-based high-frequency models can directly relate the model parameters
to winding geometry, material properties and electromagnetic field distributions. How-
ever, such models require detailed design information and accurate field-based parameter
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extraction [15]. Among these approaches, physics-based winding models are particularly
important because they can relate resonance shifts and amplitude variations in FRA traces
to changes in physical circuit parameters [16].

The accurate representation of frequency-dependent parameters is another critical
issue in high-frequency transformer winding modeling. At high frequencies, skin effect,
proximity effect, eddy-current losses and dielectric behavior affect the winding resistance,
inductance, mutual coupling and damping characteristics [17]. Neglecting these effects
may result in significant deviations in resonance frequencies and resonance amplitudes.
Previous high-frequency lumped-parameter studies have shown that frequency-dependent
resistance and inductance parameters are necessary to correctly represent transient damping
and resonance behavior [18,19]. In addition, frequency-dependent core and proximity
effects have been shown to significantly influence the transient response of transformer
windings. FEM-based and combined analytical-FEM approaches have also been used
to calculate resistive, inductive and capacitive parameters for detailed high-frequency
models [20,21].

In this context, the present study develops and experimentally validates a physics-
based high-frequency white-box model of a coreless six-section winding assembly corre-
sponding to one phase of a 10 kV/0.41 kV, Dyn11, 2500 kVA distribution transformer. The
winding sections were arranged according to the axial configuration of the original trans-
former design and reference FRA measurements were performed over the frequency range
of 20 Hz-2 MHz. The coreless configuration was selected to isolate the high-frequency
behavior of the winding structure from the effects of the magnetic core, tank, low-voltage
winding and terminal connections. This configuration enables the inter-section capacitive
couplings, air-core self- and mutual-inductive interactions, frequency-dependent winding
resistance and resonance formation mechanisms of the winding structure to be investigated
more clearly.

The main innovation of this study is the experimental validation of a physics-based,
FEM-extracted R-L-M-C white-box model for a real six-section transformer winding as-
sembly under controlled air-core conditions. Unlike terminal-response-based curve-fitting
approaches, the parameters of the proposed model are directly related to the winding
geometry, material properties and electromagnetic and electrostatic field distributions.
The model incorporates frequency-dependent winding resistance, an air-core self- and
mutual-inductance matrix and field-extracted capacitance parameters. The internal wind-
ing nodes are retained and the resulting circuit is solved in the frequency domain us-
ing Modified Nodal Analysis (MNA). The controlled coreless configuration enables the
winding-dominated electromagnetic and electrostatic interactions to be examined indepen-
dently of the magnetic core, tank, low-voltage winding and external transformer connec-
tions. Accordingly, the proposed approach provides a physically interpretable winding
model rather than a model obtained solely by fitting the measured FRA response.

The present validation is limited to a coreless six-section winding assembly under
a single-section excitation condition. Therefore, the model should be interpreted as a
validated winding submodel rather than a complete three-phase transformer model. The
proposed methodology can be extended to model the high-frequency behavior of three-
phase transformers with several modifications. An R-L-M-C model can be established for
each phase winding. The magnetic and capacitive couplings between the phases can be
included, while the magnetic core, tank, additional windings, leads and insulation struc-
tures can be incorporated into a three-dimensional field model. The parameters obtained
from these field analyses can be transferred to the extended equivalent circuit. Finally,
the complete model can be validated using FRA measurements performed separately
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for each phase under the same terminal, grounding and winding-termination conditions
represented in the model.

The proposed model obtains the frequency-dependent winding resistance R( f) from
FEM-based electromagnetic field analyses. The air-core self- and mutual-inductance matrix
is extracted from electromagnetic field solutions and kept frequency-independent in the
present coreless validation case. The capacitance parameters are obtained from electrostatic
field solutions. These parameters are incorporated into a segmented R-L-M-C equivalent
circuit model. The resulting frequency-domain response is governed by the frequency-
dependent resistance model together with the jwL and jwC contributions of the inductive
and capacitive networks. The equivalent circuit is solved using the MNA method and the
calculated FRA responses are compared with experimental measurements obtained under
the same connection configuration. The main contributions of this study are summarized
as follows:

e  FRA tests were performed on a coreless six-section winding assembly corresponding
to one phase of a 10 kV/0.41 kV, Dyn11, 2500 kVA distribution transformer.

e A physics-based segmented R-L-M-C high-frequency equivalent circuit model is
developed for the tested winding structure.

e  Frequency-dependent winding resistance R(f), the air-core self- and mutual-inductance
matrix and the capacitance parameters are extracted from field analyses and incorpo-
rated into the high-frequency circuit model.

e The developed model is solved using MNA in the frequency domain and validated
against FRA measurements in the 20 Hz—2 MHz frequency range.

Section 2 describes the experimental setup, FRA measurement configuration, FEM-based
parameter extraction, high-frequency equivalent circuit modeling and MNA-based frequency-
domain solution procedure. Section 3 presents the measurement-model comparison results
and discusses the validation of the proposed air-core model. Section 4 summarizes the main
conclusions and future applications of the proposed modeling approach.

2. Materials and Methods
2.1. Experimental Setup and FRA Measurements

The main specifications of the transformer to which the investigated winding assembly
belongs are given in Table 1. The transformer is rated at 2500 kVA, with a voltage ratio
of 10 kV/0.41 kV and Dynl1 connection group. In this study, the measurements were
not performed on the complete transformer. Instead, a six-section winding assembly
corresponding to one phase of the transformer was experimentally investigated.

Table 1. Main specifications of the transformer associated with the investigated winding assembly.

Parameter Value
Rated power 2500 kVA
Voltage ratio 10kV/0.41 kV
Connection group Dyn11
Investigated structure One-phase six-section winding assembly
Nominal Frequency 50 Hz

The winding sections were stacked according to the axial arrangement of the original
transformer design, thereby preserving the relative positioning of the sections in the actual
winding structure. This configuration was selected to isolate the high-frequency behavior of
the winding from the effects of the magnetic core, tank, low-voltage winding and external
terminal connections. The experimental setup used during the FRA measurements and the
corresponding terminal connection configuration are shown in Figure 1.
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Figure 1. Experimental FRA measurement setup and terminal connection configuration: (a) six-
section winding assembly used in the FRA test; (b) section-A measurement configuration, where
section A is connected to the FRA device and sections B-F are left open-circuited.

In the measurement configuration, A, B, C, D, E and F denote the individual winding
sections of the tested assembly. Therefore, the investigated structure should be considered
as a controlled winding subassembly rather than a complete three-phase transformer model.
This approach enables the inter-section electromagnetic interactions, capacitive couplings
and resonance characteristics of the winding structure to be examined more clearly under
coreless conditions. The FRA measurements obtained from this assembly were used as
reference data for validating the proposed frequency-dependent high-frequency equivalent
circuit model. Reference FRA measurements were carried out on the winding assembly over
the frequency range of 20 Hz-2 MHz. In the measurement configuration considered in this
study, the input and output terminals of section A were connected to the FRA device, while
sections B, C, D, E and F were left open-circuited. This open-circuit boundary condition
preserves the capacitive and inductive interactions between section A and the remaining
unexcited sections. Therefore, it provides a resonance-rich response and a challenging vali-
dation case for assessing the proposed high-frequency model. The corresponding terminal
and boundary conditions are summarized in Table 2. To ensure a consistent comparison
between measurement and simulation, the same terminal and boundary conditions were
also implemented in the high-frequency equivalent circuit model.

Table 2. FRA measurement configuration used for section A under coreless condition.

Section A Section B Section C Section D Section E Section F
Conne(;:éiciic’;o FRA Open circuit Open circuit Open circuit Open circuit Open circuit

The general measurement principle used in the FRA tests is illustrated in Figure 2.
In the section-A connection configuration used for the present validation, a sinusoidal
excitation signal is applied to the input terminal of section A and the output response is
measured at the corresponding terminal while both signals are referenced to the common
ground. The FRA response is then obtained from the ratio between the measured output
and input signals.
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Figure 2. General FRA measurement principle for the section-A connection configuration used in the
air-core winding validation.

In this measurement, a swept-frequency voltage signal is applied to the input terminal
of the investigated winding section and the response voltage is measured at the output
terminal. For each frequency point, the transfer function of the winding structure is
obtained from the ratio of the output voltage to the input voltage as

Vout (jw)

Hijw) = 5

M
where Vj,(jw) is the applied input voltage, Vot (jw) is the measured output voltage and
H(jw) represents the frequency response of the winding structure. The magnitude response

in decibels is expressed as
Hgp(w) = 20logyo|H(jw)| 2

2.2. Parameter Extraction Using FEM

The FEM model used for field-based parameter extraction is shown in Figure 3. The
winding assembly was modeled according to the physical geometry of the tested six-section
structure. The same geometrical model was used as the basis for the electromagnetic and
electrostatic field analyses. A refined finite-element mesh was applied around the winding
conductors and insulation regions, where the field variation is more pronounced. The
current-density distribution obtained from the AC electromagnetic solution was used to
evaluate the frequency-dependent resistance parameters of the winding sections.

16203 (om)

(b)
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Figure 3. FEM model used for field-based parameter extraction: (a) axial arrangement of the six-
section winding assembly; (b) detailed conductor representation used in the field solution; (c) finite-
element mesh around the winding conductors; (d) current-density distribution at 50 Hz obtained
from the AC electromagnetic analysis.

2.2.1. Extraction of Frequency-Dependent Resistance Parameters

The frequency-dependent resistance parameters were obtained from AC electromag-
netic field analyses performed in ANSYS Maxwell in Ansys Electronics Desktop 2022 R1.
In these analyses, the winding conductors were modeled according to the actual geometry
and material properties of the investigated winding structure. A frequency-domain eddy-
current solution was used to account for the redistribution of current inside the conductors
as the frequency increases.

At low frequencies, the current distribution in the conductors is relatively uniform.
However, with increasing frequency, the skin effect and proximity effect cause the current
density to become non-uniform. This increases the effective resistance of the winding
sections and directly affects the damping of the high-frequency equivalent circuit model.
Therefore, the winding resistance was not treated as a constant parameter.

For each selected frequency point, the electromagnetic field solution was used to
calculate the current-density distribution and the corresponding ohmic losses in each
winding section. The effective resistance of the i-th winding section was calculated from
the loss-current relationship as

Pi(f)

Rih)= s ©
where P;(f) is the ohmic loss obtained from the field solution and I;(f) is the rms current
of the corresponding winding section at frequency. In this way, the frequency-dependent
branch resistance values R;( f) were obtained and then assembled into the resistance matrix
used in the MNA-based circuit model.

The branch resistance matrix can be written as

Ri(f) 0 0
0 R .0
rpp= | OV o @
0 0 Ra(f)

Here, n denotes the total number of conductor sections represented in the segmented
equivalent circuit and R;(f) corresponds to the frequency-dependent series resistance of
the i-th conductor section. The current-density distributions obtained at 50 Hz and 1 kHz
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are shown in Figure 4. At 50 Hz, the current distribution is relatively uniform within the
conductor regions.

J [Alcm*2) J [AlcmA2]
18.3140 18.3140
16.0199 16.0199
13.7267 13.7257
11.4316 11.4316
9.1375 9.1375
6.8434 6.8434
45493 45493
22652 22552
-0.03%0 -0.03%0
-2.3331 -2.3331
-4.6272 -4.6272
-6.9213 -6.9213
-9.2154 -92154
-11.5096 -11.5096
-13.8037 -13.8037
-16.0978 -16.0978

i

| 51—’)( |
FIFTEEET
(a)

Figure 4. AC electromagnetic analysis results for resistance extraction: (a) current density at 50 Hz;
(b) current density at 1 kHz.

As the frequency increases, the current density distribution becomes more non-
uniform due to skin and proximity effects. This behavior is caused by the reduction
in skin depth and by the time-varying magnetic fields produced by neighboring conductors.
These fields induce eddy-current and proximity-effect current redistribution inside the
conductors, forcing the current to concentrate near the conductor surfaces and in regions
facing adjacent conductors. Therefore, for the same excitation current, the current flows
through a smaller effective cross-sectional area, which increases the local current-density
magnitude and the corresponding ohmic losses. This redistribution increases the effective
AC resistance of the winding sections and was therefore considered in the extraction of the
frequency-dependent resistance parameters.

2.2.2. Extraction of Air-Core Self- and Mutual-Inductance Parameters

The self- and mutual-inductance parameters of the winding assembly were obtained
from an air-core electromagnetic field solution. Since the experimental FRA validation
in this study was performed under coreless conditions, no magnetic-core contribution
was included in the inductance extraction. This approach allows the inductive coupling
behavior of the winding structure itself to be represented without the additional effects of
core permeability, flux penetration, core losses, or magnetic saturation.

For the present air-core validation case, the extracted self- and mutual-inductance
values were treated as frequency-independent parameters. The air-core inductance matrix
can be written as

Ll MlZ e Mln
Mz] Lo .. My,
Lair = . . . . (5)
Mnl MnZ Ln
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The diagonal terms of L,;, correspond to the self-inductances L; of the segmented
winding sections, while the off-diagonal terms correspond to the mutual inductances M;;
between sections i and j. Here, n denotes the total number of conductor sections represented
in the segmented equivalent circuit. For implementation in the circuit model, the mutual
inductance terms were converted into coupling coefficients as

Ky Mij)

D= JLL

(6)

where K(;;) is the coupling coefficient between winding sections i and j. Although the
extracted air-core inductance matrix is kept constant, its contribution to the frequency-
domain circuit equations varies with frequency through the jwL,; term in the MNA
formulation.

2.2.3. Extraction of Capacitive Parameters

The capacitance parameters were obtained from electrostatic field analyses performed
in ANSYS Maxwell using the electrostatic solver. In this analysis, the winding sections,
insulation regions and surrounding dielectric structure were modeled according to the
physical geometry of the tested winding assembly. Since capacitance is mainly governed
by geometry and dielectric properties, the capacitance parameters were extracted from the
electric field and stored electrostatic energy distributions. The resulting capacitance network
includes series capacitances along each winding section, capacitive couplings between
neighboring winding nodes and inter-section capacitances between different winding
sections. For two adjacent winding nodes i and i + 1, the local capacitive contribution can
be written as
Cig +Ciita —Cijit1

—Ciiv1 Cit1,g +Ciita

Ciit1= 7)
where C; ;1 is the capacitance between adjacent winding nodes and C; ; and C; 1 ¢ are the
capacitances from the corresponding nodes to the reference potential, if applicable.

In the present air-core validation model, the extracted capacitance parameters were
kept frequency-independent. Their effect in the frequency-domain MNA solution is repre-
sented through the jwC term. Therefore, only the winding resistance R(f) was updated
at each frequency point, whereas the air-core inductance matrix L,;, and the capacitance
matrix C were kept constant.

2.3. Detailed High-Frequency Equivalent Circuit Modeling

Using the parameters extracted from the field analyses, a detailed segmented R-L-
M-C high-frequency equivalent circuit model was developed for the six-section winding
assembly. Unlike conventional low-frequency transformer equivalent circuits, which mainly
represent the terminal behavior at power frequency, the proposed model preserves the
internal electrical nodes of the winding structure. Therefore, it provides a more detailed
physical representation of the winding structure than terminal-only equivalent circuits.

The circuit topology provides a physics-based representation of the dominant elec-
tromagnetic interactions that determine the high-frequency behavior of the winding as-
sembly. As shown in Figure 5, each segmented conductor branch of the winding model
is represented by a frequency-dependent series resistance and an air-core self-inductance.
Mutual inductive couplings and capacitive couplings between neighboring sections are
also included in the segmented network. The resonance and anti-resonance characteristics
observed in the FRA measurements are governed by the combined effect of R(f), the jwL,;,
inductive terms and the jwC capacitive terms. All pairwise mutual inductive couplings
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between the segmented winding inductors were included in the model. In Figure 5, only
representative mutual couplings are shown for clarity.

Cpiij
Il
L]
§ R;(f)
—Usi 3 M : = Ce: ----
o - — ) I’]Y\ s’]
Cp,it1,j+1
Il
LA
§Ri+1(f
Cs,i+1
L"s, R I
o —F— > M s+
; bt Cpngjez
Il

Figure 5. Representative segment of the proposed segmented R-L-M-C high-frequency equivalent circuit.

Since the internal nodes of the winding are retained in the model, the proposed
structure can also be used to investigate segment-level voltage distributions in future
transient and insulation stress studies. In the implemented model, each of the six winding
sections contains seven radially arranged turns and each turn was discretized into three
axial subdivisions. Accordingly, each winding section was represented by 21 main R-L
branches, resulting in a total of 126 main R-L branches for the complete six-section winding
assembly. Figure 5 shows only a representative portion of the complete segmented network
for clarity.

The winding resistances R;(f) and R;(f) are frequency-dependent, whereas the air-
core self-inductances L; and L;, mutual inductances M; j, M;1 ;1 and capacitance param-
eters Cs and C, are kept frequency-independent in the present validation model. Only
representative mutual couplings are shown for clarity.

2.4. MNA-Based Frequency-Domain Solution of the Equivalent Circuit Model

The segmented R-L-M-C equivalent circuit shown in Figure 5 was solved in the fre-
quency domain using the MNA method. In the proposed circuit model, each winding
section is represented by a frequency-dependent resistance element and an air-core self-
inductance. The magnetic coupling between winding sections is represented by mutual
inductance terms. All pairwise mutual inductive couplings between the segmented wind-
ing inductors were included in the model. The electrostatic couplings between winding
sections are included through the capacitance matrix. No additional winding-to-ground or
inter-winding conductance elements were considered in the present model.

At each frequency point, the resistance matrix was updated using the field-extracted
R(f) data, while the extracted air-core inductance and capacitance matrices were directly
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used in the frequency-domain MNA formulation. The MNA system corresponding to the
circuit in Figure 5 can be written as

Yr(f) +jwC AL b||v 0
A{ —ijm-r 0 iL - 0 (8)
b’ o7 0| |is Vs

Here, v is the vector of nodal voltages, i}, is the vector of currents through the inductive
branches and i; is the source current. The matrix Yz (f) is the admittance matrix assembled
from the frequency-dependent resistance elements R;(f). The matrix C is the capacitance
matrix obtained from electrostatic field solutions and A; is the incidence matrix of the
inductive branches. The matrix L;;, denotes the extracted air-core inductance matrix,
including both self- and mutual-inductance terms. In this formulation, L,;, enters the MNA
system through the —jwL,; block, while the capacitance matrix contributes through the
jwC admittance term. The vector b defines the connection of the voltage source to the
excited terminals.

It should be noted that Yz (f) does not represent additional dielectric conductance. It
only represents the admittance contribution of the winding resistance elements included in
the equivalent circuit. Therefore, the formulation is consistent with the R-L-M-C model
structure adopted in this study.

In the implemented frequency-domain solution the terminal behavior of the modeled
winding section was represented by the equivalent impedance Z;(f). The 50 () impedance
was not included as an additional physical resistor in the MNA network; it was used
only as a reference impedance for converting the calculated equivalent impedance into
an equivalent FRA magnitude. For comparison with the FRA magnitude measured in a
50 Q) system, Z;(f) was converted into an equivalent transfer magnitude using the same
reference impedance as

50
Hz(f) = e )
(50 + Zeq (f))
and its magnitude in decibels is calculated as
Hz 45(f) = 20log1o|Hz(f)| (10)

3. Results and Discussion

The measured and MNA-calculated FRA magnitude responses of section A are com-
pared in Figure 6a. The calculated response follows the overall trend of the measured
response over the investigated frequency range. Before evaluating the resonance behav-
ior, the low-frequency response of the model was checked near the power frequency, at
50.431 Hz, as shown in Figure 6b. At this frequency, the MNA-calculated magnitude was
0.0027 dB, while the interpolated measured magnitude was —0.1047 dB, corresponding to
an absolute difference of 0.1074 dB. The calculated equivalent impedance magnitude at
the same frequency was 1.8697 Q). This low-frequency comparison was used as an initial
consistency check rather than as a standalone validation of the high-frequency model.

Although the exact location and depth of the sharp resonance features are not captured
perfectly, the model captures the overall attenuation trend, the dominant resonance region
and the recovery behavior at higher frequencies. These results indicate that the field-
extracted frequency-dependent R(f), the air-core self- and mutual-inductance matrix and
the capacitance parameters represent the main electromagnetic interactions governing the
FRA behavior of the tested winding assembly.
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Figure 6. Comparison of the measured and MNA-calculated FRA magnitude responses of section A:

(a) full frequency range from 20 Hz to 2 MHz; (b) enlarged view of the low-frequency consistency
check around 50.431 Hz.

To evaluate the agreement between measurement and simulation quantitatively, the

error between the measured and MNA-calculated FRA responses was calculated over the

full frequency range and over three sub-bands. In this study, the frequency range was

divided into a low-frequency region from 20 Hz to 2 kHz, a middle-frequency region from

2 kHz to 100 kHz and a high-frequency region from 100 kHz to 2 MHz. Root mean square

error (RMSE) and mean absolute error (MAE) were calculated in decibels. The error at
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each frequency point was defined as the difference between the calculated and measured
magnitude responses:

ek = H(MNA,dB) (fk) - H(meas,clB) (fk) (11)

where Hyya,qp)(fk) is the MNA-calculated magnitude response, H(;eq5q8) (f) is the
measured FRA magnitude response and f; is the k-th frequency point. The RMSE and
MAE were then calculated as

1N 2
RMSE = N 2 [H(MNA,dB) (fk) - H(meas,dB) (fk)} (12)
=1
1 N
MAE = Y ’H(MNA,dB) (fk) = H(meas,as) (fk)‘ (13)
=1

where N is the number of frequency points considered in the corresponding frequency
range. These metrics were calculated for the full frequency range and for the low-, middle-
and high-frequency sub-bands. The obtained error metrics are summarized in Table 3.

Table 3. Error metrics between the measured and MNA-calculated FRA responses.

Frequency Range RMSE [dB] MAE [dB]
Full band, 20 Hz-2 MHz 3.09 1.76
Low-frequency region, 20 Hz-2 kHz 0.22 0.20
Middle-frequency region, 2 kHz-100 kHz 415 2.62
High-frequency region, 100 kHz-2 MHz 3.26 2.38

Over the full frequency range of 20 Hz-2 MHz, the RMSE and MAE were obtained
as 3.09 dB and 1.76 dB, respectively. The lowest error was obtained in the low-frequency
region, where the RMSE and MAE were 0.22 dB and 0.20 dB, respectively. This result
shows that the proposed model represents the low-frequency behavior of the winding with
good accuracy.

In the middle-frequency region, the RMSE increased to 4.15 dB and the MAE to
2.62 dB. This increase is mainly associated with the sharp resonance and anti-resonance
behavior observed in this band. In this frequency range, small deviations in capacitance
values, inductive coupling, connection geometry, or unmodeled parasitic effects can lead
to noticeable shifts in the FRA curve. Therefore, the higher error in the middle-frequency
region is expected and is mainly related to the sensitivity of the resonance points.

To investigate the larger error observed in the 2 kHz-100 kHz band, a sensitivity analy-
sis was performed by scaling the assembled capacitance matrix and the mutual-inductance
terms within a 5% range around their nominal values. The results are shown in Figure 7.
For the capacitance matrix, the minimum middle-frequency RMSE within this range was
obtained at a scale factor of 0.970 (Figure 7a). For the mutual-inductance terms, the mini-
mum middle-frequency RMSE was obtained at a scale factor of 0.950 (Figure 7b). These
results show that the resonance-dominated middle-frequency response is sensitive to small
variations in distributed capacitance and especially mutual inductive coupling. Therefore,
the larger RMSE observed in this band can be attributed to small shifts in resonance and
anti-resonance locations caused by uncertainties in distributed electromagnetic parameters,
geometrical tolerances and measurement boundary conditions.

In the high-frequency region between 100 kHz and 2 MHz, the RMSE and MAE were
3.26 dB and 2.38 dB, respectively. Although some deviations remain, especially around
sharp variations in the response, the model preserves the general frequency-response trend.
The remaining differences can be attributed to measurement leads, contact resistances,
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unmodeled parasitic capacitances, dielectric losses and small geometrical tolerances in the
physical test setup.

Overall, the results confirm that the proposed segmented R-L-M-C model provides a
physically meaningful representation of the measured FRA behavior. The model is particu-
larly effective in representing the low-frequency response and the general high-frequency
trend, while the deviations in the resonance region highlight the sensitivity of FRA re-
sponses to small changes in distributed electromagnetic parameters and measurement
boundary conditions.

Compared with terminal-response-based parameter estimation methods, the proposed
approach uses field-extracted parameters that are directly related to the geometry and
material properties of the investigated winding structure. This provides better physical
interpretability of the equivalent circuit parameters. However, the approach also requires
detailed geometrical information and accurate FEM-based parameter extraction. Therefore,
the proposed model should not be considered as a purely curve-fitted representation of
the measured FRA response, but rather as a physics-based model that approximates the
measured behavior using electromagnetic and electrostatic field-derived parameters.
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Figure 7. Sensitivity analysis of the middle-frequency FRA error: (a) RMSE variation with capacitance
matrix scaling within the £5% range; (b) RMSE variation with mutual-inductance scaling within the
£5% range.

4. Conclusions

This study presented a physics-based high-frequency white-box model for a coreless
six-section winding assembly corresponding to one phase of a 10 kV/0.41 kV, Dyn11,
2500 kVA distribution transformer. Frequency-dependent winding resistance values were
extracted from FEM-based electromagnetic field analyses, while the air-core self- and
mutual-inductance matrix and capacitance parameters were obtained from electromag-
netic and electrostatic field solutions. The extracted parameters were incorporated into a
segmented R-L-M-C equivalent circuit and solved in the frequency domain using MNA.

The proposed model was validated against FRA measurements performed in the
20 Hz-2 MHz range for the section-A air-core connection configuration. The model showed
good agreement with the measured low-frequency response, with a magnitude differ-
ence of 0.1074 dB at 50.431 Hz. Over the full frequency range, the RMSE and MAE
were 3.09 dB and 1.76 dB, respectively. The highest band-wise error was observed in the
2 kHz-100 kHz middle-frequency region, where multiple resonance and anti-resonance
points occur. The sensitivity analysis showed that the response in this region is sensitive
to variations in the mutual-inductance terms and the capacitance matrix, which can cause
shifts in the resonance locations and corresponding magnitude deviations. The model
represented the overall attenuation trend, the dominant resonance region and the high-
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frequency recovery behavior, although local deviations remained around sharp resonance
and anti-resonance points.

The results indicate that the field-extracted segmented R-L-M-C model provides a
physically interpretable representation of the healthy-state FRA behavior of the tested
winding assembly. Future work will extend the proposed modeling framework to different
winding sections, cored configurations and controlled winding fault scenarios such as axial
displacement, radial deformation and shorted turns.

The present results are limited to a coreless six-section winding assembly under a
single-section excitation condition. Future studies will extend and validate the proposed
methodology for core-based transformer structures, multiple-section excitation configura-
tions and controlled winding fault conditions.
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HVDC High-voltage direct current
MAE Mean absolute error

MNA Modified nodal analysis
R-L-M-C  Resistance-inductance-mutual inductance—capacitance
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