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Abstract-- This paper presents a black-box modeling approach 

for evaluating internal resonances in high-voltage windings of 
power transformers. The proposed method relies on frequency 
response measurements, specifically admittance and voltage 
transfer functions, over a frequency range of 20 Hz to 1 MHz. 
First, the black-box modeling methodology is presented, followed 
by a discussion of the frequency response measurements 
performed in a high-voltage laboratory environment using a 
Sweep Frequency Response Analysis (sFRA) instrument. Based 
on these measurements, Y-matrix and H-matrix models were 
developed and validated in both frequency and time domains. 
The analysis revealed critical resonance frequencies, especially 
the first-mode resonance, which cause significant overvoltages 
that pose a risk to the integrity of the winding’s insulation. These 
results highlight the importance of considering internal 
resonances during the design phase of power transformers to 
mitigate the risk of dielectric failure. Furthermore, the technique 
proves especially valuable for post-failure analysis, as it enables 
the investigation of resonance frequencies in a failed transformer 
or similarly designed unit, providing insight into whether these 
resonances contributed to the failure event in the operational 
power grid. 
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I.  INTRODUCTION 
OWER transformers are exposed to various electromag-
netic transients, such as energization overvoltages, 

lightning strikes, and switching operations, which can lead to 
dielectric failures. These transients may arise from external 
events or interactions between the transformer and the 
connected power system [1]. Given the critical nature of these 
interactions, many technical standards and guidelines have 
been developed to address the associated risks [1]-[8]. These 
documents provide comprehensive case studies and propose 
strategies to mitigate the risk of transformer failures. 

One particularly concerning condition is resonance within 
the transformer winding, also known as internal resonance. 
When a switching event or other transient aligns with one of 
the transformer’s natural frequencies, it may excite an internal 
resonance, generating voltages significantly above the rated 
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level, even when the voltage at the transformer terminals 
remains within specification limits [1]. Accurately 
investigating these internal resonances requires a detailed and 
precise model of the high-voltage winding. This ensures that 
the winding’s behavior under transient conditions is properly 
represented and potential resonances are identified. 

Several studies have focused on modeling transformer 
windings to analyze internal overvoltages [9]-[15]. However, 
most approaches rely on detailed winding geometry or 
comprehensive white-box models, which are typically 
proprietary and held by manufacturers. This restricts the 
practical use of such models in independent studies where 
detailed design data is often unavailable. 

To address this limitation, this paper presents a black-box 
model of the high-voltage winding of a distribution 
transformer to investigate internal resonances. The model is 
based on measurements of admittance and voltage transfer 
functions over a frequency range of 20 Hz to 1 MHz, 
conducted in a high-voltage laboratory using a Sweep 
Frequency Response Analysis (sFRA) instrument. This 
approach is particularly valuable for transformer failure 
analysis, as it allows the development of a detailed model 
without requiring information about the winding geometry. 

This paper outlines the methodology to develop a black-
box model based on frequency response measurements, 
validates the model in both frequency and time domains, and 
analyzes the measurement results. Section II details the black-
box modeling technique based on admittance and voltage 
transfer functions. Section III describes the key characteristics 
of the winding under investigation. Section IV presents the 
frequency response measurements used to construct the 
model. Sections V and VI discuss the development and 
validation of the model. Section VII examines the internal 
resonances identified in the high-voltage winding and their 
potential effects. Finally, Section VIII addresses specific 
points related to the implementation of the methodology, 
while Section IX presents the conclusions of the study. 

II.  BLACK-BOX MODEL BASED ON ADMITTANCE AND 
VOLTAGE TRANSFER FUNCTION MEASUREMENTS 

Black-box models are widely employed for broadband 
modeling of power transformers [16]-[20]. Unlike the white-
box, which requires detailed knowledge of a transformer’s 
internal geometry, black-box models represent the equipment 
behavior using rational functions or equivalent circuits derived 
from frequency response measurements. This method 
simplifies the modeling process while maintaining high 
accuracy across a wide frequency range, making it particularly 
effective for fast transient analysis and system-level studies.  

P 



The approximation of frequency response measurements 
into rational functions is typically done using the vector fitting 
method [21]. This approach is applicable to various parameter 
types, including admittance, impedance, scattering parameters, 
and voltage transfer functions. In this study, it is applied to 
admittance and voltage transfer functions. The admittance 
matrix Y establishes the relationship between the terminal 
voltages and currents over the measured frequency range. 
Meanwhile, the voltage transfer, represented by the H matrix, 
quantifies the voltage at a designated set of nodes in response 
to a known input voltage applied at an external terminal [16]. 

The black-box model derived from the Y matrix can be 
converted into an equivalent circuit for time-domain 
simulation using EMTP-type programs [22]. The Y matrix 
must be square and symmetrical, with the number of rows and 
columns corresponding to the number of terminals modeled. 
For example, if a winding is represented by one external 
terminal and nine internal terminals, the Y matrix will have a 
dimension of 10 x 10, requiring 100 frequency response 
measurements. This is necessary when all terminals interact 
with the circuit, such as when loads or voltage limiters are 
connected to internal terminals. 

However, if the interaction between the internal terminals 
and external circuits is outside the scope of the application, as 
is the case in this work, the H-matrix model becomes more 
efficient. Unlike the Y matrix, which models the full 
interaction between all terminals, the H matrix focuses solely 
on the response of the internal terminals to the external 
voltage, excluding feedback to external circuits. Referring to 
the previous example, the H matrix would be a 9 x 1 matrix, 
representing the voltages at the internal terminals for a known 
voltage applied to the external terminal. This approach reduces 
the number of frequency response measurements to just 10: 
one for admittance and nine for voltage transfers. Therefore, 
the black-box model implemented in this study integrates both 
Y-matrix and H-matrix models, as outlined in Fig. 1. 
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Fig. 1.  Black-box model of a high-voltage winding using Y and H matrices. 

 
The Y-matrix model must be stable, passive, and symmet-

rical, while the H-matrix model requires only stability [16]. 
The passivity of the Y-matrix model is ensured through a post-
processing step that assesses and enforces passivity [23]. Once 
passivity is enforced, the Y-matrix model can be transformed 
into an equivalent circuit and implemented in an EMTP-type 
program (ATPDraw in this work) for time-domain simulation. 
In contrast, since the H-matrix model does not interact with 
external circuits, it is not converted into an equivalent circuit. 
Instead, the response of the linear system is evaluated in time 
domain converting the linear model from frequency to time 

domain. Fig. 2 illustrates the modeling flowchart, detailing the 
process from measurements to time-domain simulation for 
both Y-matrix and H-matrix models. 

 

Frequency Response 
Measurements

Vector Fitting
Algorithm

Passivity 
Assessment/Enforcement

Convert Linear Model
to Equivalent Circuit

Implement Equivalent 
Circuit in ATPDraw

Time-Domain
Simulation (ATPDraw)

Frequency Response 
Measurements

Vector Fitting
Algorithm

Convert Linear Model
to Time Domain

Time-Domain
Simulation (MATLAB)

Y-Matrix 
Model

H-Matrix 
Model

Start

Finish

Start

Finish

 
Fig. 2.  Flowcharts outlining the modeling process for Y and H matrices. 

III.  CHARACTERISTICS OF THE HIGH-VOLTAGE WINDING 
UNDER INVESTIGATION  

This section provides an overview of the high-voltage 
winding selected for testing and modeling. The winding, 
originated from a 1 MVA oil-filled distribution transformer, 
features a continuous disc design and a rated voltage of 10 kV. 
Key specifications are summarized in Table I. 

 
TABLE I 

PARAMETERS OF THE HIGH-VOLTAGE WINDING 

Parameter Specification 

Number of discs 60 
Turns per disc 11 
Winding height 865 mm 
Winding inner radius 147.5 mm 
Metallic cylinder radius 105 mm 
Winding insulation Oil-impregnated paper 
 
A hollow metallic cylinder inside the winding provides a 

ground reference, analogous to the transformer’s iron core. 
Additionally, each even-numbered disc has a terminal, 
enabling the measurement of internal voltages and, 
consequently, voltage transfer functions. Fig. 3 presents a 
schematic diagram and an image of the high-voltage winding 
under test, highlighting the internal connections. 



 
Fig. 3.  High-voltage winding. (a) Schematic diagram. (b) Details of internal 
terminals. 

IV.  FREQUENCY RESPONSE MEASUREMENTS 
As outlined in Section II, the black-box model developed in 

this study relies on admittance and voltage transfer functions. 
Accordingly, frequency response measurements of the 
winding were performed in two configurations to obtain the Y 
and H matrices. Using an sFRA instrument, these 
measurements spanned a frequency range of 20 Hz to 1 MHz. 

The sFRA instrument (Omicron FRAnalyzer) has three 
primary connections: the output channel, which provides the 
generated sinusoidal voltage; channel 1, used to measure the 
reference voltage; and channel 2, used to measure the voltage 
of interest. The device operates in two modes: gain mode, 
which measures the voltage transfer between channels 1 and 2, 
and impedance/admittance mode, where the circuit impedance 
or admittance is measured through the output channel. Fig. 4 
shows the setup used to measure the winding admittance. 
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Fig. 4.  Test setup for measuring the winding admittance. 

In this configuration, the sFRA instrument operates in 
impedance/admittance mode to measure the admittance 
between terminals H1 and H0. The output channel of the sFRA 
instrument is connected to terminal H1 through a 1 m coaxial 
cable with a grounded shield. The winding admittance is 
calculated in the frequency domain according to (1). 

𝑌𝑌11(𝜔𝜔) =  
𝑖𝑖1(𝜔𝜔)
𝑣𝑣1(𝜔𝜔)

 (1) 

where ω is the angular frequency, v1 is the applied voltage, 
and i1 is the current flowing through the winding, measured 
directly by the instrument through its 50 Ω output impedance. 

Terminal H0 is grounded, the same condition in which the 
voltage transfers are measured. Consequently, terminal H1 is 
the only external terminal considered in the model, resulting in 
a Y matrix with only one element. Fig. 5 shows the measured 
winding admittance. 

 

 
Fig. 5.  Winding admittance in the frequency domain. 

 
The admittance exhibits a series of resonances and anti-

resonances, where resonances correspond to points of high 
admittance (or low impedance) and anti-resonances indicate 
points of low admittance. In this context, resonances represent 
internal voltage maxima, while anti-resonances correspond to 
internal voltage minima [8]. Given this understanding, the 
study focuses on evaluating resonance frequencies to 
investigate internal overvoltages. The first three resonance 
modes are observed at frequencies of 190 kHz, 367 kHz, and 
488 kHz, respectively. 

Subsequently, the voltage transfer functions were measured 
using the setup illustrated in Fig. 6. 
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Fig. 6.  Test setup for measuring the voltage transfer functions. 
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The sFRA instrument operates in gain mode to measure the 
voltage transfer function between the winding’s internal nodes 
and terminal H1, while terminal H0 is grounded. The output 
channel and channel 1 are connected to terminal H1 to apply 
and measure the voltage, respectively. Channel 2 is connected 
to the internal node of interest to calculate the transfer 
function. To prevent the shunt capacitance of measurement 
cables from loading the winding and affecting the internal 
node voltage, both voltages are measured using a 10:1 passive 
voltage probe (Lecroy PP005), as proposed in [16]. This setup 
enables an accurate calculation of the voltage transfer function 
at internal node j according to (2). 

𝐻𝐻𝑗𝑗(𝜔𝜔) =  
𝑣𝑣𝑗𝑗(𝜔𝜔)
𝑣𝑣1(𝜔𝜔)

 (2) 

where v1 is the applied voltage measured by channel 1 and vj is 
the voltage measured at node j by channel 2. 

The voltage transfer functions for all even-numbered discs, 
from 2 to 58, were measured across a frequency range of 
20 Hz to 1 MHz. Consequently, the resulting H matrix 
contains 29 rows and a single column. Fig. 7 presents the 
measurement results for discs 14, 30, and 46. 

 

 
Fig. 7.  Voltage transfer functions of discs 14, 30 and 46. 

 
Discs 14 and 46 are positioned at approximately 75% and 

25% of the winding height, respectively, while disc 30 is 
located at the midpoint. The gain remains constant from 20 Hz 
to approximately 50 kHz, consistent with the operational gain 
at 50 Hz. The resonance frequencies correspond to those 
observed at the winding terminal. However, disc 30 does not 
exhibit a resonance at 367 kHz. This absence is expected, as 
367 kHz corresponds to the second-mode resonance, 
characterized by amplitude maxima at 25% and 75% of the 
winding height and zero amplitude at the midpoint. 

At the first-mode resonance, the maximum voltage is 
expected at the midpoint of the winding. At this frequency, the 
measured maximum gain reaches approximately 6.3, 
indicating that an input voltage at 190 kHz applied to terminal 
H1 results in a midpoint voltage 6.3 times higher, which 
significantly exceeds the design specifications of the winding 
insulation. Fig. 8 shows the voltage transfer functions along 
the winding. Since the response is flat at low frequencies, the 

results are shown starting from 50 kHz. 
 

 
Fig. 8.  Voltage transfer functions along the winding.   

 
The graph in Fig. 8 exhibits the resonance modes until 

1 MHz. The first-mode resonance at 190 kHz shows a 
maximum at disc 30 (winding midpoint). The second-mode 
resonance at 367 kHz exhibits two maxima at discs 14 and 46. 
The third-mode resonance at 488 kHz has three maxima at 
discs 10, 30, and 50. Higher-order resonance modes are also 
evident, with each mode showing a number of maxima 
corresponding to its order. A more detailed analysis of the 
winding’s internal resonances is provided in Section VII. 

V.  MODELING 
Based on the frequency response measurements presented 

in Section IV, the winding model is developed in both 
frequency and time domains. 

A.  Y-Matrix Model 
To construct the Y-matrix model, the admittance measure-

ment is subjected to a rational approximation with 25 poles 
using the vector fitting algorithm [21]. The selection of 25 
poles is based on a balance between model accuracy and the 
complexity of the equivalent circuit implemented in 
ATPDraw, as overly complex circuits may lead to numerical 
instability. Fig. 9 compares the measured winding admittance 
with the model’s response. 

 

 
Fig. 9.  Comparison of winding admittance between measured data and the 
rational approximation model. 
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The model demonstrates good agreement with the 
measurements, as indicated by the difference curve in Fig. 9. 
Following the vector fitting process, the model underwent a 
passivity assessment. No passivity violations were detected, 
indicating that passivity enforcement was not necessary. 

B.  Time-Domain ATP Model 
For time-domain simulation in an Electromagnetic 

Transients Program (EMTP), the linear model is converted 
into an equivalent circuit represented by a complex RLCG 
network. This transformation is achieved using a MATLAB 
routine provided in the vector fitting toolbox [22], which 
generates a data file to import into ATPDraw. Fig. 10 
illustrates the equivalent circuit as implemented in ATPDraw. 

 

 
Fig. 10.  Black-box model implemented in ATPDraw. 

 
The equivalent circuit is encapsulated within the black box, 

with terminal H0 internally grounded. Terminal H1 is the only 
external terminal. In this example, a sinusoidal voltage source 
is connected to the winding model, and both the applied 
voltage and resulting current are measured. Since the model 
interacts with external circuits, it can be used in various time-
domain studies, such as evaluating transformer winding 
interactions with high-voltage cables during vacuum circuit 
breaker switching events. 

To validate the ATP model in the frequency domain, the 
admittances of both the MATLAB and ATP models are 
compared over the frequency range of 20 Hz to 1 MHz, as 
shown in Fig. 11. The responses are identical, indicating that 
the ATP model accurately represents the MATLAB model 
and, consequently, the real winding. 

 

 
Fig. 11.  Comparison of winding admittance between MATLAB and ATP 
models. 
 

C.  H-Matrix Model 
The second component of the proposed modeling technique 

is the H-matrix model. In this approach, the measured voltage 
transfer functions are approximated using a rational function 
through a curve-fitting process. The model is constructed 
using the vector fitting algorithm with 250 poles, chosen to 
minimize approximation error and improve accuracy. 
Although a high number of poles increases the model’s 
complexity, it does not introduce instability, as occurs when 
the model is converted into an equivalent circuit. Fig. 12 
shows a comparison between the measured voltage transfer 
functions and the model’s response for discs 14 and 30. 

 

 
Fig. 12.  Comparison of winding voltage transfer functions for discs 14 and 
30. (a) Measurement vs. model. (b) Difference. 

 
The H-matrix model exhibits good correlation with the 

measurements, as evidenced by the difference curves shown in 
Fig. 12. As detailed in Section II, this model does not require 
passivity enforcement. Furthermore, it is not converted into an 
equivalent circuit because it does not interact with external 
circuits. The time-domain simulation is performed in 
MATLAB, where the rational function is converted from 
frequency to time domain. 

The modeling of the Y and H matrices is conducted 
separately, but they are integrated for evaluating resonances 
within the transformer winding. First, a time-domain 
simulation is executed in ATPDraw, based on the relevant 
topology and specific study objectives. Then, the voltage at 
terminal H1 is recorded and used as input to the H-matrix 
model to calculate internal overvoltages across the winding. 
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VI.  MODEL VALIDATION IN TIME DOMAIN 
After implementing the model, validation in time domain is 

conducted by comparing its response to measured values. A 
signal generator is used to apply the voltage to the winding, 
with the input voltage and voltage at disc 30 measured using 
10:1 passive voltage probes. The input current is measured 
with a TESTEC TT-CC 550 current probe (200 mA/V). All 
probes are connected to a RIGOL DS1074 oscilloscope, where 
measurements are recorded. 

The first signal applied to the winding is a nonstandard 
impulse with a rise time of 100 µs and a decay time of 900 µs. 
Fig. 13 compares the model’s voltage and current responses 
with the measurement results. 

The model’s predicted voltage and current closely match 
the voltage measured at disc 30 and the current measured at 
the input terminal. The observed current differences fall within 
the current probe's accuracy of ±3%. Further validation was 
performed by applying a 190 kHz sinusoidal voltage (first-
mode resonance), resulting in model responses that also 
closely align with measured values. 

 

 
Fig. 13.  Time-domain response to an impulse. (a) Voltage. (b) Current. 

 
Once validated, the model is ready for application in 

diverse transient studies. However, this is beyond the scope of 
the current work and is not explored here. 

VII.  EVALUATION OF INTERNAL RESONANCES 
The frequency response measurements presented in 

Section IV indicate that the first-mode resonance results in an 
overvoltage of 6.3 times the applied input voltage. Using the 

developed model, the voltage distribution along the winding 
can be accurately analyzed when the maximum overvoltage 
occurs at the winding’s midpoint. Moreover, this methodology 
can be extended to evaluate voltage profiles for higher-order 
resonance modes. Fig. 14 shows the voltage distribution along 
the winding for the first three resonance modes, obtained from 
the model with an assumed input voltage of 1 p.u. 

 

 
Fig. 14.  Voltage distribution along the winding for three resonance modes. 

The first-mode resonance exhibits a maximum overvoltage 
of 6.2 p.u. at disc 30, corresponding to the winding’s 
midpoint. This result, derived from the developed model, 
closely aligns with the frequency response measurement 
outcomes. An overvoltage of this magnitude poses a 
significant risk to the winding insulation and may lead to 
dielectric failure between the winding and ground. The 
second-mode resonance produces two maximum overvoltages 
of 3.1 and -3.0 p.u. at discs 14 and 46, respectively, which also 
present a significant risk of dielectric failure. Similarly, the 
third-mode resonance results in three maximum overvoltages 
of 2.0, -1.7, and 1.9 p.u. at discs 10, 30, and 50, respectively. 

In addition to the potential failure between the winding and 
ground, failures may also occur between adjacent discs if the 
voltage difference exceeds the insulation design limits. Fig. 15 
presents the voltage differences between adjacent discs, where 
the maximum voltage difference for each disc is calculated 
relative to its preceding disc. 

 

 
Fig. 15.  Maximum voltage difference between adjacent discs. 
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The highest voltage differences are observed between discs 
12 and 10 (0.63 p.u.) and discs 50 and 48 (0.62 p.u.), both 
occurring at the first-mode resonance frequency. If the 
insulation between discs is not rated for these voltage 
differences, dielectric failure may occur. 

The results suggest that mitigation measures, such as 
RC snubbers or varistors, are necessary to reduce the risk of 
failure if the evaluated winding were in operation. However, 
installing these components only at the winding terminals may 
not be sufficient to mitigate internal resonances. As an 
alternative, placing varistors between intermediate points in 
the winding could provide a more effective solution. 

VIII.  DISCUSSION 
The methodology presented in this work was applied to a 

high-voltage winding not integrated into a transformer but can 
also be extended to windings installed in transformers. The 
primary differences are expected to arise from the influence of 
the low-voltage winding, the insulation medium (e.g., oil or 
epoxy resin), and the transformer tank (if oil-filled), as these 
factors affect the capacitances and, consequently, the 
resonance frequencies. Additionally, the transformer iron core 
impacts the frequency response below 100 kHz [24], with its 
effect also dependent on the voltage level applied during 
measurements [25]. However, since the resonance frequencies 
of interest are above 100 kHz, the iron core is not expected to 
influence the evaluation of internal resonances. 

Moreover, the discussed technique requires direct access to 
the winding discs. For oil-filled transformers, this entails 
removing the active part from the tank, while for dry-type 
transformers, partial removal of the epoxy insulation is 
necessary to expose the high-voltage winding discs. Therefore, 
this approach is particularly valuable for post-failure analysis, 
enabling its application to a failed transformer or a similarly 
designed unit to investigate resonance frequencies and 
evaluate their role in the failure event in the power grid. 

IX.  CONCLUSIONS 
Transient events, such as switching operations, can excite 

internal resonances within a transformer when their 
frequencies align with the transformer’s natural frequencies. 
This effect can result in voltage amplification beyond rated 
levels, posing a significant risk to the equipment. Therefore, 
precise modeling of the high-voltage winding is crucial for 
accurately analyzing and understanding these internal 
resonances. 

This study introduced a black-box modeling approach for 
evaluating internal resonances in high-voltage windings of 
power transformers. The methodology, based on frequency 
response measurements, provides a detailed representation of 
the winding’s dynamic behavior without requiring proprietary 
design details. 

The modeling process involved the development of Y-
matrix and H-matrix models, which were validated in both 
frequency and time domains. The analysis identified critical 
resonance frequencies, particularly the first-mode resonance, 
showing significant overvoltages capable of compromising the 

winding's insulation system. 
The findings underscore the importance of addressing 

internal resonances during the transformer design phase to 
mitigate the risk of dielectric failure. Additionally, the 
technique can be applied to model high-voltage windings 
within power transformers, though some variation in 
resonance frequencies may occur due to the presence of the 
low-voltage winding and insulation media. As the approach 
requires direct access to the winding discs, it is particularly 
well-suited for post-failure investigations, enabling the 
assessment of resonance frequencies and their potential role in 
transformer failures. 
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