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Abstract—High voltage electrical devices such as power transformers are often stressed by the overvoltages that occur during 

switching operation and atmospheric discharges. Consequently, it is of particular interest to monitor these events in the 

power network. Nowadays, power transformers can be equipped with transient recorders that measure the voltages at the 

bushing measurement taps. It is possible to simulate events captured by these recorders, in EMTP. In this process, the crucial 

element that has to be modelled properly is the power transformer. 

In this paper, three wideband transformer models are presented: black-box, grey-box and white-box. These models are 

validated using the transmitted overvoltage measurements at high voltage laboratory. Then, the results of the simulation of 

the transient event recorded in 220/110 kV substation is presented and compared to the on site measurements results.  

 

Index Terms—transient recorder, on site measurements, wideband transformer model, lightning, EMTP.  

 

I. INTRODUCTION 

In electric power systems, pieces of equipment such as power transformers are often stressed by overvoltages that 

contain significant amount of energy at the frequencies higher than nominal. Power transformers are usually protected 

against these overvoltages by surge arresters. However, surge arresters are not always effective in the case of 

overvoltages that contain high frequencies, resonant overvoltages or multiple overvoltage stresses over period of time 

[1]. Slow front, fast and very fast overvoltages are most of the time caused by switching operations and/or atmospheric 

discharges. They are the source of traveling electromagnetic waves that can be monitored on line at the voltage taps of 

the transformer bushings, using a transient recorder which is part of a commercially available transformer monitoring 

system (TMS) [2], [3]. To simulate these phenomena in an electromagnetic transient program (such as EMTP), it is 

necessary to have a proper wide-band transformer model [4]–[9].  

In the scope of this paper, electromagnetic transients due to atmospheric discharges are measured at the primary and 

secondary side of a real power transformer installed in a substation. These transients are classified as fast front 

overvoltages and can be numerically simulated with different wide-band transformer models. Three different wideband 

transformer models are described in the paper: detailed white-box transformer model, simpler grey-box model, that does 

not reveal design data which is an industrial secret and black-box model which is constructed only from the 

measurements without knowing the transformer geometry. The models are validated with transferred overvoltage 

measurements conducted in a high voltage laboratory. In addition to the model validation a comparison between 

simulation results and on site real lightning transient measurements recorded using the TMS equipped with transient 

recorder are shown. The simulations are done in EMTP software. 

A recent CIGRÉ workgroup (JWG A2/C4.52) is dealing with non-standard waveforms and high-frequency transformer 

and reactor models with the goal of adequately representing the transformer under such transient overvoltages [10], [11] 

has been set up recently. The results presented in this paper give a unique insight into the applicability of wideband 

transformer models by comparing its results with sheer lightning overvoltage transients that were measured on site 

using a transient recorder and correlated with a Lightning Location System (LLS) system. 

It is important to note that these wide-band transformer models can be used in a large variety of power systems studies, 

as they are also valid for power frequency and harmonics simulations. This is important, especially with the 

introduction of renewable energy sources which are significant sources of high-range harmonics in power network [12]. 

Furthermore, it is important to continuously monitor these power network transients due to possible component’s 

insulation degradation as a result of successive voltage stresses. This is one goal of successful transformer asset 

management. 

In section 2 of the paper the wideband transformer models are presented: black-box, grey-box and white-box models. 

Then, in section 3, the system for on site monitoring of transient overvoltages across the transformer’s bushing is 

described. In section 4, the model validation with the transferred overvoltages measured at high voltage laboratory is 

presented first, following with the real test case that compares detailed simulation results versus transient measurements 

using the TMS on site. Finally, a conclusion of this work is given. 

 



II. WIDEBAND TRANSFORMER MODELLING 

In this section, three different wideband transformer models are described. The first, black-box model, is a model based 

on the measurements results, conducted at the outside transformer terminals. Such measurements can be conducted for 

any existing transformer in the power network. This model is often used among power utilities as it does not require any 

knowledge about the transformer’s inner design. The main drawback of the black-box modelling is that it cannot be 

used to calculate the overvoltages that occur inside the transformer. Then the grey-box model is presented. This model 

is used by power utilities as it requires the limited amount of transformer design data, which is usually available to the 

transformer buyer company. Using this approach, it is possible to calculate the overvoltages that occur inside the 

transformer. Finally, the white-box model is presented. This model is used inside the power transformer factory to 

calculate the overvoltage stress that occurs during the factory acceptance test. It requires the detailed transformer 

geometry and knowledge of material parameters/properties. White-box models are not often used in power system 

studies to simulate the transferred overvoltages.   

 

A. Black-box models 

 

Transformer models that can be classified as black-box models are usually based on the fitting of the measured 

frequency dependent admittance matrix of the transformer and can be determined without any prior knowledge on the 

transformer geometry. Therefore, they can only be applicable to evaluate external overvoltages, in order to analyse the 

interactions between a transformer and the network and to study the insulation coordination [8], [13]–[22]. 

For the purpose of this paper, a black-box model is calculated from the measurements conducted with the SFRA 

measuring equipment. This is a standard equipment for measuring the frequency response of a transformer as suggested 

in the IEC 60076-18 Standard [23]. The measurement procedure is similar to the one described in [8]. A frequency 

response analyzer is capable of measuring the ratio (H) between the input (Vin) and the output (Vout) voltages: 
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In (1) f stands for the frequency. Note that the measurements are done at discrete frequency points. Since the SFRA 

measurement’s equipment is not normally used for measuring Y matrix, a specific procedure for measuring is 

established. The measuring method stems from the following expression: 
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Expression (2) is valid for a core-type transformer with N terminals. The measuring procedure includes N*(N+1)/2 

measurements as it is shown in [13] and [14]. Note that the measuring methods differ for off-diagonal and diagonal 

matrix elements. As a results of the measurements one can calculate the transformer frequency dependent admittance 

matrix, Y(f).  

 

B. Grey-box models 

 

Transformer models that can be classified as grey-box models are usually derived from limited information about the 

transformer geometry. In this section the concept of the grey-box model presented in [4] is explained.  

It is based on a lumped RLCG equivalent network and a segmentation of the transformer geometry. Similar models can 

be found in [24]–[26]. In this model the parameter values are calculated from the transformer geometry and properties 

of the materials. Each RLCG element represents a physical part (segment) of the transformer’s winding. See Figure 1 

for the example of a RLCG network which represents one phase of a two windings transformer represented with only 

one segment per winding. 

From Figure 1, it can be seen that the transformer is represented with the inductances, resistances and capacitances of 

the windings itself, the mutual inductance and resistance (related to proximity effect), capacitance and conductance 

between the windings and the capacitances and conductance to the ground of each winding. 
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Figure 1. RLCG network for one phase of a two winding transformer. 

 

The model is valid for wideband frequency range with the upper frequency boundary that depends on the length of the 

geometry segmentation element. The model assumes that the capacitance parameters are constant while the resistance, 

inductance and conductance values vary versus frequency, which is correct for most power system transient studies. 

Therefore, to calculate the model’s parameters, two problems have to be solved: a magnetic one and an electrostatic 

one.  

The most efficient way to solve these problems is to build a model in an electromagnetic field software program (i.e. a 

software program which includes a Finite Element Method (FEM) solver for quasi-static problems such as FEMM 

[27]). Another possibility would be to use analytical expressions. However, it is not always possible to derive analytical 

expressions for complex structures such as the transformer’s windings, especially when it comes to the calculation of 

resistances inside a transformer at high frequencies. This is due to the calculation of the eddy currents effects: skin and 

proximity effects.  

To calculate the R and L parameters of the transformer in a reasonable time, a method to approximate eddy currents by 

substituting the conductive material for a non-conductive hysteretic material described with a complex permeability is 

implemented. In that way the quasimagnetostatic FEM formulation of a problem can be implemented and solved more 

efficiently [27]–[30], which makes the calculation time compatible with the one of an engineering study. 

By setting the material’s conductivity to zero, the conductors can be observed macroscopically since it is not necessary 

to calculate eddy currents locally. The physical explanation of the complex permeability behaviour in the conductive 

material is that the real part of the permeability represents the ability of the conductive material to conduct the magnetic 

flux while the imaginary part of the permeability represents the losses generated by the eddy currents circulating in the 

material. Note that only eddy currents due to the proximity effect are taken into account since the only magnetic field 

that is taken into consideration is the external one [4]. The contribution due to the skin depth has to be added afterwards 

using analytical formulas [4].  

To calculate the C and G parameters of a transformer, the electrostatic problem has to be solved with a FEM software 

program. For the model, two different types of capacitances (capacitances of the segments to the ground, capacitances 

between the segments) and conductances are calculated (conductance of the segments to the ground and conductance 

between two segments). Contrary to the capacitances, the conductances are considered as frequency dependent. 

Nevertheless, their values can be derived from the values of the capacitances by using the linear approximation of 

Buckow’s experimental results [31] already used for transformer modelling in [4], [24], [32]. 

In order to use the model in a power system studies, when all the RLCG parameters of the model are calculated, it is 

necessary to compute its frequency dependent admittance matrix. By doing that, one obtains the same matrix as the one 

in the black-box model. Therefore, the interaction between the model and EMTP software is similar, as explained 

further in this section.  

 

C. White-box model 

 

Detailed physical or white-box models are used for calculating the voltage distribution across the transformer windings 

during standard impulse testing conducted during the factory acceptance tests [1]. Consequently, these models have to 

be detailed and advanced since overvoltages of very high frequencies (few MHz) can occur inside the transformer 

windings, caused by the reflections between the parts of the transformer’s windings or resonances inside the 

transformer. 

White-box models have been used for several decades, among transformer manufacturing companies, as it can be seen 

from an overview on transformer design [33]. The parameters of these models are determined from the detailed 

transformer geometry which is usually the property of the transformer manufacturer and it is not common for power 



utilities to have access to such data. The parameters are calculated by using analytical expressions or numerical 

methods, such as the finite element method [24], [34], [35]. The accuracy of these calculations has a direct influence on 

the accuracy of the model. In some cases, an analytical approach is chosen instead of a numerical approach because it is 

a good trade-off between calculation time and accuracy. Many transformer manufacturers have their own coefficients, 

based on experience, to adjust the values of the dumping inside the model. 

For the purpose of this paper a white-box model based on lumped RLC parameters, calculated using combined 

analytical expressions and FEM is provided by the transformer manufacturer. Parameters of the model are calculated at 

a single frequency and are not frequency dependent. Therefore, the interaction with EMTP software is straightforward 

and does not include as fitting procedure. Since the model is used through RLC matrices export directly in EMTP, the 

parameters representing damping are somewhat simplified due to the size of the model in EMTP. Finally, this will 

influence the results and one can expect waveshapes that are slightly less damped than they should be. 

 

D. Integration of a frequency dependent transformer model in EMTP  

 

To include the frequency dependent nodal admittance matrix of the wideband transformer model, Y(f) in the EMTP 

software program, the procedure shown in Figure 2 is used. It consists of fitting the admittance matrix coefficients using 

the rational approximation and enforcing the passivity of the model. Such approach is widely used when it comes to 

representing multiple-input, multiple-output systems (MIMO) such as power transformers [36]–[40]. 

The fitting of the admittance matrix element Yij(f) is done using a rational expression [7], [20], [41] of the type given 

below: 
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In (3) an,ij represents the poles which can be either a real or complex conjugated pair, cn,ij represents the residues which 

can also be either a real or complex conjugated pair, dij is a real value constant. s stands for j2πf where f is the 

frequency. Np is the number of poles used for approximating each matrix element. Prior to rational approximation, the 

frequency dependent admittance matrix Y(f) or Ynodal(f) should be rewritten to form a function of variable s, Y(s) instead 

of f. 
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Figure 2. Procedure for inputting transformer models with frequency dependent parameters in EMTP. 

 

The rational functions have to be both stable and passive since the transformer is a passive component of the power 

network. The stability is ensured by keeping only the poles which are stable. The passivity is enforced by the 

perturbation of the residues and the constant values in order to match the passivity criterion [20], [38], [42]–[47]: 

 

  0= uYu fitP )s(Re *         (4) 



The rational expression (3) enables the use of the state space equations. The matrices A, B, C, and D for the state space 

representation can be input directly into the state space block in EMTP. These matrices are obtained by using the values 

of the poles and the residues from the rational functions (3) to form the function given below: 
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Expression (5) represents the relationship between the terminal currents and the voltages of the transformer. The state 

space representation is used to describe a linear network. Therefore, it can be used to represent a transformer, since it is 

a linear system at high frequencies. The main advantage of using these equations is that they can be used both in the 

frequency and the time domain. 

 

For the frequency dependent grey-box and black-box models, a toolbox developed by EDF R&D and compatible with 

EMTP [48] is used. This toolbox is based on research conducted by EDF R&D, the Faculty of Electrical Engineering 

and Computing of Zagreb and the University of Clermont-Ferrand [4]. 

 

III. TRANSIENT MONITORING SYSTEM 

In this section, a transient monitoring system that can be installed at a bushing of a power transformer or shunt reactor is 

presented first. Following, an example of recorded lightning overvoltages is given with the procedure to extract the 

transient overvoltages from the total recorded event. 

 

A. Method for overvoltage measurements at transformer bushings 

Overvoltages, as well as voltages, can be measured on a measuring tap of the corresponding transformer bushing using 

TMS. The connection with the measuring tap shown in Figure 3 (a) is accomplished with a specially designed adaptor 

while the link between the adaptor and the impedance matching circuit is carried out with a coaxial cable. The inbuilt 

acquisition card is fast enough to capture data with a time resolution of 0.5 µs, which is enough for transients containing 

frequency components lower than 1 MHz. The number of points recorded per event is 60000 which leads to a total 

recording time of 30 ms per event (the equipment starts recording 0.3 ms before the trigger). 

While overvoltages are acquired occasionally, voltages need to be measured continuously in order to detect changes of 

bushing capacitance (C, tan δ). 

 

       

         (a)                                                                 (b) 

Figure 3. (a) Connection to measuring tap; (b) Transient overvoltage monitoring system installed on 100 MVAr shunt reactor [2], [3]. 

 

It is important to note that the capacitance divider used for the measurements does not change the shape of the measured 

signal (the calibration range of frequencies extends up to 500 kHz [49]) which allows monitoring of fast front and slow 

front overvoltages [50]. 

In Croatia, the TMS system with transient monitoring is currently installed in eight power transformer units and one 

shunt-reactor located in four 220/110 kV substations, one 400/110 kV and one 400/220/110 kV substation. 



B. Transformer monitoring data analysis 

For the purpose of this paper the overvoltages that occurred due to the atmospheric discharges at the terminals of a 150 

MVA 220/110 kV Yna0d5 autotransformer unit are observed, see Figure 4. Overvoltages are measured both at 220 kV 

and 110 kV sides of the autotransformer. 

 

Figure 4. Atmospheric overvoltages recorded using the transformer monitoring system. 

 

It is possible to extract the transient impulse signal from the recorded data, if one is only interested in transient 

phenomena without taking into account the 50 Hz voltage. The impulse signal is extracted from the original recorded 

signal using the high pass FIR filter. After the filter application a correction has to be applied on the extracted data in 

order for the transient to start from 0 V. The extracted impulse, corresponding to the example shown previously, is 

given in Figure 5. 

 

 

Figure 5. Extracted impulse signal from a recorded atmospheric overvoltage. 

 

IV. APPLICATION: COMPARISON BETWEEN IN SITU LIGHTNING OVERVOLTAGE MEASUREMENTS AND 

EMTP SIMULATIONS 

 

The final goal of this section is to compare lightning overvoltages, which have been measured in a substation using the 

equipment presented in the previous paragraph with the simulation results involving the transformer models of section 

2.    



At first, the transformer models are validated using the low voltage measurements of transferred overvoltages 

conducted at high voltage laboratory. Then a comparison between EMTP simulation results and on site measurements 

of atmospheric overvoltage transferred through a real 150 MVA 220/110 kV Yna0d5 autotransformer unit is presented. 

Overvoltages are measured on site using the transient recorder unit installed. 

 

A. Lightning transferred overvoltages measurements in HV laboratory 

 

The test set-up for validating the presented wideband models consists of a 150 MVA 220/110 kV Yna0d5 

autotransformer unit, a recurrent surge generator, an oscilloscope and a connection box which allows different low 

voltage elements such as resistors to be connected to the transformer terminals.  

In the scope of this paper, the model validation for lightning impulses is presented only for a configuration similar to the 

one in the power network: all HV and LV winding terminals were connected to 390 Ω resistances while the tertiary 

winding terminals were connected to 50 Ω resistances, the neutral was solidly grounded. Lightning impulse is generated 

with a recurrent surge generator, Haefelly type 481, 400 Vpp. The amplitude of the applied signal was around 300 V. 

The measurement set-up is shown in Figure 6. 
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Figure 6. Set-up for measurements of transferred overvoltages in the specific configuration. 

 

Overvoltages were measured at HV and MV transformer terminals as the number of measurements channels was 

limited. 

Test set-up was simulated in EMTP for all three transformer models. The comparison between measured and simulated 

results are shown in Figure 7 below. 

 

 
(a) 



 

 
(b) 

 

 
 (c) 

Figure 7. Comparison of simulated and measured results of transferred overvoltages measurements in high voltage laboratory. The results are shown 
for (a) black-box, (b) grey-box and (c) white-box model. 

 

From the results given above, it can be concluded that all three presented transformer wideband models can calculate 

the overvoltages which are transferred from the HV to the MV side of the transformer in this specific configuration 

accurately enough. Black-box model is the most accurate one as its main purpose is to simulate transferred overvoltages 

and it relies on measurements while the other two models are more complex as they represent the interactions inside the 

transformer; their main advantage is that they can be used for a wider area of application than the black-box model. 

 

B. Transferred atmospheric overvoltages measured in a real network, when the transformer is operational 

 

The transients shown in Figures 4 and 5 were observed in a 220/110 kV substation at the terminals of a 150 MVA 

220/110 kV Yna0d5 autotransformer unit. Due to the rise time of the recorded transient it can be concluded that it 

arrives to the substation from the 220 kV side. Therefore, to model this event properly in EMTP, it is necessary to 

represent correctly the 110 kV side of the substation, as well as to include the wideband transformer models into the 

simulation. 

In the substation, three autotransformer units operate in parallel. Each unit has been modelled in EMTP using the black-

box wideband transformer model based on the similar 150 MVA autotransformer. 7 different overhead lines connected 

to the 110 kV busbars are simulated using the constant parameter line model. Line lengths are ranging from 7 km up to 



43 km. Due to the lack of data, surge impedance, Zs for the line models is chosen to be 400 Ω, while the realistic 

resistances and line lengths data was used. Each line is terminated with the 3.4 nF capacitance representing the 

capacitance of the neighboring substation. Corona model from standard EMTP library was used to limit the 

overvoltages while propagating through the overhead lines. Voltage and current measurement transformers were 

modelled using the capacitance to the ground (400 pF and 750 pf respectively) in each overhead line bay as well as in 

the autotransformers bay. Surge arrestors are not taken into account in the model as the observed overvoltage level is 

below the rated voltage of arrestor. The tap position of the transformer at the time of the recorded event is not known 

and the grounding system of the substation was not modelled. Simulated 110 kV side of the network in EMTP is shown 

in Figure 8.  

 

 

 
Figure 8. 110 kV part of the substation and the connected overhead lines, modelled in EMTP. 

 

Measured voltage impulses were applied to the 220 kV side of the transformers and the voltages at the 110 kV side of 

the transformer were observed. 

 

 

 

 

 



 

Figure 9. Simulated results of the observed overvoltage together with 50 Hz that occurs on terminals of the autotransformer in 220/110 kV substation. 

 

 

Figure 10. Comparison between simulated and on site measured overvoltage. 

 

From the results shown in Figures 9 and 10, it can be concluded that the recorded overvoltages have been successfully 

simulated with a high degree of the accuracy taking into account the complexity of the models, both of the 

autotransformer and the substation.  

The models are accurate at low frequency as well, which can be seen from the correct 50 Hz voltage ratio in Figure 9. 

However, when comparing Figure 9 and Figure 4, it can be seen that the model is lacking some damping. 

 

V. CONCLUSIONS 

Overvoltages that occur in a power system due to the switching operations or atmospheric discharges can be measured 

accurately. Nowadays, TMS systems are equipped with transient recorders that can capture these events. In the paper, a 

test bed for simulating lightning overvoltages is presented and its results are compared to real on site measurements.  

To simulate such high-frequency events in EMTP, wideband transformer models are required. In the paper, three 

different models are presented: black-box, grey-box and white-box. Before being used to simulate the transmission of 

lightning overvoltages from their primary to their secondary side, these models are validated using low voltage 

measurements results of transferred overvoltages, conducted in a high voltage laboratory. An important aspect 

regarding wideband transformer models is that each model has to be validated for each transformer unit as these models 

are quite complex and it is not always easy to get the correct model. 



In the case shown in the paper, due to its very design, the black-box model showed as the most accurate one and for this 

reason it was used further in the detailed simulation of the real event on site presented in the paper. The 110 kV side of 

the substation is modelled as well as the 150 MVA 220/110 kV Yna0d5 autotransformer unit in EMTP to simulate the 

transient event that arrives from the 220 kV side of the autotransformer. The simulation results show a good agreement 

with on site measurements. 

The presented test case is a good starting point to monitor transient events in power networks and to check the models 

for transient studies. A further work would be to identify the exact lightning that caused the overvoltages and to analyze 

the propagation of the overvoltages along the line to the substation and through the transformer. 
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