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A B S T R A C T   

High local electric field intensity in transformer windings originating from transient signals is one of the reasons 
for transformer failures. Due to the integration of renewable energy sources into the power grids and the 
increased number of transients, the likelihood of transformer catastrophic failure increases accordingly. There-
fore, to ensure the reliable performance of transformers and associated power networks studying their behavior 
during these events is required. Accordingly, there is a need for accurate modeling of transformer windings 
capable of simulating electromagnetic transients. Using these models, it is possible to identify frequencies that 
can be dangerous to the transformer windings and to study different protection schemes. This paper aims to find 
an accurate analytical model of transformer winding validated by experimental measurements and to study the 
performance of the R-L protection device during the transient phenomena. The protection device is designed 
based on the winding model to introduce an impedance comparable to that of the transformer winding at critical 
frequencies where voltage amplification in the winding is significant. This approach ensures enhanced protection 
against potential transformer damage to the transformer. By using this protection scheme, the high inter-turn 
voltage originating from transient signals may be mitigated. At the same time, it does not affect the grid’s 
performance during normal conditions.   

1. Introduction 

TRANSFORMERS are among the most essential and critical compo-
nents in electrical power systems [1]. Any failure in them may result in 
long interruptions, costly repairs, and replacement, as well as severe 
injuries [2,3]. Being in nonstop service in decades, and exposed to 
different operating conditions, transformers face enormous risks during 
their lifetime. Obtaining data regarding the transformer insulation sys-
tem, and its internal behavior is essential for the system operators. 
Furthermore, one of the main requirements of smart grids is high system 
reliability. In this regard, it is necessary to ensure the safe and reliable 
performance of power transformers, using different protective schemes 
following the phenomena taking place in the present power system [4]. 
The main reason for the deterioration of transformer lifetime and 
possible failures is their vulnerability to fast and very fast transients in 
the system [5]. During these events, high-frequency overvoltages may 
occur at the transformer terminals, which may excite internal and 
external resonances in the power system. In such a case, the voltage at 

different points of the transformer winding can be several orders of 
magnitude higher than that at the transformer terminals [6], which can 
adversely affect the transformer insulation and may lead to failure. In 
the last decade, several solutions to suppress fast transients and protect 
transformers against resonances have been proposed [7–10]. The most 
common method is to use a surge arrester [10]. However, other solu-
tions are to connect the series R-L component as a composite wire to the 
transformer or to utilize a parallel R-L component in series with the 
transformer. More about these solutions can be found in [7–9]. 

The present study aims to evaluate the effectiveness of a protection 
scheme against transient events while gaining insight into transformer 
behavior. To accomplish this, the authors develop a detailed transformer 
winding model for a broad frequency range, enabling the identification 
of resonance and anti-resonance frequencies, as well as voltage ampli-
fication in the winding. Subsequently by using this model, safety criteria 
for the winding are established. Additionally, the R-L protection device 
parameters are adjusted, and its effects in suppressing resonance over-
voltage are studied. 
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The rest of the paper is organized as follows. Sections II and III deal 
with the high-frequency modeling of a high-voltage transformer wind-
ing. In Section IV, the critical resonance point is identified mathemati-
cally and experimentally. Section V reports on the effects of a parallel R- 
L circuit and explains the performed experimental test setup. Finally, the 
last section elaborates on the performed results and meaningful 
conclusions. 

2. High-Frequency model of transformer winding 

In general, transformer models are classified as a black box-, white 
box-, and gray box models [11]. Black box models represent the 
behavior of transformers at their terminals and are used in case the 
interaction of the transformer with other parts of the grid is of concern. 
These models do not provide any or more detailed information con-
cerning the resonance phenomena occurring in them [12]. 

White box models can be built based on the basic circuit elements, 
the values of which are dependent only on transformer geometry and 
materials used for transformer production. Using these models, it is 
possible to obtain voltage and current values at different nodes, and as 
such, they are suitable for transient studies. 

The gray box modeling approach is a trade-off between white and 
black box modeling schemes. This means that gray box models may also 
enable us to study transient phenomena in transformer winding with 
sufficient details. However, unlike white box models, model parameters 
are obtained based on measurement [13]. In this paper, the white box 
modeling approach is selected, and to apply this method, it is required to 
divide the windings into smaller parts called winding sections. Then, it is 
possible to model each section using circuit elements. Fig. 1 shows such 
a model. In this figure, Rconductor and Li are the resistance and inductance 
of section i; Min shows the mutual inductance between sections i and n, 
Ch and Rdielectric represent the capacitance associated with this section 
and its equivalent parallel resistance, and finally Chg and Rhg are the 
capacitance to ground and its equivalent resistance. The studied test 
winding shown in Fig. 2 represents part of a winding typically used for 
the rated voltage of 345 kV (BIL = 1050 kV), the associated parameters 
are presented in Table I. To improve the voltage distribution during 
transients, some disks have wound-in shields, which are pointed out in 
Fig. 2 by red and blue blocks. Each set of shields is connected together at 
one point. The interconnection of the turns is represented in Fig. 2, 
where the arrows indicate how the turns are linked to each other. In 
further analysis, each disk is represented by one section, as shown in 
Fig. 1. The procedure for computing the parameters is explained here. 

2.1. Inductances 

The mutual inductance between the coils illustrated in Fig. 3 can be 
obtained by solving the Maxwell’s equations or by applying vector po-
tential method [14]. The expression used for the computation of the 
mutual inductances is [14]: 

M12 =
2μ0

̅̅̅̅̅̅̅̅r1r2
√

̅̅̅
k′

√ [K(k′) − E(k′)] (1)  

where 

k′ =
1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − k2

√

1 +
̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − k2

√ (2)  

Fig. 1. Detailed model of a transformer winding.  

Fig. 2. The test winding used in this study. Red and blue blocks show the 
wound-in shields. 

Table I 
Details of the Test Winding.  

Number of Disks 22 
Number of turns per disk 40 
Conductor dimensions 1.8 mm × 8 mm 
Conductor insulated dimensions 3.11 mm × 9.31 mm 
Radial build 125.5 mm 
Inner diameter 750 mm 
Outer diameter 1001 mm 
Vertical distance between disks 4 mm 
Number of disks with 3 turns of shields 4 
Number of disks with 2 turns of shields 4 
Number of disks with 1 turns of shields 4 
Number of disks with no shields 10  

Fig. 3. The geometry of two parallel coils.  

F. Nasirpour et al.                                                                                                                                                                                                                              



Electric Power Systems Research 223 (2023) 109637

3

k =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4r1r2

(r1 + r2)
2
+ d2

√

(3) 

Here r1 and r2 are the mean radii of the turns, μ0 is the permittivity of 
vacuum, d defines the vertical distance between turns, and K and E are 
the elliptical integrals of the first and second kind, respectively. 

The self-inductance of the undeformed turn shown in Fig. 4 can be 
calculated as the mutual inductance between two identical turns having 
a vertical distance that is equal to the geometrical mean distance (GMD)
defined as: 

GMD = 0.2235(a+ b) (4)  

where a and b are the width and the height of the coil, as shown in Fig. 4. 
To verify the accuracy of the method, the values obtained by the finite 
element method (FEM), and the analytical formula are compared. For 
this purpose, COMSOL Multiphysics and magnetic field (mf) module are 
used. Fig. 5 compares the self-inductance of disk number 1, and the 
mutual inductances between this disk and others obtained using 
analytical formula and FEM. 

2.2. Capacitances 

The capacitance associated with each disk can be calculated by 
applying the energy method. Fig. 6 shows an illustration of a high- 
voltage disk without wound-in shields with the equipot–ential surfaces 
between disks. The capacitance associated with this disk can be obtained 
using the Stein expression [15]: 

Ch = Cs

{
1
2

α
tanh(α)+

1
2

α
sinh(α)+

α2

4

}

(5)  

Cs =
Ctt(Nt − 1)

N2
t

(6)  

α =

̅̅̅̅̅̅̅̅̅̅
4Cdd

Cs

√

(7) 

In (5) to (7), Ctt and Cdd are the capacitance between the two adjacent 
turns in a disk, and the total capacitance between two adjacent disks, 
respectively, whilst Nt is the number of turns in each disk. Ctt and Cdd can 
be obtained by (8) and (9): 

Ctt =
ε0εp2πRave

(
h + 2τp

)

τp
(8)  

Cdd =
ε0π

(
R2

out − R2
in

)

(
τp
εp
+ τa

) (9)  

in which Rave, Rout , and Rin are the mean, outer, and inner radius of the 
disks, respectively. h is the height of the conductor without insulation, εp 

and ε0 represent paper relative permittivity and the permittivity of 
vacuum, respectively. τp is the double one-sided insulation of the 
conductor, and τa is the distance between disks. 

The capacitance of a pair disk with wound-in shields is obtained by 
[16]. The approach can be modified to obtain the capacitance of each 
wound-in shield disk, as shown in Fig. 7, with respect to equipotential 
lines. The total electrostatic energy stored between these equipotential 
lines can be written as (10): 

Etot = Etottt + Etotts + Etotdd (10)  

in which Etottt , Etotts , and Etotdd are the total energy stored between turns, 
between turns and shields, and between disks, respectively. Assuming a 
linear voltage distribution in the winding, Etotdd may be obtained as: 

Etotdd =
1
2
(2cdd)

∫L

0

[(
V
L

x
)2

+

(
V
L

x − V
)2

]

dx =
1
2

(
4
3
cddL

)

V2 (11) 

Fig. 4. The geometry of an un-deformed turn.  

Fig. 5. Self- and mutual inductance associated with disk 1 obtained using FEM 
and analytical formula. At 1 is the self-inductance of this disk, and others are 
the mutual inductance between different disks and disk 1. 

Fig. 6. An illustration of a HV disk without shields.  

Fig. 7. An illustration of a HV disk with k wound-in shields.  
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being L the total length of the disk, V the voltage drop on it, and cdd the 
capacitance between turns of adjacent disks, as shown in Fig. 7. Etottt can 
be obtained using (12): 

Etottt =
1
2

(
Nt − k − 1

N2
t

Ctt

)

V2 (12)  

in which, k is the number of wound-in shields in each disk. Finally, the 
energy stored between shield number i and its adjacent turns can be 
obtained using: 

Ets =
1
2

Cts

[
V2

N2
t

(
N2

t +(Nt − 1)2)
]

(13) 

Eq. (13) was obtained assuming that the potential of the wound-in 
shields also changes linearly, and the outer-most shields are at zero 
potential. Since in total there are k shields in the disk, Etotts can be 
expressed according to (14): 

Etotts =
1
2

[

Cts
k
(
N2

t + (Nt − 1)2)

N2
t

]

V2 (14) 

The total capacitance of the wound-in shield disk can now be ob-
tained using (15) having in mind that Cdd = cddL. 

Ch =
4
3
Cdd +

Nt − k − 1
N2

t
Ctt + Cts

[
k
(
N2

t + (Nt − 1)2)

N2
t

]

(15) 

In (15), Cts is the capacitance between the turns and the shields and it 
can be obtained by (8). There are some uncertainties regarding the value 
of the relative permittivity of the insulation paper. For oil-impregnated 
insulation paper, it is in the range of 3 to 4. However, the paper used in 
the test winding is dry, and this implies that a large part of it, is filled 
with air resulting in a lower combined permittivity. As it was not 
possible to measure the actual permittivity of the paper, different values 
have been considered. The value of 1.4 for the relative permittivity of 
the paper shows the best fit with the experimental results and is used in 
this paper. According to [15], the relative permittivity of 1.5 for the 
paper in air corresponds to the effective density of 0.5 g/cm3, which may 
result in relative permittivity of 3 for the same paper in oil. This shows 
that assuming the value of 1.4 for the relative permittivity of the paper is 
realistic. 

2.3. Resistances 

The value of the resistances which are used in the model represents 
the conductor’s resistances and the losses in the insulation. Due to the 
skin and proximity effects, the computation of the AC resistance of the 
conductors is very sophisticated, as it involves finding magnetic flux in 
the conductors in a complex geometry. Hence, only the DC resistance of 
the conductors is considered here. 

The relation between the dissipation factor and the frequency for oil- 
impregnated paper is obtained by [17], and is as: 

tanδ = 1.082 × 10− 8ω + 5 × 10− 3 (16) 

Although the paper, in this case, is not impregnated with oil, yet, 
expression (16) can be used as a rough estimation for the dissipation 
factor, as the behavior of the paper in both cases should not change 
drastically. As mentioned before, due to the high moisture level in the 
test case, it shows a higher level of power loss in its dielectric. To include 
this effect in the model, expression (16) has been modified as: 

tanδ = 1.082 × 10− 8ω + 70 × 10− 3 (17) 

Considering the dissipation factor, the equivalent resistance that 
represents the dielectric losses can be obtained using (18): 

Rdielectric =
1

tanδChω (18)  

in which Ch is the capacitance computed before, and ω is the angular 
frequency. 

3. Transformer admittance matrix 

Having the values of the elements, it is easy to construct the admit-
tance matrix of the transformer winding. Firstly, the capacitance, 
resistance, and inductance matrices are obtained, and thereafter the 
admittance matrix is constructed. The procedure to construct these 
matrices is explained here below. 

3.1. Capacitance and dielectric resistance matrices 

The capacitance matrix is a nodal matrix. As the studied case has 22 
disks, and each disk is considered as one section, there are 23 nodes in 
total. The diagonal element of the matrix, Cii, is the sum of all the ca-
pacitances connected to node i. The non-diagonal element Cij is the 
capacitance between node i and j with the negative sign. The same 
procedure should be followed for the dielectric resistance matrix. 

3.2. Inductance and conductor resistance matrices 

The inductance matrix is a branch matrix. Considering the number of 
the sections, the size of the inductance matrix would be 22 by 22. The 
diagonal element of this matrix, Lii, is the self-inductance of section i, 
and the non-diagonal element Lij is the mutual inductance between 
section i and j. 

The conductor resistance matrix should also be constructed on the 
same basis, except that mutual resistances are ignored in this study, and 
hence non-diagonal elements would be zero. 

3.3. Admittance matrix 

The admittance matrix of the transformer can be obtained using (19) 
and (20): 

Y = Γ + jωC +
1

Rd
(19)  

Γ = k(Rc + jωL)− 1kT (20)  

in which C, L, Rd, Rc, and k are the capacitance, inductance, dielectric 
resistance, conductor resistance, as well as incidence matrices, respec-
tively, and T denotes matrix transposition. By inverting the admittance 
matrix, the impedance matrix can be obtained: 

Z = Y − 1 (21)  

4. Verification of the model 

The diagonal elements of the impedance matrix, Zii, is the impedance 
seen from node i. To validate the model, the response of the winding for 
different configurations is measured. This has been done by using Om-
icron Bode 100 device which is capable of determining the sweep fre-
quency characteristics. Fig. 8 compares Z11, the harmonic terminal 
impedance of the winding obtained from the analytical model and the 
measurement. 

As can be seen, there is a good agreement between the response 
obtained from the model and the measurements. The difference in the 
high-frequency part is the result of the stray capacitances originating 
from the connections and the cables. 

Considering (21), the voltage at node j when node i is excited can be 
computed according to (22) having the end-winding terminal grounded: 

Vj =
Z(i, j)
Z(i, i)

Vi (22) 
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Figs. (9) and (10) compare the voltage at nodes D and F when node 
K2 is excited, and node K1 is grounded with respect to node K2. It should 
be noted that these results are obtained using a 50 Ω resistance for the 
voltage measurement, and therefore, a 50 Ω resistance is also added to 
the model. The same level of accuracy can be seen here as well. Thus, 
us–ing this model, the voltage distribution along the winding for a broad 
frequency range can be studied. 

It is also important to see how the voltage is amplified in the trans-
former winding since it can lead to very high local electric field in-
tensity, damaging the insulation and leading to a winding failure. Eq. 
(22) can be used to obtain the amplification factor when one end of the 
winding is grounded. Fig. 11 shows the amplification factor at different 
nodes with respect to node K2 for the frequency range of 100 Hz up to 1 
MHz obtained through a simulation model. It can be seen that at 41 kHz, 
the voltages of nodes E and D can be 1.8 times higher than that at the 
terminal. To examine this, the amplification factors for all the nodes and 
the same frequency range are measured. The measurement shows that at 
the frequency of 37.8 kHz, the same nodes have the maximum ampli-
fication factor among other nodes, which is 1.8. The difference between 

the resonance frequency predicted by the model and obtained by mea-
surements is less than 10%. The amplification factors for nodes E and J 
are compared with the model and shown in Fig. 12. 

The differences in the high-frequency range are noticeable. This is 
due to the capacitances of the measurement cables and connections, 
which can affect the results at higher frequencies. Nevertheless, the 
model provides the correct answer to three essential matters:  

• Critical frequency ranges.  
• The amplification factors at these points.  
• The nodes that experience the highest voltage and local electric field. 

The data provided by this model can lead to optimized protection 
schemes against transient phenomena, the results of which are presented 
in the next section. 

5. Performance evaluation of R-L protection circuit 

In this section, an R-L protection device against transient (PDAT) is 

Fig. 8. Terminal impedance of the test winding.  

Fig. 9. The voltage at node D with respect to node K2.  
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developed to suppress the overvoltage occurring in the winding in case 
of resonance. When high-frequency transients occur, the voltage drop on 
the PDAT increases to preserve the winding from the resonance over-
voltages. Using the data provided by the model of the studied winding, 
the parameters of the protection device can be adjusted. Here, the 
critical considerations for the design of PDAT are the resonance voltage 
of the winding besides its impedance. By applying suitable series 
impedance with the transformer, the voltage of the winding in the 
resonance point will be limited to an acceptable magnitude. This 
approach is illustrated in Fig. 13. 

By taking Fig. 13 into account, the expressed conditions in (23)–(25) 
are considered to design PDAT where the protection device is adjusted 
for the most critical frequency point obtained by the model. 

VTr ≤ Vsafe (23)  

VTr =
VT .ZT

ZT + ZP
(24)  

VT .ZT

ZT + ZP
≤ Vsafe (25) 

Here, VT is the magnitude of the frequency component of transient 
voltage, which results in the highest AF, VTr is the maximum amplified 
voltage in the transformer winding, and Vsafe is the safe operating 
voltage of the transformer, considering the isolation restriction that 
should be achieved. ZT and ZP are the impedances of transformer 
winding and PDAT at the resonance frequency, respectively. Therefore, 
the impedance of PDAT in resonance frequency can be adjusted as 
follows: 
(

VT .ZT

Vsafe

)

− ZT ≤ Zp (26) 

Using (26), the minimum impedance which is needed to impose by 
PDAT can be calculated. The structure of PDAT is depicted in Fig. 14, 
which consists of a ferromagnetic core, placed around the transmission 
line, and a resistance in its secondary. 

Fig. 10. The voltage at node F with respect to node K2.  

Fig. 11. The voltage at different points with respect to the node K2 obtained by model.  
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The purpose of adding a parallel resistance Rs to the protection cir-
cuit is to conduct the high-frequency contents of transient current and 
dissipate the energy of the transient signal in the resistive branch. In 
such a case, the impedance of the inductive branch is much higher, 
which means it only conducts a small part of the high-frequency current. 
In contrast, the line current In is conducted through the inductive branch 
in the normal condition. 

In the laboratory setup, Vsafe is considered as 1 p.u. (voltage of 
insulation part safe operation). To simulate the higher voltage origi-
nated from transient signals, the magnitude of the high-frequency 
voltage source is adjusted to be 1.5 p.u.. It should be noted that this 
value is considered only for the sake of an explanation of the method-
ology. By implementing the setup as shown schematically in Fig. 15 and 
experimentally in Fig. 16, the voltage of transformer winding with and 

without connecting PDAT is examined. By applying the values of tran-
sient voltage and impedance of the transformer winding at the reso-
nance frequency in expression (26), PDAT impedance is calculated as 
follows: 

ZP(41kHz) ≥ 10 × 103Ω (27) 

This impedance is designed basically using (28): 

ZP(41kHz) =
Rs.Zin

Rs + Zin
≥ 10 × 103 (28) 

Here Rs is the parallel resistor and Zin is the impedance of the 
inductive branch. In the first step of the test, the winding is excited by a 
sinusoidal signal with a frequency of 37.8 kHz, which is the measured 
critical frequency of the winding. Fig. 17 shows the voltage of nodes E 
and K2 without PDAT (considering that the bypass switch is ON). In this 
case, it is observable that the voltage of node E of the winding is 1.8 
times higher than the voltage at the terminal and is 2.7 higher than the 
assumed safe voltage. 

Fig. 18 shows the same signals by using PDAT, where the magnitude 
of node E is limited to the safe voltage of 1 p.u.. This operation proves 
the effective protection of the winding against transient resonance. The 
data of the implemented laboratory setup and measured values are 
presented in Table II. 

5. Conclusion 

In this paper, a high-frequency transformer winding model is 
developed that can be used to compute the voltage distribution along the 
winding and to find its resonance frequencies. The model was validated 
through experimental measurements. Furthermore, using the data pro-
vided by the model, a protection device against transient (PDAT) was 
developed. This scheme aims to provide an impedance close to trans-
former impedance in resonance frequency to suppress occurred over-
voltage. The analytical studies and experimental validation confirm the 
proper operation of the PDAT circuit to protect the studied winding 
against overvoltage in resonance status. 

6. Future work 

Although using the R-L protection device shows promising results 
when applied to small coils and transformers, its performance regarding 
the large transformers needs further investigation, as it should impose 
much higher impedance at resonance frequencies. Besides, it must 

Fig. 12. The comparison of the amplification factors for the nodes E and J obtained by the measurement and by the computer model.  

Fig. 13. Connection of PDAT with the transformer in a network segment.  

Fig. 14. Structure of PDAT.  
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dissipate a significant amount of power. In addition, the consideration of 
the magnitude of voltage drop and the isolation design of the protection 
device can be a crucial challenge. Furthermore, transformers are nor-
mally connected to cables or lines on both high-voltage and low-voltage 
sides. Hence, in general, it will be important in the future to observe 
possible resonance frequencies of the whole system consisting of cable- 
transformer connection and do more research on how to design cheap 
protection solutions to prevent the occurrence of resonances. 
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TDS2014B 
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frequency) 
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