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Abstract. The present article delves into strategies aimed at augmenting the impulse electrical strength of the insulation in high-voltage transformer 
windings. The research focal point centers on an authentically produced autotransformer boasting a 330 kV voltage rating, serving as the object of 
inquiry. The investigation systematically probes the influence of coil winding methods on both the electrical robustness of the winding and the 
insulation between the discs. To assess the insulation reliability inherent in a series-wound contra shield, adhering to the transformer method, a 
laboratory examination was conducted by the IEC 60076-3 standard, specifically designed to evaluate the impact induced by a direct lightning strike. 
Subsequently, a simulation model was constructed within the VLN program to ascertain the voltage distribution in the unconventional interleaved 
winding approach of an alternating transformer. A lightning impulse voltage test was executed, pinpointing critical junctures. A comparative analysis 
was then undertaken to discern the disparities between the results obtained. Remarkably, in contrast to the contra shield method featuring wound 
windings, the interleaved winding technique exhibited superior impulse electrical strength and, concurrently, proved to be cost-effective. 
 
Streszczenie. W artykule omówiono strategie mające na celu zwiększenie udarowej wytrzymałości elektrycznej izolacji w uzwojeniach 
transformatorów wysokiego napięcia. Główny punkt badań skupia się na autentycznie wyprodukowanym autotransformatorze o napięciu 
znamionowym 330 kV, będącym przedmiotem badań. W badaniach systematycznie badany jest wpływ metod nawijania cewek zarówno na 
wytrzymałość elektryczną uzwojenia, jak i izolację pomiędzy tarczami. Aby ocenić niezawodność izolacji właściwą dla przeciwosłony szeregowo 
uzwojonej, stosującej metodę transformatorową, przeprowadzono badania laboratoryjne zgodnie z normą IEC 60076-3, specjalnie zaprojektowane 
do oceny uderzenia wywołanego bezpośrednim uderzeniem pioruna. Następnie w programie VLN zbudowano model symulacyjny w celu ustalenia 
rozkładu napięcia w niekonwencjonalnym podejściu do uzwojenia przeplatanego transformatora przemiennego. Przeprowadzono test napięcia 
impulsowego pioruna, identyfikując krytyczne punkty. Następnie przeprowadzono analizę porównawczą, aby dostrzec rozbieżności pomiędzy 
uzyskanymi wynikami. Co ciekawe, w przeciwieństwie do metody przeciwosłonowej obejmującej uzwojenia uzwojone, technika uzwojenia 
przeplatanego wykazała doskonałą wytrzymałość elektryczną impulsu, a jednocześnie okazała się opłacalna. (Zwiększanie udarowej 
wytrzymałości elektrycznej izolacji uzwojeń transformatorów wysokiego napięcia) 
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Introduction 
        High-voltage transformers are one of the most 

important elements of electrical energy transmission and 
supply systems. For a transformer to operate reliably for a 
long time, the electrical strength of its insulation must 
withstand both operating and impulse voltages. The causes 
of damage to the insulation of power transformers are 
electric and magnetic fields, gas and hydrodynamic 
processes, temperature, and various external factors such 
as humidity, pollution, etc., which are consequences of 
complex physical and chemical processes occurring under 
their influence [1–4]. The main condition for the 
development of damage is that the action of the electric 
field in the insulating gap exceeds its electrical strength. 

Transformers may be subject to factory test voltage 
after manufacture or impulse voltage (lightning or short 
circuit voltage) during operation. The purpose of a power 
transformer surge voltage insulation test is to check the 
ability of the transformer insulation to withstand high voltage 
surges that may occur during a fault or overvoltage. The 
testing process involves applying a voltage pulse of a 
certain shape, duration, and amplitude to the transformer 
winding, followed by measuring the characteristics of the 
resulting voltage and current [5–8]. However, testing the 
insulation of a power transformer with a pulse voltage can 
give both positive and negative results. If the surge voltage 
is too high or the test is not carried out correctly, there is a 
risk of damage to the transformer. This can lead to 
expensive repairs or even the complete failure of the 
transformer. Therefore, the impulse electrical strength of 
winding insulation is one of the main factors ensuring the 
reliability and durability of transformers. Defects within the 
insulation.  

The purpose of the presented work is to study ways to 
increase the pulse electrical resistance of the insulation of 
the windings of high-voltage transformers. 

As mentioned, when high-voltage transformers are 
exposed to pulsed voltage, several electrophysical 
processes can occur in the winding and insulation of the 
turns. Such processes include [9–11]. 
 charging and discharging a capacitor: when a 
pulse voltage is applied to the winding of a transformer, the 
turns behave like capacitors and are charged and 
discharged depending on the duration and frequency of the 
pulse. This can cause a strong electric field to appear in the 
winding insulation and lead to partial discharge and 
breakdown; 
 electromagnetic induction-pulse voltage creates an 
electromagnetic field in the transformer winding, which can 
cause eddy currents in the wires and local heating of the 
insulation, causing breakdown; heating of the dielectric: a 
strong electric field can cause heating of the dielectric in the 
insulation, thermal degradation, and subsequent 
breakdown; 
 electromechanical stresses: impulse voltage can 
cause mechanical stresses in both the winding and the 
insulation, which can lead to deformation and cracking of 
the insulation. 
 

Problem setting 
Under the influence of impulse voltage, transition 

processes develop in the transformer winding, in the 
adjacent winding elements - in the insulation between the 
windings or disks, and also between the grounded parts of 
the transformer - the magnetic conductor and the coil. To 
see the transition processes, let's look at the equivalent 
electrical circuit of one phase (for example, high voltage) of 
the transformer winding (Fig.1). To study the 
electromagnetic processes taking place here, let's introduce 
elements connected in series to the coil, for example, 
windings and coils. Each branch of the circuit consists of 
the inductance ΔL of the element, its capacitance to ground 
ΔC, and the capacitance ΔK between the elements. 
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Fiq. 1 Replacement circuit of the transformer 
 

When transformer windings are exposed to 
atmospheric pulse voltages, the current flowing through the 
capacitances of the windings is comparable to the currents 
flowing through the inductances (and even significantly 
exceeds them at the initial stage) due to the high rate of 
change in voltage before the pulse. It is possible to increase 
the impulse electrical strength of the insulation of high-
voltage transformer windings using various methods: 
 correct choice of insulating material: The selection 
of insulating materials significantly impacts the impulse 
dielectric strength of transformer insulation. Insulating 
materials with high breakdown voltage, low dielectric loss, 
and good thermal conductivity can enhance the impulse 
electrical reliability of the system. The most commonly used 
insulation materials include cellulose paper, pressboard, 
and epoxy resin. Currently, composite materials based on 
polymer nanocomposites with high pulse electrical 
resistance have also been developed [14, 15]. 
 insulation processing technology: The 
manufacturing process of transformer insulation significantly 
affects the impulse dielectric strength of the insulation 
system. Techniques such as vacuum impregnation and 
partial discharge detection can be employed to improve the 
quality of the insulation system. Additionally, the use of 
high-quality insulation materials, proper drying methods, 
and precise temperature control during the manufacturing 
process can help enhance the impulse resistance of the 
insulation system. 
 design optimization: Optimizing the transformer 
winding design and insulation system allows for an increase 
in the dielectric strength of the pulse. For instance, the 
impulse dielectric strength of an insulation system can be 
elevated by methods such as increasing the thickness of 
the insulation layers, improving the quality of the connection 
between the layers, and ensuring uniform voltage 
distribution. Moreover, the use of alternative winding 
methods makes it possible to reduce the electric field 
strength inside, thereby increasing the electrical strength of 
the pulse. 

Let's examine the impact of the winding method on the 
electrical strength of the insulation in a high-voltage 
transformer. The subject of our investigation is a newly 
developed single-phase autotransformer with a voltage 
rating of 330 kV, manufactured by ATEF. The relevant 
parameters are outlined in Table 1.    

                                                                                                
Table 1 High voltage transformer parameters 

Autotransformer АОДЦТН-133000/330/√3 
Phase number 1 
Power, kVA 133000/133000/133000 
Voltage, kV 330/√3 / 230/√3 / 10.5 
Connectivity group İa0i0 
Frequency  50 
Standard  IEC 60076-1 

 

The winding configuration employed for this transformer 
wound using the contra shield method. The circuit is 
augmented with supplementary elements designed to 

enhance the relatively uniform distribution of electrical 
voltage across the windings and the pulsed electrical 
insulation resistance. 

In this particular arrangement, shielding electrical 
cardboard (depicted in Fig.2.,1) and an additional shielding 
coil (illustrated in Fig. 2.,3) are systematically positioned 
between the disks. The specifications of the structural 
components comprising the high-voltage winding are 
detailed in Table 2. 

 
 

Fig.2. Winding diagram of a 330 kV high-voltage transformer with 
54B-62B disk numbering: 1 and 2  denote the high-voltage winding 
input, 3 represents additional shielding cardboard insulation, and 4 
represents shielding turns. 

 
Table 2. Structural parameters of the high-voltage winding of the 
transformer 330 kV 

Dolağın girişi middle input 

Number of disks 54 + 54 
Number of turns per disk 6 
Wire type pair of wires 
Wire dimensions, mm 8  1.7 
Paper insulation, mm 1.6 
Width of the oil channel between 
the discs, mm 

4.5 

Radial/Axial 3 / 1 
Number of shielding windings 2 
 
To determine the reliability of the transformer 

insulation, a test was carried out using a pulse voltage 
generator (BREMER Transformatoren GmbH-GEOS) 
according to the IEC60076-3 standard [16-19]. Tests were 
carried out under lightning impulse voltage (LI) and lightning 
impulse chopped (LIC). The parameters of the lightning 
pulse supplied to the high-voltage winding of the 
transformer are in Fig. 3.The transformer was successfully 
tested and the insulation electrical strength was determined 
to be at the required level [20-22]. 

The advantageous attribute of the winding technique 
illustrated in Figure 2 lies in its technological simplicity and 
enhanced temporal efficiency during coil preparation. 
Nevertheless, a notable drawback of this method manifests 
in including a shielding coil, necessitating the utilization of 
supplementary materials, notably cardboard and copper. 
Furthermore, the incorporation of a shielded winding results 
in a diminution of coil turns, attributed to spatial constraints, 
and introduces challenges in attaining resilience against 
prescribed lightning test voltages commensurate with 
voltage classes of 400 kV and above. 
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Fig.3 The form of the lightning impulse (LI) test voltage applied to 
the 330 kV power transformer and its parameters: Ut= -1040.448 
kV; T1 = 1.055 µs; T2 = 41.630µs. 

 

As is commonly understood, a disk-type winding 
comprises a configuration of turns wound in the radial 
direction. Notably, the number of turns on a given disk may 
exhibit variability. However, the augmentation of turn count, 
concomitant with an enlargement of radial dimensions, 
induces an escalation in the potential difference across the 
terminal turn of the coil. Concurrently, the inter-disk spacing 
gives rise to inductance and capacitance, thereby 
engendering variable high voltage levels within discrete 
circuit segments during lightning impulse testing. This 
variability in voltage distribution may, consequently, lead to 
insulation breakdown, a curtailed operational lifespan for 
the transformer in its entirety, and, in certain instances, 
even precipitate transformer failure during testing. 

We conducted a comparative analysis of various 
winding methods, namely the contra shield and interleaved 
techniques, intending to enhance the electrical strength of 
transformer winding insulation by achieving a uniform 
electric field between turns. The consideration of 
interleaved methods aims to diminish the strength and non-
uniformity of the electric field between disks without the 
need for additional shielding winding. The alteration of 
primary and secondary turn directions during coil winding in 
the interleaved manner facilitates a more even distribution 
of the electric field between disks, thereby mitigating the 
risk of breakdown attributed to partial discharge. This 
results in the uniform distribution of alternating voltage 
across transformer disks, maintaining a constant voltage 
between adjacent turns. Nevertheless, it is essential to 
acknowledge the capacitance effect, which may lead to 
voltage surges and consequently higher voltages between 
windings at the loop's termination.  

We employed the VLN program to assess the 
effectiveness of the proposed Interleaved methods against 
different overvoltage’s and test voltages [23]. With the VLN 
program, transformer testing can be simulated at any 
voltage. Furthermore, the VLN program enables the 
measurement of potential differences between windings, 
between windings and grounded components, and 
simultaneously between specific points on turns (disks) 
through the application of a lightning impulse voltage. 
Utilizing these parameters, reports can be generated, 
allowing for the determination of the insulation resistance of 
the transformer windings to pulse voltages. 

Fig.4.a, shows the contra shield winding method of the 
real transformer winding, and Fig.5.b, shows the proposed 
interleaved winding method. 

 

 
 

Fig.4 Transformer Winding Methods a - the contra shield winding 
method of the real transformer; b- the winding with the interleaved 
method 

 

Fig.5 depicts the actual 330-kV transformer, while Fig.6 
illustrates the simulation outcomes of the lightning voltage 
impact on the proposed transformer, which features 
windings wound using the interleaved method. Each curve 
in both figures (Figure 5 and Figure 6) represents the 
voltage and its distribution in the form of a pulse wave, 
respectively, affecting the gap between individual discs. 
Given that the high-voltage winding of the transformer 
receives input from its central part, the voltage's impact on 
the spacing of the discs above and below that point is 
identical. For simplicity, the simulation results are presented 
solely for the lower half of the winding. 

 

   
 

 
  a                                                                      b 

Fig.5 Calculation diagram under the influence of FW 1.20/50 μs of a real transformer, wound using the contra shield method,  in the VLN 
program.  a-curves of the distribution of voltage falling on the disk gap; b - the sign of the curves  corresponding to the serial number of the 
disks. 
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                                                      a                                                                         b 

Fig. 6 Calculation diagram under the influence of FW 1.20/50 μs of a real transformer, wound using the interleaved method, in the VLN 
program: a-curves of the distribution of voltage falling on the disk gap;b - the sign of the curves corresponding to the serial number of the 
disks. 

 
Table 3.  Voltages occurring between the disks of a real 330 kV transformer. 

Gap 
num-
ber 

Gap 
designation 

Maximum 
voltage, 

kV 

Duration 
of applied 
voltage, 

µs 

Calculation 
diagram for 
maximum 

voltage 

Calculation 
mode for 
maximum 

voltage 

Mini-
mum 
safety 
factor 

Calculation 
diagram for 
minimum 

safety factor 
 

Calculation 
mode for 
minimum 

safety 
factor 

44 SW (5) _RK_44 80.985 4 HV-MVNOM- 1 1.85 HV-MVNOM- 4 
45 SW (5) _RK_45 84.634 3.8 HV-MVNOM- 1 1.78 HV-MVNOM- 4 
46 SW (5) _RK_46 93.164 2.8 HV-MVNOM- 1 1.62 HV-MVNOM- 4 
47 SW (5) _RK_47 99.024 2.8 HV-MVNOM- 1 1.53 HV-MVMAX 4 
48 SW (5) _RK_48 102.664 2.8 HV-MVNOM- 1 1.48 HV-MVMAX 4 
49 SW (5) _RK_49 100.859 2.9 HV-MVNOM- 1 1.5 HV-MVMAX 4 
50 SW (5) _RK_50 97.181 1.9 HV-MVNOM- 1 1.55 HV-MVNOM 4 
51 SW (5) _RK_51 101.692 1.9 HV-MVNOM- 1 1.49 HV-MVMAX 4 
52 SW (5) _RK_52 104.294 1.9 HV-MVNOM- 1 1.44 HV-MVNOM- 4 
53 SW (5) _RK_53 104.422 1.9 HV-MVNOM- 1 1.44 HV-MVNOM- 4 
54 SW (5) _RK_54 4.006 2 HVMAX 1    

 
Table4.Voltages occurring between the disks in the winding wound using the interleaved  method of the transformer. 

Gap 
num-
ber 

Gap 
designation 

Maximum 
voltage,  

kV 

Duration 
of applied 
voltage, 

µs 

Calculation 
diagram for 
maximum 

voltage 

Calculation 
mode for 
maximum 

voltage 

Mini-
mum 
safety 
factor 

Calculation 
diagram for 
minimum 

safety factor 
 

Calculation 
mode for 
minimum 

safety 
factor 

44 SW (5) _RK_44 108.573 1.8 HV-MVNOM- 2 1.46 HV-MVNOM- 3 
45 SW (5) _RK_45 112.998 1.8 HV-MVNOM- 2 1.43 HV-MVNOM- 3 
46 SW (5) _RK_46 113.153 1.9 HV-MVNOM- 2 1.43 HV-MVNOM- 3 
47 SW (5) _RK_47 113.958 1.7 HV-MVNOM- 2 1.47 HV-MVMAX 2 
48 SW (5) _RK_48 102.547 2 HV-MVNOM- 2 1.46 HV-MVMAX 4 
49 SW (5) _RK_49 97.352 0.6 HV-MVNOM+ 4 1.68 HV-MVMAX 1 
50 SW (5) _RK_50 133.238 2.9 HV-MVNOM- 3 1.84 HV-MVNOM 4 
51 SW (5) _RK_51 48.61 1.7 HV-MVNOM- 2 3.13 HV-MVMAX 4 
52 SW (5) _RK_52 146.175 3.7 HV-MVNOM- 4 1.68 HV-MVNOM- 4 
53 SW (5) _RK_53 55.961 3.5 HV-MVNOM- 4 2.73 HV-MVNOM- 4 
54 SW (5) _RK_54 4.382 3 HVMAX 8    

 

 
Table 3 presents simulated voltage values occurring 

between the discs of the 330 kV actual transformer, while 
Table 4 details the voltages in the windings of the 
interleaved transformer. These values were computed 
using the VLN program. The tables also include parameters 
like maximum voltage between the disks, duration, 
minimum safety factor, and others. The tables exclusively 
provide parameters for critical intervals. Through an 
analysis of the obtained values, it was concluded that 
intervals 48-53 (Tables 3 and 4), situated closer to the high-
voltage input section, are critical points.  

A comparative assessment of parameters in these 
tables reveals that the insulation resistance against impulse 
electric voltages in the winding of windings is notably high 
for both methods. However, when considering the safety 

factor, the interleaved winding exhibits superior safety 
indicators compared to windings employing the contra 
shield method. Consequently, in the interleaved winding, 
the minimum safety factor attains a higher value due to a 
relatively more evenly distributed electric field between the 
disks. As a result, the application of the interleaved winding 
method in high-voltage transformer windings yields more 
effective results. 

 
Conclusions 

The study aimed to investigate the impact of the winding 
method employed in the high-voltage winding of a 330 kV 
transformer on its impulse electrical strength. Lightning 
impulse electrical voltage, in accordance with the 
IEC60076-3 standard, was applied to assess the 
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insulation's electrical strength. To enhance the impulse 
electrical strength of the transformer's insulation and 
achieve uniformity in the electric field between windings 
and disks, a comparative analysis of simulated and 
experimental results was conducted using the VLN 
program. This analysis considered winding methods 
employing contra shield and interleaved techniques. While 
both winding methods exhibited high resistance to impulse 
electric voltages during winding, a safety factor-based 
assessment revealed superior safety indicators for 
windings employing the interleaved method compared to 
those wound using the contra shield method. Based on the 
results of the analysis, it was determined that the impulse 
electrical strength of the insulation during winding with the 
interleaved method has a higher value than that of the 
contra shield winding method. Moreover, the interleaved 
method eliminates the need for an additional shielding 
winding, preventing additional material loss. 
Simultaneously, it facilitates a further increase in the 
impulse electrical strength of the insulation for 330 kV and 
higher voltage transformers. 
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