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ABSTRACT 

The thesis addresses the impacts of high-frequency voltage distortions in power systems 

on the insulation of medium voltage cable systems. Originating from the switching processes 

of the ever-expanding power electronic devices, high-frequency components in the range of 

several kilohertz are superimposed on power frequency sinusoidal voltage and may cause 

a new type of continuous overvoltage in present power systems. The main aim of this thesis is 

to evaluate the extent of the influence of such real voltage distortions on complex medium 

voltage cable systems. Currently published researches on this topic have been focused mostly 

on the investigations of material samples and not on complex insulation systems. This thesis 

thus strives to present a complex investigation of the discussed issue.  

At first, an extensive summary of the occurrence of high-frequency voltage distortion in 

power systems is stated. The detailed overview of degradation and aging processes in 

polymeric insulation materials under high-frequency and combined voltage stresses follows. 

The first part of the investigation is focused on determining the real shape of high-frequency 

voltage distortion, which may occur in actual power systems. Since large photovoltaic power 

plants are typical installations of large power electronic devices, the numerical simulation of 

one such installation has been created. Further, a specialized test site, which was constructed 

for long-term accelerated aging of medium voltage insulation systems, is described. The 

realized test circuit was able to generate continuous combined power frequency and high-

frequency voltage stresses with concurrent elevated thermal stress. Finally, the experiment, 

which was designed to determine the effect of high-frequency distortion phenomenon, is 

presented. For the experimental purposes, samples of actual cable systems were prepared from 

a commercial medium voltage cable with cross-linked polyethylene (XLPE) insulation. 

Different cable samples were assembled by pairs of the same cable terminations of two 

different types. One group of cable samples was subjected to accelerated aging tests with high-

frequency voltage distortion. Another group of cable samples was exposed to the same aging 

tests, but without high-frequency components. Diagnostic and monitoring measurements 

(partial discharges, dissipation factor, breakdown voltage tests, X-Ray scanning) were carried 

out during and after the aging tests to evaluate the condition of insulations. Subsequently, the 

individual results were compared and discussed in terms of the effect of high frequency-

voltage distortion on the aging rate of medium voltage cable systems. 

Keywords: 

Accelerated aging; cable insulation; cable termination; combined stress; harmonic 

distortion; high-frequency harmonics; high-frequency impulses; insulation measurement; 

insulation testing; medium voltage; nonstandard voltage stress; photovoltaic system; power 

grid; power system; resonance impulses; supraharmonics.  
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In Czech: 

ABSTRAKT 

Dizertační práce se zabývá dopady vysokofrekvenčních zkreslení v elektrických sítích 

na izolaci vysokonapěťových kabelových souborů. Harmonická zkreslení v řádech několika 

kilohertz pochází ze spínacích procesů stále se častěji vyskytujících zařízení s výkonovou 

elektronikou. Tato zkreslení jsou superponována na síťové sinusové napětí, čímž mohou 

vytvářet nový typ trvalého přepětí v distribučních sítích. Hlavním cílem této práce je zhodnotit 

rozsah vlivu takovýchto napěťových zkreslení na reálné a poměrně složité izolační systémy 

vysokonapěťových kabelových souborů. Dosud publikované výzkumy byly převážně 

zaměřeny na zkoumání samotných izolačních materiálů a nikoli na komplexní izolační 

systémy. Tato práce poskytuje ucelený pohled na danou problematiku. 

Na úvod je v práci popsán princip vzniku a rozsah výskytu vysokofrekvenčních zkreslení 

v energetických systémech. Následuje podrobný přehled a popis degradačních procesů 

a stárnutí polymerních materiálů při vysokofrekvenčním a kombinovaném napěťovém 

namáhání. První část vlastního výzkumu je zaměřena na zjištění skutečného tvaru 

vysokofrekvenčního zkreslení, které se může objevit v reálných distribučních sítích. Za tímto 

účelem byla vytvořena numerická simulace instalace velké fotovoltaické elektrárny 

v distribuční síti, která je typickým příkladem použití výkonové elektroniky větších výkonů. 

Dále je popsáno speciální testovací pracoviště, které bylo vybudováno za účelem realizace 

dlouhodobého stárnutí vysokonapěťových izolačních systémů. Testovací obvod umožňuje 

generovat kontinuální napěťové namáhání s možnou superpozicí vysokofrekvenčních 

komponent a současně zvýšené tepelné namáhání. Na závěr je prezentována experimentální 

část výzkumu, která zjišťuje dopady vysokofrekvenčního zkreslení napětí na izolační systémy. 

Pro tyto potřeby byly z komerčně dostupného vysokonapěťového kabelu s izolací ze zesítěného 

polyetylenu (XLPE) připraveny vzorky reálných kabelových souborů. Každý vzorek kabelu 

měl namontované dvě kabelové koncovky stejného typu, přičemž bylo vybíráno ze dvou 

různých typů koncovek. Jedna skupina vzorků byla poté vystavena zrychlenému stárnutí 

za přítomnosti vysokofrekvenčního zkreslení. Druhá skupina vzorků byla podrobena stejnému 

stárnutí, avšak jen při sinusovém napěťovém namáhání. Všechny vzorky kabelových souborů 

byly před a během procesu zrychleného stárnutí měřeny a diagnostikovány za účelem 

zhodnocení stavu izolace (měření částečných výbojů, měření ztrátového činitele, měření 

průrazného napětí, rentgenové skenování). Poté byly výsledky jednotlivých měření mezi sebou 

porovnány a diskutovány s cílem vyjádřit míru vlivu vysokofrekvenčního zkreslení napětí 

na rychlost stárnutí vysokonapěťových kabelových souborů. 

Klíčová slova: 

Distribuce elektrické energie; fotovoltaická elektrárna; kabelová koncovka; kombinované 

namáhání; měření izolačních materiálů; nestandardní napěťové namáhání; rezonanční impulzy; 

supraharmonické; testování izolace; vysoké napětí; vysokofrekvenční zkreslení; 

vysokonapěťový kabel; vyšší harmonické; zrychlené stárnutí. 
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1. INTRODUCTION 

Undisputedly, the entry of power electronics into power grid systems has caused 

a revolution. The first power electronic devices for medium and high voltage power 

applications were mercury-arc rectifiers, which were mainly used to convert energy from ac 

distribution networks to dc traction systems. It was a revolutionary step from mechanical rotary 

converters to cheaper solid-state electronic devices that happened nearly 100 years ago. 

Another milestone in power systems was the replacement of original arc-electronic devices 

with semiconductor electronic devices in the 1970s. Since then, these power electronic devices 

have been significantly developed and greatly expanded in many power applications. In present 

electrical systems, various power conversions (ac-dc, dc-ac, ac-ac, and dc-dc) are performed by 

semiconductor switching devices such as diodes, thyristors, and power transistors. Various 

semiconductor-based power installations have flooded power grids; examples include inverters 

in photovoltaic and wind power plants, controlled power flow converters, flexible ac 

transmission systems (FACTS), adjustable speed drivers (ASD), traction power rectifiers, 

converters in high voltage dc transmissions (HVDC), static synchronous compensators 

(STATCOM), etc. Unfortunately, the use of power electronics in ac systems has the 

fundamental consequence of distorting the originally sinusoidal current and voltage 

waveforms. 

Current and voltage distortions, which are caused by switching of power electronics, are 

monitored and covered by power quality management to a limited extent. Many filters are 

usually installed to reduce the distortions to the prescribed limits that are given by many 

technical standards for power quality of power distribution systems as well as for power 

electronics equipment itself. The reasons for the use of filters are the adverse effects of 

superimposed higher harmonics on many technical and economic aspects of power generation 

and distribution, including higher power losses during power transmissions, higher reactive 

power flows, higher costs of new equipment, etc. The main technical standards in this area, 

such as EN 50160 [1], IEC 61000 series (especially IEC TR 61000-3-6 [2]), or IEEE Std. 519 

[3], solve harmonic distortions up to a maximum of 50th harmonic order (i.e., frequency of 

2.5 kHz in 50 Hz power systems or 3 kHz in 60 Hz power systems), which is sufficient to 

cover almost all related problems. However, one serious problem remains for much higher 

frequency distortion as well. Superimposed voltage distortions in power systems cause 

continuous repetitive overvoltages, which may increasingly stress insulation systems. 

Since many harmonic distortions are active in higher frequency spectrums (over 

50th harmonic order), they are not part of quality management analysis and therefore are not 

usually filtered. Combinations of large capacitive components, such as medium voltage cables 
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or large capacitors, typical inductive components, such as windings of power transformers or 

large motors, and power electronics represent the problematic parts of power distribution 

systems. Emitted impulses from switching of power electronics and impedance resonances of 

the power system may cause significant high-frequency voltage resonances, which may have 

a significant impact on medium voltage insulation systems. Currently, the occurrence of 

unexpected failures has already been observed in medium voltage cable terminations, 

transformer windings, and windings of large motors and generators. 

The first harmful effects of low-frequency harmonic distortion were noticed as early as 

1950 by S. B. Warder et al. in [4]. A 33-kV cable with oil-impregnated paper insulation 

connected the ac grid and the mercury-arc rectifiers that supplied the London underground 

transport system. An unexpectedly high failure rate was observed in the cable system. The 

authors found a clear correlation between cable failures and harmonic distortion and eliminated 

other possible causes such as occasional high overvoltage transients. Since then, harmonic 

voltage distortions have raised a growing interest in accelerated aging studies of insulation 

systems (some of them are mentioned in the thesis below).  

Contemporary cables are made from high-quality polymeric insulation material like 

ethylene-propylene rubber (EPR) or cross-linked polyethylene (XLPE) that are usually very 

resistant to many adverse environmental and operating conditions. The electric field 

distribution in medium voltage cables is uniform as well. However, each cable system includes 

cable terminations and sometimes joints. These components have complex structures 

comprised of many different materials that typically create non-uniform electric field 

distributions. This fact and practical experience show that cable terminations are usually the 

riskiest parts of medium voltage cable systems, as was also confirmed by K. Uchida et al. in 

[5]. 

Many contemporary research groups are concerning more and more with this issue as 

more power electronic devices are being installed in power systems. Although the impacts of 

standard harmonics on insulation systems were recognized a long time ago, the effects of high-

frequency voltage distortions, which reach higher dV/dt ratios and significant amplitudes, are 

not fully understood yet. 

1.1. Objectives of Doctoral Thesis 

The main aim of this thesis is to evaluate the extent and severity of the influence of 

realistic high-frequency voltage distortions on complex medium voltage cable systems. This 

phenomenon has only been investigated on samples of pure insulation materials yet, however, 

studies on samples of whole real complex insulation systems are still lacking. The goals set by 

this doctoral thesis aim to prove the effect of this phenomenon and therefore to confirm the 

assumptions presented in the review of published research mentioned in following chapter 2. 
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The main objective of this work can be divided into the following partial goals:  

 To determine shape of voltage waveforms in power systems which contains 

power electronic components. This would be done by numerical simulations of 

part of electric network connected to a large photovoltaic power plant. 

 To design and realize a specialized test site for accelerated electrical and thermal 

aging of medium voltage insulation systems. The proposed test site would also 

include automatic acquisition of fundamental diagnostic data. 

 To perform comprehensive experimental aging tests on sets of cable samples 

equipped with terminations. The parameters of the aging tests would be based on 

the results obtained by the realized numerical simulations. 

 To monitor and evaluate the condition of the tested samples during and after the 

aging process by suitable diagnostic methods. The gathered results would create 

the basis for the subsequent assessment of the effect of high-frequency 

oscillations on the aging rate of the respective insulation systems. 

Fulfillment of these goals should provide the answer whether the high-frequency voltage 

distortions play a significant role in the aging processes of high voltage insulation systems.  

1.2. Structure of Doctoral Thesis 

The thesis consists of eight chapters, including “Introduction”.  

The second chapter, “Cable Systems and High-Frequency Voltage Distortions in Power 

Grids,” describes the current state of the investigated issue and provides a theoretical 

background for the following works. The chapter begins with a description of structures of 

medium voltage cables and cable terminations. Further, the occurrence of high-frequency 

distortions in power systems is discussed. Then follows an overview of degradation 

mechanisms of cable insulation systems under high-frequency voltage distortions. At the end 

of the chapter, an overview of existing studies on the aging of polymeric insulations under 

nonsinusoidal voltage waveform is mentioned. The summaries presented in this chapter form 

the hypotheses, which are examined in the experimental part of the work. 

The third chapter, “Verification of High-Frequency Voltage Distortion in Power Grid 

using Numerical Model,” contains the description and results of the numerical simulation that 

is focused on a real part of the power grid with a large photovoltaic power plant. The structure 

of the model was designed with respect to the high-frequency behavior of all simulated 

components. The simulation has been assembled in Matlab Simulink software. 

The fourth chapter, “Testing System for Combined Stresses of Medium Voltage 

Insulations,” deals with the design and construction of a specialized test circuit, which enables 

accelerated multi-stress aging of medium voltage insulation systems. Parameters and structure 

of individual devices are discussed. The whole test system was built in the High Voltage 

Laboratory of the Faculty of Electrical Engineering, Czech Technical University in Prague. 
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The fifth chapter, “Experimental Procedures for Accelerated Aging Tests of Medium 

Voltage Cable Systems,” is focused on the description of the experimental test setup. The 

determination of voltage amplitude, magnitude of superimposed voltage distortion, and size of 

the current load, which causes thermal stress, is explained here. 

The sixth chapter, “Results of Accelerated Aging Tests of Medium Voltage Cable 

Systems,” discusses the results from individual diagnostic and monitoring measurements that 

were carried out on cable system samples during and after the aging test. Procedures of used 

diagnostic methods are described and explained as well. These methods include measurements 

of dissipation factor, partial discharge measurements, final breakdown voltage tests, and X-ray 

scanning of cable terminations after breakdowns.  

The seventh chapter, “Discussion,” describes the results of experiments and discusses 

the outputs of partial investigations. 

The eighth chapter, “Conclusion,” summarizes the research results and relates them to 

the objectives that have been set out in the Introduction. 
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2. HIGH-FREQUENCY VOLTAGE 

DISTORTIONS AND CABLE SYSTEMS 

IN POWER GRIDS 

2.1. High-Frequency Voltage Distortions in Power 

Grids 

The fundamentals of controls of modern power motors are adjustable speed drives (ASD) 

with voltage source converters (VSCs). Another major use of VSCs is in power flow 

management of electrical systems and in distributed power resources (e.g., wind power plants, 

photovoltaic power plants). VSCs are usually based on the use of controlled semiconductors 

(GTO, MOSFET, IGCT, IGBT, etc. controlled by pulse width modulation - PWM). Principles 

of many of these power electronic components and systems are described by Bin Wu in [6]. 

The use of power electronics may cause numerous distortions in electrical networks. 

Distortions (mainly harmonics) up to 40th or 50th order of the fundamental harmonic are usually 

well filtered according to many technical standards, such as EN 50160 [1], IEC 61000-3 series 

(especially IEC TR 61000-3-6 [2]), or IEEE Std. 519-2014 [3]. However, the situation for 

higher harmonics is quite different. A review by S. K. Rönnberg et al. in [7] describes and 

summarizes the presence of non-negligible distortions in electrical power systems in the 

frequency range of 2 kHz – 150 kHz. The overview provides an extensive description of the 

issue but does not distinguish between low and high voltage levels.  

Some studies [7]-[9] introduce new concepts of distortions in power grids – internal, 

primary, and secondary harmonic emissions. Each device has its internal emissions. This 

emission is generated in the device itself. If a device is connected to an electrical network, the 

internal emission of the device and passive parameters of the power system produces primary 

harmonic emission. The primary harmonic emission is usually not the same as the emission 

measured by standardized tests. The reason is its dependence on time (operating mode) and 

location, which determines the passive parameters of the network. Secondary harmonic 

emission is distortion generated by sources outside of the devices (by other devices connected 

to the power system). The resulting distortion is given by the interaction of primary emission, 

secondary emission, and non-linear phenomena in the power grid (non-linear loads, grid 

impedances changes with terminal voltage, transient processes, etc.). Any predictions of shape, 
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value, and frequency content of final distortions at different positions of varyingly complex 

power distribution systems are very complicated, if not impossible. 

High-frequency components above 2 kHz in distribution power grids have many names 

in various literature. They are usually collectively called as high-frequency distortions, high-

frequency oscillations, high-frequency resonances, or newly supraharmonics. Examples of such 

voltage distortions in electrical power systems are given in the following subchapters. 

 Systems with Controlled Large Power Motors 

An example of a circuit with a motor controlled by ASD is shown in Fig. 1. On one side, 

the ac voltage is rectified by power diodes. On the other side, the ac voltage with different 

variable parameters is generated by switching of dc voltage using a semiconductor inverter. 

A significant voltage distortion was detected in the low voltage distribution systems with 

motors controlled by ASDs. Some practical measurements are shown in Fig. 2. The first record 

shows the three-phase voltage at the point of common coupling (PCC) in a steel bar cutting 

application. The other record shows the voltage at the PCC of an oil platform. Both 

measurements show significant distortions with fast voltage changes and even with multiple 

  

Fig. 1 Example of typical circuit schematic diagram of an ac ASD with the EMI filter, ac input 

inductors, and dc chokes (Reproduced from [10]) 

 

 

Fig. 2 On the left: The three-phase voltage at the PCC in the steel bar cutting application using the 

ASD; On the right: Voltage at the PCC in the oil platform using the ASD shows significant notching 

and multiple zero crossings (Reproduced from [10]) 
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zero crossings. Problems and simulations of voltage distortions in low voltage distribution 

systems with ASDs and motors were described by K. Lee et al. in [10]. Similar voltage 

distortion can be expected in a medium voltage power system with large power motors and 

ASDs. 

Multiple transformers with cascade H-bridge connection of VSCs are commonly used for 

controls of large power motors and power quality in power grids at medium voltage level. The 

typical topology of the multilevel H-bridge connection of VSCs is shown in Fig. 3. The 

primary winding of the multiple transformer is supplied from a power grid of 11.5 kV, and the 

secondary winding consists of fifteen three-phase output sections. Each transformer output 

supplies one power cell with VSC generating a phase supply of power output. Voltage 

distortion problems caused by the operation of power electronics are transferred and multiplied 

by them into medium voltage distribution power systems. Performed measurements and 

simulations by F. Endrejat and P. Pillay in [11] show significant resonances at frequencies 

between 4 and 10 kHz depending on various operating conditions. For example, the frequency 

analysis (by FFT) of simulated and measured voltage at motor terminals (at source bus) for the 

controlled output frequency of 40 Hz is shown in Fig. 4. In the graph, detected amplified 

resonance at 4.2 kHz is compared with the emitted distortion of the used inverter as well. 

  

Fig. 3 Example of a typical topology of the multilevel H-bridge connection of VSCs with the multiple 

transformer to obtain a controlled output voltage of up to 11.5 kV (Reproduced from [11]) 
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Serious problems with medium voltage fan motors were detected in underground mines 

by J. Rodriguez et al. [12]. The power supply topology was composed of power transformer, 

VSCs in multilevel H-bridge connection, and harmonic filter. Measurements and numerical 

simulations were carried out on motor terminals to explain the detected overvoltages. 

Examples of measurements with significant high-frequency overvoltages are shown in Fig. 5.  

 

The fundamental frequency of motors was 50 Hz, and the switching frequency of PWM 

was 1 kHz. The frequency of a voltage distortion was determined to be around 9 kHz. This is 

about three times larger than the detected major harmonic produced by PWM in the power 

system. The impact of various system components and their electrical parameters on the 

resonance formation was studied as well. 

 

Fig. 5 Measurements on the 13.8-kV motor terminals; On the left: Line voltage without the control of 

frequency - 50 Hz; On the right: Phase voltage with the control of frequency – 38 Hz (Reproduced 

from [12]) 

 

 

Fig. 4 Frequency analysis (by FFT) of simulated and measured voltage at motor terminals (at source 

bus) for the controlled output frequency of 40 Hz (Reproduced from [11]) 
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 Systems with Control of Power Flows 

One of the first studies on the issue of high-frequency voltage distortions in distribution 

power grids was published by L. Paulsson et al. In the study [13], the authors were dealing 

with failures of medium voltage cable terminations, which repeatedly took place at the 

substation in Eagle Pass, Texas, USA, at the connection between the U.S. and Mexican power 

grids by Back-to-Back tie. The Back-to-Back connection of VSCs with controlled IGBTs by 

PWM is the new technology for providing the reliable interconnection of two asynchronous ac 

power systems. The Back-to-Back installation provides power transfer between the two power 

systems via dc connection in both directions. The Back-to-Back system allows the control of 

magnitude, phase angle, and frequency of voltage on both sides independently and thus 

provides needed reactive power support for dynamic voltage control at both interconnected 

power systems. The specific Eagle Pass back-to-back installation is shown in Fig. 6. 

Voltage measurements were taken between medium voltage cable conductor and wire 

shield on the CFE side transformer for two states of the power system. The first state was when 

the AEP-TCC side was blocked and disconnected. The other state was when CFE and AEP-

TCC sides were in back-to-back operation mode. Voltage waveforms and harmonic spectrums 

of measurements are shown in Fig. 7. The dominant harmonics are 21st (1.26 kHz, IGBT 

switching frequency) and 3rd (180 Hz) for the blocked operation. The dominant harmonics for 

the back-to-back mode are also 3rd and 21st, but there are significant 207th (12.4 kHz) and 63rd 

(3.78 kHz, three times the switching frequency) harmonics as well. The unexpected 12.4-kHz 

harmonic had variable amplitude between 13 % and 40 % of the power frequency voltage 

depending on the operating mode of the back-to-back installation and the angle difference 

between AEP-TTC and CFE. Amplitudes of other significant harmonics are roughly constant 

for different operation modes. These results indicate that the IGBT switching causes 

undesirable high-frequency resonances. Resonances are determined by the circuit reactance, 

 

Fig. 6 Schema of the Eagle Pass back-to-back installation for the power quality control and the 

transmission between U.S. (AEP-TTC) and Mexican (CFE) power grids; The single line diagram shows 

voltage source convectors (VSC), dc capacitors, phase reactors, harmonic filters, step-up transformers 

(138 kV / 24 kV), line breakers and medium voltage cables (black rectangles) (Reproduced from [13]) 
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the cable capacitance, the stray capacitance, and the transformer winding inductance. The 

impacts of this real operation on an insulation system were subsequently discussed by 

T. Bengtsson et al. in [14]. 

The emergence of the high-frequency harmonic resonance caused by a VSC was clarified 

by K. Temma et al. in [15]. The authors have numerically simulated the high-frequency 

resonance phenomenon between a power grid transformer and a multiple transformer with 

a VSC connected by a long cable. Field measurement was carried out to verify the high-

frequency resonance phenomenon on the static compensator (STATCOM) with a similar 

configuration as the previous numerical model. The multiple transformer with a 53-MVA VSC 

was connected to the power grid transformer by the 500-m long cable. Voltage and current 

measurements were performed for two different operation modes of the STATCOM. The 

 
 

 

Fig. 7 Measured phase voltage (top) and harmonic spectrums as an average over 1 min (bottom) of 

the medium voltage CFE side; On the left: The AEP-TCC side is blocked and disconnected; On the 

right: AEP-TCC and CFE sides are in the back-to-back operation (Reproduced from [13]) 
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measurement site was on the primary side of the multiple transformer with VSCs. The high-

frequency voltage distortion around 130th harmonic can be determined from measurement 

results in Fig. 8. These measurement results confirm the exactness of numerical models with 

series and parallel resonances. The significant dependence of resonance on cable length was 

detected by the subsequent numerical simulation of the measured power system. 

O. Galland et al. in [16] assembled frequency-dependent numerical models of 

transmission and distribution networks of the Geneva region in Switzerland, which is 

a combined ac-dc power system. Significant resonance frequencies above 2 kHz were observed 

in this network analysis. Especially the high resonance amplitude was found at a frequency of 

7568 Hz. The “grey-box” power transformer model was compared to the standard inductive 

power transformer model in models of the distribution network. The capacitive coupling 

influences the frequency behavior of power transformers for frequencies over 2 kHz. Thus, it 

cannot be ignored in studies with network simulations. The VSC topology with modular 

multilevel converters and system filters was also considered in the models of the complex 

electrical network. Significant impacts of new transmission lines, disconnections of power 

transformers from the distribution network, and network changes generally were detected for 

frequency behavior for frequencies over 2 kHz as well. No significant differences were 

observed in the frequency scan and resonance analysis up to the frequency of 2 kHz. It was 

shown that system reinforcements could change the resonance node share. Node participation 

factors directly correlate with resonance frequency and amplitude. Therefore, resonance is 

affected by network changes due to the size of node participation factors that are close to the 

expanded area. A high participation factor means significant changes in resonance frequencies 

 

Fig. 8 Measurements of 53 MVA STATCOM (vertical axis: V = 20 kV/div, I = 300A/div; horizontal 

axis: Time = 5 ms/div, enlarged view Time = 1 ms/div); On the left: Phase voltage and current at 

Q = +37.5 MVAr; On the right: Phase voltage and currents at Q = 0 MVAr (with the enlarged view at 

the bottom) (Reproduced from [15]) 
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and amplitudes, and vice versa, a small participation factor means negligible changes in 

resonance frequencies and amplitudes.  

As is evident from many performed and mentioned studies, the short-circuit power in the 

place of interest has a significant effect on the occurrence and presence of high-frequency 

voltage distortions. This means that long branches of transmission and distribution systems and 

isolated small power systems may be riskier places in terms of this phenomenon. The recent 

research by W. Wu et al. in [17] focuses on simulation studies of island power systems. 

 

Fig. 10 Some experimental simulation results of the interaction between: a) the source PWM inverter 

controlled by the conventional dual-loop method and the resistive load; b) the source PWM inverter 

and the load PWM rectifier both controlled by the conventional dual-loop method (Reproduced from 

[17]) 

 

Fig. 9 An example of the structure of an island power system (Reproduced from [17]) 
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Typical features of these systems are unconventional power sources such as diesel generators, 

photovoltaic and wind power plants, etc. These include dc-ac or ac-dc-ac converters controlled 

by PWM. On the other side, many loads include power electronics as well. Moreover, frequent 

components in island power systems are energy storage batteries and their individual 

converters. An example of the structure of an island power system is shown in Fig. 9. The 

resulting interaction of harmonic emissions from many different power electronic components 

may cause significant high-frequency resonance oscillations. The resulting interaction is also 

affected by operation modes of individual power electronic devices, which mainly depends on 

their power load. Some experimental simulation results of the interaction between the source 

PWM inverter and the resistive load or the load PWM rectifier controlled by the conventional 

dual-loop method is shown in Fig. 10. The consequences of the interaction of harmonic 

emissions from power electronic equipment are evident. When the source PWM inverter is 

loaded with resistive load, the output voltages and currents are stable. On the other hand, when 

the load is a PWM rectifier, the output voltages and currents of the source PWM inverter 

exhibit severe high-frequency oscillation. Similar results were observed for different power 

loads. 
 

 Railway Electrification Systems 

Many papers deal with harmonic resonances on high-speed railways, but mostly only up 

to 50th harmonic order. However, some recent papers describe resonances also for higher 

frequencies where significant resonances were observed as well [18]-[23]. These papers deal 

mainly with simulation models, nevertheless with good results in discussions and comparisons 

with each other. All detailed models describe high-speed traction railways where traction 

transformers energize the traction power supply system 2 x 25 (27.5) kV from a primary 

transmission system. Pantograph terminals with locomotive models, which include complex 

systems of controlled motors with power electronic devices, were also simulated. The point of 

the issue is the constant change of power system parameters as the train continuously changes 

its position relative to traction substations. Some results of such simulations are shown in 

Fig. 11 and Fig. 12.  

 

Fig. 11 Frequency response of the traction network impedance at pantograph terminals with two 

different power system models and in added dependence of the train position (Adapted from [19]) 
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As is evident from the results of mentioned investigations, frequency analyses greatly 

depend on the position of pantograph terminal in a railway electrification system. Significant 

impedance resonances are detected at higher frequencies. Some real measurements also 

confirm the existence of high-frequency resonance phenomena in railway electrification 

systems, e.g., in [18] and [23]. The example of real measurements of voltage and current in the 

high-speed railway electrification system is shown in Fig. 13. 

 

 

 

 

Fig. 12 Frequency response of the traction network impedance at pantograph terminals with two 

different train models where the train is placed 6 km far from traction substation (Reproduced from 

[20]) 

 

 

Fig. 13 On the left: Measured voltage and current waveforms in traction substation under a resonance 

condition; On the right: Measured voltage harmonic distortion in traction substation during a 24-h 

period – (1) low-frequency background harmonics, (2) resonance-region harmonics, and (3) high-

frequency characteristic harmonics (Reproduced from [23]) 
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 Systems with Wind Power Plants 

L. Monjo et al. in [24] describe the occurrence of high-frequency resonances in wind 

parks. The study focuses on frequency scanning simulations that allow the determination of 

frequency and peak impedance of parallel resonances. The simulated wind farm consisted of 

several wind turbines operating at the low voltage level. Each turbine had a harmonics filter 

and was connected by cable to its own transformer, which increases the voltage to the medium 

voltage level. All these transformers were interconnected to one medium voltage collector bus 

by underground medium voltage cables. Further, the medium voltage collector bus was 

connected through high voltage transformer and high voltage overhead line (or underground 

cable) to the power grid. A capacitor bank was connected to the medium voltage bus for some 

simulation cases. The simulated wind power plant is shown in Fig. 14.  

Many simulation cases were performed with different parameters of the modelled wind 

park. Some of the simulation results are shown in Fig. 15. Part a) shows the current harmonics 

emission limit with respect to the VDEW (German Electricity Association) standard. Such 

current was injected into the model by each wind turbine. Part b) shows three different cases of 

the model. The case 1 is an initial state. The case 3 examines the situation when all distances 

are increased by about 1 km (longer cable lengths). The case 4 is the model after the 

disconnection of the capacitor bank. The strong influence of changes in capacitance on voltage 

distortions is evident from the simulated model. 

 

Fig. 14 Diagram of simulated wind power plant (Reproduced from [24]) 
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The practical investigation by Jim Guo in [25] refers to the issues with the reliability of 

medium cable terminations in installations with wind farms in U.S. Many terminations suffered 

premature failures within one year of installation. Strong voltage distortion was detected close 

to wind turbines and has been identified as the cause of these failures.  

 Systems with Photovoltaic Power Plants 

The possible emergence of high-frequency resonances in low-voltage networks with 

a large photovoltaic (PV) power plant has been investigated in several recent papers. L. Jessen 

and F. W. Fusch in [26] studied impedance changes of the distribution network with 

a connected large PV power plant. They found high resonances at various higher frequencies 

above 2 kHz for different operating conditions of PV power plant and power system loads. The 

investigation results were obtained from numerical simulations as well as verification 

measurements. The more comprehensive and detailed numerical model of the more complex 

distribution grid with a large power plant was compiled by O. S. Nduka and B. C. Pal in [27]. 

The simulation results have revealed complex interaction between harmonics produced by 

a PV power system and the background distortions of the grid. Resonance excitations (both 

serial and parallel) were observed mainly between 80th and 100th harmonic orders. Real 

measurements of three different inverters installed in the large Brazilian solar farm were 

 

Fig. 15 Simulated harmonic distortions in the wind park: a) current emission limit under German 

Electricity Association (VDEW) standard from turbines; b) voltage distortions at medium voltage 

collector bus and wind turbine bus (WTNr1 bus) for three different cases (Reproduced from [24]) 
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performed by R. Torquato et al. [28]. The results confirm the emission of dominant high-

frequency resonances at a frequency of 16.5 kHz. 

Investigation on the penetration of distortion caused by PV resources into power 

distribution network has also been described by T. Joshi et al. in [29]. The 15-km long three-

phase line at a voltage level of 12.47 kV with several transformers connected to a low voltage 

level of 120 V was selected for the study. The total rated power of this part of the power grid is 

10 MVA. The low voltage sections supply a total of about 3300 customers and connect 130 

residential rooftop PV systems. The nominal power of each PV residential unit is between 2-

4 kW, and the total installed PV power is about 450 kW. Two utility-scale PV power plants of 

a nominal power of 400 and 700 kW are also installed in this part of the grid. Furthermore, the 

investigated system includes three capacitor banks that are connected to the medium voltage 

level in three different locations. Each of these capacitors has a nominal reactive power of 

600 kVAr. In the investigated system, the connected PV resources make up approximately 

15 % of the total rated power of the feeder. Frequency scans and simulation models were 

performed for the above-described power system in the frequency range of 2-20 kHz in the 

main 12.47-kV three-phase bus close to the main substation 69/12.47 kV. Various resonances 

were detected at frequencies between 3-15 kHz. Some examples of frequency impedance scans 

are shown in Fig. 16. The significant effect of capacitor banks on the resonance behavior of the 

power system was observed. Their disconnection reduces by about half the size of resonances 

in the frequency range of 3-10 kHz.  

 
 

 

Fig. 16 Frequency response at system main bus (all capacitor banks are switched, power load of the 

system is 3 MW): On the top: three-phase 700-kW utility-scale PV power plant generate positive 

power; On the bottom: three-phase 700-kW utility-scale PV power plant generate zero power 

(Reproduced from [29]) 
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Another reference to the emission of high-frequency distortions into medium voltage 

systems from a large three-phase power plant is in the CIGRE brochure [30]. The summary of 

some different studies shows resonant overvoltages at frequencies around 3, 4, 6, 9, and 

16 kHz. Distortions in the frequency range of 2-150 kHz are called supraharmonics here.  

 State of the Art of Voltage Distortions in Power 

Systems 

The papers mentioned above [7]-[30] reveal the existence of high-frequency distortions 

in medium voltage power systems. The switching of each power electronic device 

characteristically emits high-frequency distortions that interact with passive parameters of 

power systems (resistance, capacitance, and inductance), non-linear loads, and emissions 

produced by the operation of other power electronic devices. The results are often unexpected 

high-frequency resonances or impulses that are superimposed on power frequency sinusoidal 

voltage. Such voltage distortions cause continuous overvoltages, which can be a risk for the 

durability of many different insulation systems. 

Published studies show that PWM is the riskiest method of controlling of power 

electronic components in terms of high-frequency distortions. Another high-risk point is if 

power system structures, which are usually inductive, contain significant capacitive 

components, such as medium voltage cables or large capacitor banks. The use of such 

capacitors is associated with an expansion of renewable energy sources. If emission 

frequencies of connected devices are close to resonance frequencies of power system 

impedance, very significant distortion may occur. The frequency content of these distortions is 

usually between 4 to 16 kHz, and individual magnitudes may range from a few percent to a few 

tens of percent of the fundamental voltage harmonic. 

There are possible ways to reduce these distortions, but since each system is unique, the 

approach must be individual. Any change in the system, such as reconnecting equipment, 

connecting new devices, changing loads, changing operation modes of connected equipment, 

etc., can change high-frequency voltage distortions. Because power distribution systems with 

many connected components are complex, reliable prediction of resonance phenomena in these 

systems is very difficult, if not impossible.  

Distortions in power systems are usually expressed by the total harmonic distortion 

(THD) index, which uses only harmonics components of the evaluated signal, not 

interharmonics [1]-[3]. The voltage distortion is traditionally defined as:  

𝑇𝐻𝐷𝑉𝑛 =
√∑ 𝑉ℎ

2𝑛
ℎ=2

𝑉1𝑟𝑚𝑠
∙ 100  (%) 

  

where h is the harmonic order (multiple order) of the angular frequency of the reference 

fundamental voltage (with a temporal frequency of 50 or 60 Hz), n is the maximum considered 

harmonic order, Vh is the rms voltage of the h-th harmonic order, and V1rms is the rms voltage 

of the reference fundamental harmonic. According to current standards, e.g. [1]-[3], the values 
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of THDVn are conventionally determined for n = 40 or 50, but of course, this is not a limit for 

this definition. THD for currents can be expressed analogously. 

2.2. Structure of Medium Voltage Cable Systems 

A contemporary medium voltage cable system consists of a shielded cable usually with 

cross-linked polyethylene (XLPE) or ethylene-propylene rubber (EPR) insulation, cable 

terminations, and sometimes cable joints. An example of a 22 kV shielded cable with XLPE 

insulation, which is commonly used in Europe and was therefore chosen for testing in this 

doctoral research, is shown in Fig. 17. The technical detail parameters are listed in the product 

catalog [31]. This cable has semiconducting layers on both sides of the XLPE insulation for the 

better electric field distribution. The electrical shield (Cu wire screen and counter helix 

Cu tape) is placed in the semiconducting soft tape to minimize air gaps. The shield is covered 

by the non-conducting tape to keep water away and the outer polyethylene (PE) sheath. 

Sometimes the PE sheath may be covered with an added PVC sheath to improve the external 

mechanical resistance of the cable. V. Vahedy published a summary of structures and materials 

used in polymeric high voltage cables in [32]. 

Electrical field distribution and the whole construction of a medium voltage cable is very 

homogenous and invariable in length. The problem with the electrical field distribution is 

mainly in cable terminations between conductor and screen. Contemporary medium voltage 

cable terminations are very complicated because the uniform electric field distribution is 

required [33], [34]. Stress grading methods are used to control the electric field in terminations. 

These methods can be generally divided into two groups: a geometric stress grading (capacitive 

stress cone) and a non-geometric stress grading (resistive, refractive, or resistive-refractive). 

Usually, stress grading materials are composites with the electric field dependent conductivity. 

Such composites are most commonly zinc oxide (ZnO) or silicon carbide (SiC). 

Terminations may also be divided on the base of the installation method. Three basic 

installation methods are heat-shrink, cold-shrink, and slip-over methods. Each method has its 

 

Fig. 17 Medium voltage cable with the XLPE insulation – type 22-AXEKCE: 1 – Aluminum conductor, 

2 – Inner and outer semiconducting layer, 3 – XLPE insulation, 4 – Semiconducting tape, 5 – Cu wire 

screen and counter helix Cu tape, 6 – Non-conducting tape, 7 – Outer PE sheath 
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advantages and disadvantages as quality, price, installation condition, instrument demands, 

trained workers, etc. Individual producers give specific details. 

An example of the most commonly used heat-shrink and slip-over cable terminations 

with non-geometric stress grading for medium voltage systems are shown in Fig. 18 and 

Fig. 19. These types were used for laboratory testing in this doctoral thesis. 

For both types, a cable lug is installed on the cable conductor, and the outer 

semiconducting layer is removed from the XLPE insulation to the distance defined by the 

installation manual. A smaller section of the XLPE insulation remains covered with the outer 

semiconducting layer near the Cu wire screen. The Cu wire screen outlet is located on the fixed 

and sealant tape. The infill tape reinforces the discharge resistance of a heat-shrink termination 

on the interface between the XLPE insulation and the semiconducting layer. The whole 

termination is covered by the heat-shrink silicone tube with inner ZnO or SiC heat flexible 

layer (stress grading and sealant layer). The stress control of an elastomeric termination is 

ensured by self-fusing stress grading sheet located from the half of XLPE insulation over the 

semiconducting layer to the Cu wire screen. Red sealant tapes cover interfaces between the 

 

Fig. 18 Heat-shrink cable termination with the 

non-linear stress grading for 22 kV indoor use: 

1 – cable lug, 2 – heat-shrink silicone insulation 

tube, 3 – XLPE insulation, 4 – stress grading and 

sealant heath flexible layer (ZnO or SiC), 5 -

 infill tape, 6 – semiconducting layer, 7 – fixed 

and sealant tape with Cu wire screen, 8 – medium 

voltage cable with PE/PVC sheath, 9 – Cu wire 

screen 

 

Fig. 19 Elastomeric (slip-over applied) cable 

termination with the non-linear stress grading for 

22 kV indoor use: 1 – cable lug, 2 – red sealant 

tapes, 3 – silicone rubber insulation tube, 4 –

 XLPE insulation, 5 – protect silicone shed, 6 –

 self-fusing stress grading sheet, 7 –

 semiconducting layer, 8 – fixed and sealant tape 

with Cu wire screen, 9 – Cu wire screen, 10 – 

medium voltage cable with PE/PVC sheath 
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cable lug and the XLPE insulation, and between the electrical stress control slide and the 

Cu wire screen outlet. The elastic silicone rubber tube is slipped over onto the termination. 

Both ends of the tube cover red sealant tapes. Detailed structures of cable terminations are 

mentioned in assembly manuals [35] and [36]. Structure differences between inner and outer 

cable terminations are dimensions (length) and the number of silicone sheds. The same 

differences are also between cable terminations for different voltage levels. 

2.3. Degradation Mechanisms of Cable Insulation 

Systems under High-Frequency Voltage 

Distortions 

Numerous research groups have presented many different implications of voltage 

waveform distortions on various insulation systems. However, only studies related to medium 

voltage cable systems are discussed below. Some papers aim only on cable insulation itself, 

others address only problems with cable terminations, and some investigations were conducted 

with small samples of pure insulation materials. The main results of these works are mentioned 

and described in the following subsections. 

 Dissipation Losses in Insulation Materials 

The effect of impulse and high-frequency sinusoidal voltages on properties of solid 

dielectric materials has been widely discussed in some papers, e.g., in [37]-[39]. Generally, 

change in parameters of insulation materials, such as dissipation factor, capacitance, resistance, 

temperature, etc., is directly related to change in the shape of the applied voltage waveform. 

The dissipation losses, which are defined further, represent the thermal stimulation of 

a dielectric material under an ac electric field. In general, thermal stimulation is given by the 

delay of dipole polarization in the dielectric material according to the change in polarity of the 

electric field. If the delay of the dipole rotation after the voltage reversal is zero, the heat 

production is also zero. Theoretically, this is possible, but in practice, there is always a slight 

delay in the rotation of dipoles according to the polarization effect. This phenomenon 

intensifies with the increasing frequency of the electric field. The polarization ability of dipoles 

in a dielectric material under ac voltage is represented by its permittivity. The complex 

frequency-dependent permittivity ε* of an insulation material under ac voltage is given by the 

formula: 

휀∗ = 휀′(𝜔) − 𝑗 ∙ 휀′′(𝜔)   

where ε' is the frequency-dependent real component of permittivity, ε" is the frequency-

dependent imaginary component of permittivity, and ω = 2··f is the angular frequency at 

frequency f. Should any repetitive voltage at a repetition rate R be applied, the overall voltage 

can be expressed as: 
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𝑣(𝑡) = 𝑎0 +∑𝑎𝑛 ∙ 𝑐𝑜𝑠(2𝜋𝑅 ∙ 𝑛 ∙ 𝑡) +

∞

𝑛=1

∑𝑏𝑛 ∙ 𝑠𝑖𝑛(2𝜋𝑅 ∙ 𝑛 ∙ 𝑡)

∞

𝑛=1

   

where ao, an, and bn are coefficients of the Fourier series expansion of the voltage v(t). The 

leakage current of insulation material can be expressed as: 

𝑖(𝑡) = 𝐺 ∙

{
 
 

 
 ∑−𝑎𝑛 ∙ 휀𝑛

∗ ∙ 2𝜋𝑅 ∙ 𝑛 ∙ 𝑠𝑖𝑛(2𝜋𝑅 ∙ 𝑛 ∙ 𝑡 + 𝛿𝑛)+

∞

𝑛=1

∑𝑏𝑛 ∙ 휀𝑛
∗ ∙ 2𝜋𝑅 ∙ 𝑛 ∙

∞

𝑛=1

𝑐𝑜𝑠(2𝜋𝑅 ∙ 𝑛 ∙ 𝑡 + 𝛿𝑛)
}
 
 

 
 

   

where G is the geometric constant (in the case of a planar capacitor, G = A/d, where A is the 

electrode surface, and d is the distance between electrodes), complex permittivity εn* and loss 

angle δn are given by formulas: 

휀𝑛
∗ = √휀′2(2𝜋𝑅 ∙ 𝑛) + 휀′′2(2𝜋𝑅 ∙ 𝑛)   

𝛿𝑛 = 𝑡𝑎𝑛
−1 (

휀′′(2𝜋𝑅 ∙ 𝑛)

휀′(2𝜋𝑅 ∙ 𝑛)
)   

Average total dissipation losses of solid insulation material can be expressed as: 

𝑃𝑡𝑜𝑡 =
1

𝑇
∫ 𝑣(𝑡) ∙ 𝑖(𝑡) ∙ 𝑑𝑡
𝑇

0

   

where T is the duration of the applied repetitive voltage. Equations (3) and (4) can be 

substituted into the equation (7) with respect to the orthogonality of sine and cosine functions 

with different frequencies:  

𝑃𝑡𝑜𝑡 = 𝐾 ∙ ∑2𝜋𝑅 ∙ 𝑛 ∙

∞

𝑛=1

휀𝑛
∗ ∙ (𝑎𝑛

2 + 𝑏𝑛
2) ∙ 𝑠𝑖𝑛 𝛿𝑛   

The above equation (8) can describe any repetitive voltage waveform.  

The frequency and temperature dependences of polyethylene terephthalate (PET) and 

epoxy resin have been discussed and measured by B. Sonerud et al. in [38]. The behavior of 

both materials was very similar. Some measurement results of the PET are shown in Fig. 20. 

As is evident from the graphs, the capacitance decreases with growing frequency and increases 

with rising temperature. The dissipation factor increases with the increasing frequency and 

increases with the rising temperature as well.  

Further, the dissipation factor was determined for square bipolar impulse stresses with 

variable rise time. Dependence of the rise time of impulses on harmonic power factor, which is 

a ratio of total dissipation losses to dissipation losses of the fundamental sinusoidal frequency 

(50 Hz) at room temperature (22 °C), is shown for PET in Fig. 21. Results show that 

dissipation losses are significantly higher for steep impulses than for sinusoidal shape with the 
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same period. Power losses significantly increase with the rise time of bipolar impulses, which 

confirms the theoretical assumptions. In an extreme case performed at room temperature, the 

total dissipation losses of bipolar square waveform with a rise time of 50 µs reached values 

about  eight times larger than in the case of the sinusoidal waveform of the same RMS voltage. 

Another research by K. Niayesh and E. Gockenbach in [39] was focused on the impacts 

of repetitive trapezoidal impulses on the dissipation factor of solid insulation materials. The 

authors theoretically explain the influences of rise time, fall time, duration, and repetition 

frequency of voltage impulses on the total dissipation losses. Numerical simulations were 

verified by measurements on samples of oil-impregnated paper. Samples were exposed to 

trapezoidal voltage impulses of 3 kV with varying parameters. The heat generated by the 

damped oscillation of molecular dipoles significantly stressed the insulation material. The 

  

Fig. 20 On the left: Frequency dependence of capacitance of PET samples at different temperatures; 

On the right: Frequency dependence of dissipation factor of PET samples at different temperatures 

(Reproduced from [38]) 
 

 

Fig. 21 Temperature dependence of harmonic power factor, which is the ratio of total dissipation 

losses to dissipation losses of the fundamental sinusoidal frequency (50 Hz) at room temperature 

(22 °C), for PET for different voltage waveforms (Reproduced from [38]) 
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dissipation factor of the dielectric material, which is directly linked to the heat generation, was 

growing with the increasing frequency in the range of units to thousands of kHz under the 

impulse load. The decreasing rise time or period time of impulses significantly increased the 

dissipation factor. The impulse duration time influenced the dissipation factor as well. The 

paper has confirmed the increased degradation effect of steep medium voltage impulses on 

solid insulation materials and has explained some related theoretical aspects. 

 Partial Discharges in Insulation Systems 

A partial discharge (PD) is an incomplete localized electric breakdown of a small portion 

of gaseous, liquid, or solid insulating medium. PDs can initiate from an electrode or occur in 

cavities in insulation systems, in which the cavity content has lower dielectric strength than the 

surrounding insulation material (e.g., air gas voids in epoxy resin). Partial discharges take place 

in every medium voltage electrical system. Some of them are very weak and negligible, while 

others, often consequences of long-term stresses or manufacturing errors, are unacceptable for 

long-term operation. However, in all cases, the behavior of partial discharges depends 

primarily on the waveform of the applied voltage. Different behavior of partial discharges for 

different shapes of applied voltages waveforms was observed in various papers [40]-[47]. 

Investigations on this topic were also conducted by the author’s research group in [A3], [A4], 

and [A8] as well.  

In voltage waveforms with conventional higher harmonics, change in PD activity with 

the increasing frequency of harmonics was observed by M. Florkowski et al. in [40] and [41]. 

Phase-resolved PD measurements were carried out. The comparison between a 50-Hz 

sinusoidal voltage waveform and a similar voltage waveform with a significant content of 

11th harmonic (THDV = 11 %) is shown in Fig. 22. From the measurements, it is clear that the 

increased frequency of superposed harmonic distortions leads to decreased PD intensity 

(number of PDs), but on the other hand, increased PD magnitudes. 

Many research groups have also investigated behavior of partial discharges under square 

and trapezoidal impulse voltages, e.g., E. Lindell et al. in [42], B. Florkowska et al. in [43], 

P. Wang et al. in [44], and X. Wang et al. in [45]. The essential parameters of impulse voltages 

are amplitude, rise/fall time, impulse duration, repetition frequency, and overvoltage of 

individual impulses depending on the load impedance. All these studies have reached similar 

conclusions – the rise time and repetition frequency of impulses strongly affects inception 

voltage, magnitude, and quantity of partial discharges. A higher gradient of voltage (faster rise 

time) results in lower PD intensity, but higher magnitudes of individual PDs. Repetition 

frequency and steepness of impulses influence also affect the partial discharge inception 

voltage (PDIV). Both the increasing repetition frequency and higher steepness of impulses 

reduces the PDIV. It may be noted that the decrease in PD inception and extinction voltages 

leads to longer presence of PDs, thereby increasing the magnitude and energy of individual 

PDs. This effect increases the degradation impacts of PDs on insulation systems. Some 

examples of the above-mentioned findings are graphically depicted in Fig. 23 and Fig. 24.  The 
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Fig. 22 PD measurements on generator stator bar with polymer thermosetting insulation system at the 

rms voltage of 15 kV; on top: PD measurement at “pure” sinusoidal voltage with the frequency of 

50 Hz (THDV = 0.7 %); down: PD measurement at the same 50-Hz sinusoidal voltage with 

11th harmonic (THDV = 11 %): a) Phase-resolved PD measurement; b) Phase distribution of PD 

intensity; c) Frequency spectrum of the test voltage (Reproduced from [40]) 
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Fig. 23 PD patterns for a cavity in epoxy resin at: a) sinusoidal voltage; b) trapezoidal voltage with the 

rise time of 3 ms; c) trapezoidal voltage with the rise time of 1.5 ms; d) trapezoidal voltage with the rise 

time of 0.14 ms; the magnitude of the voltage was the same in all cases (Reproduced from [43]) 

 

 

Fig. 24 Dependence of switching frequency and steepness (rise time) of semi-square voltage impulses 

with the positive slope on the PD inception voltage Vi (Reproduced from [43]) 
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first figure shows the comparison of PD patterns for cavity in epoxy resin under pure 

sinusoidal voltage and trapezoidal voltage of various rise times at the same voltage magnitude. 

The other figure shows the dependence of rise time (steepness of impulses) and repetition 

frequency on the PDIV. 

The effects of combined sinusoidal and impulse voltage stresses on PD activity have 

been so far investigated in only a few studies. Densley et al. in [46] describe measurements on 

samples of polymeric material under sinusoidal ac voltage with superimposed high impulse 

voltages. Results show that a single superimposed impulse of high amplitude can initiate PDs 

that persevere under the original sinusoidal ac voltage, if certain conditions are met. Further 

relevant experiments on PDs under ac voltage with superimposed high impulse voltages have 

been published only recently by J. Wu et al. in [47]. This study has been focused on PD 

characteristics for artificial defects in medium voltage XLPE cable joints under distorted 

voltage waveforms. Gradual PD initialization was observed during the sequential application 

of several impulses at constant sinusoidal voltage. The effect of surface charges, which were 

created by the previous impulse (or impulses), significantly influenced the occurrence of PDs. 

Both mentioned studies focus only on voltage distortion caused by occasional very high 

voltage impulses, not high-frequency repetition transients of magnitudes that were much lower 

than the fundamental voltage magnitude. 

The respective investigations of the author’s workgroup confirm the findings of the other 

published studies mentioned above. Measurement setup, which was used in the following 

studies, was based on the specialized test site that is described in detail in chapter 4. Different 

behavior of PDs was observed under various distorted voltage waveforms [A8]. Measurements 

were carried out on the Trichel cylinder and epoxide insulation sample with few artificially-

made small cavities. High-frequency distortions of 10 % of the fundamental voltage amplitude 

were superimposed on sinusoidal rms voltage of 13 kV/50 Hz. The employed shapes of 

distortions were harmonics of a frequency up to 15 kHz, impulses with a vertically rising edge 

and exponentially falling edge, and square impulses with a 50 % duty cycle.  

As the results indicate, superimposed high-frequency components initiate higher PD 

activity. This effect is greater in the case of fast impulses than in the case of harmonics. 

Detailed measurements of PD activity were performed with one specific internal cavity, which 

was formed of two pieces of Plexiglass (synthetic polymer of methyl methacrylate) [A4]. 

Hemispherical holes were machined in the center of both parts, which were subsequently glued 

together under high pressure to form an internal void with a diameter of approximately 2 mm. 

Damped oscillations with a fundamental frequency of 10 kHz were superimposed on 

a sinusoidal voltage of 50 Hz with repetition frequency from 700 Hz to 1500 Hz. Magnitudes 

of superimposed pulses were set to 0 %, 10 %, and 15 % of fundamental voltage amplitude.  

Again, significant impacts of voltage distortion on PD activity were observed. PDIV 

decreases with increasing magnitude of superimposed transients, see Tab. 1. The results also 

show that the higher peak value of superimposed voltages increases the number of PDs with 

stronger magnitudes, as shown in Fig. 25. The opposite effect was observed in the 

measurement, in which the peak value remained constant, and the repetition frequency of 

superimposed impulses was increased. The magnitude of PDs gradually decreased with 
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increasing repetition frequency; on the other hand, the PD rate increased with increasing 

repetition frequency, see Fig. 25. 

 Development of Surface Discharges 

Surface discharges are a specific type of partial discharges. On this basis, behavior of 

surface discharges at different voltage waveforms is almost the same as that of internal partial 

discharges. However, there are some substantial differences. 

The presence of high-frequency voltages and impulses with fast rise and fall times may 

increase the delayed polarization of some dipoles in dielectric materials [37]. Moreover, some 

electrical charges may not disappear with the very fast voltage reversal, and in that case local 

opposite space charges may form. If the polarization time of some dipoles is longer than the 

voltage reversal time, a new type of charges may arise. These charges are called blocked 

charges and create a local opposite polarity of the electric field on the electrode surface. The 

graphical representation of the polarization effect for sinusoidal and trapezoidal impulse 

voltages is shown in Fig. 26. The polarization of dipoles in a dielectric material and free 

charges on the surface of electrodes follows the voltage change of sinusoidal voltage.  

Some dipoles react with free charges on the electrode surface at trapezoidal impulse 

voltage and then are blocked in the last polarization state during a voltage reversal. These 

Tab. 1 Dependence of PDIV on the value of superimposed voltage distortion with the repetition 

frequency of 700 Hz (Adapted from [A4]) 

Percentage of superimposed high-frequency component 0 10 15 

PD inception voltage (kV) 5.1 4.7 4.6 

 

 

 

Fig. 25 Dependence of PD rate on charge magnitude; On the left: for various peak values and the 

constant repetition frequency of 700 Hz of the superimposed high-frequency component; On the right: 

for the constant 10 % peak value and various repetition frequencies of the superimposed high-

frequency component (Reproduced from [A4]) 
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blocked dipoles create local differences in potential. An example of a surface potential 

distribution for applied sinusoidal and trapezoidal impulse voltages is shown in Fig. 27. Local 

potential differences may support electrical and water tree degradation, surface discharges 

propagation, and other unfavorable phenomena. The effect of surface charge on surface 

discharge propagation has been explained by R. A. Fouracre et al. in [48]. The results show 

that the presence of surface charge strongly influences surface discharges. The surface 

discharge may continue to propagate even if the initial voltage stress is no longer present. 

An example of equipotential distribution in the head of surface discharge at the interface of 

air/solid insulation material with a relative permittivity εr = 4 is shown in Fig. 28. The effect of 

surface charge on surface discharge propagation tends to be greater with the positive polarity of 

applied impulses. This phenomenon was observed and partially explained by X. Wang et al. in 

[45]. 

Many other surrounding conditions affect the development of surface discharges. 

Although it has been the subject of many researches, a comprehensive explanation and 

 

Fig. 27 Example measurements of surface potential distributions on the sample of PET: a) after ac 

sinusoidal voltage stresses; b) after trapezoidal impulse voltage stresses with dV/dt = 5 kV/μs 

(Reproduced from [37]) 

 

 

Fig. 26 Graphical explanation of the polarization process of dielectric material: a) at sinusoidal 

voltage; b) at trapezoidal impulse voltage with the very fast rise time (Reproduced from [37]) 
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understanding are still lacking. Possible surrounding conditions, which affect surface 

discharges, include structure and condition of insulation systems, environmental conditions, 

etc. For example, the level of surface pollution is a proven impact on surface discharges [A9]. 

All of this can affect surface discharges differently at sinusoidal voltage stresses and otherwise 

at impulse or distorted voltage stresses. One of the new problems of stressing materials by 

steep voltage impulses is surface erosion and migration of electrode atoms into the insulating 

polymer material, which have been investigated by M. Florkowski et al. in [49] and [50]. This 

effect is the result of complicated combined action of thermal, electrical, and chemical 

processes and has not yet been sufficiently explained. A more detailed analysis of this very 

complex phenomenon is beyond the scope of this thesis. 

 Overheating of Cable Terminations 

Contemporary terminations for medium voltage cables with polymer insulation represent 

complex insulation components with non-linear electric field distribution. Some investigations 

address the issue of unexpected heating and degradation of medium voltage cable terminations 

[51]-[56]. However, the first explanation of this problem has already been given by 

L. Paulsson et al. in [13]. Semiconducting stress grading materials dissipate ohmic heat as 

a consequence of the electric field distribution. Heat dissipation may be dramatically increased 

under fast voltage changes such as high-frequency harmonics or impulse voltages. This process 

differs slightly from heat dissipations of solid insulation materials described above and is 

closely related to the non-linear electric field distribution. 

Thermal behaviors of cable terminations were investigated at applied high-frequency 

voltages by Li Ming et al. in [51]. Mathematical models and verification measurements were 

carried out for the indoor slip-over cable termination with non-linear resistive stress grading at 

nominal rms voltage stress of 10 kV and frequencies of 50 Hz and 22 kHz. The results of the 

simulations and measurements are shown in Fig. 29. The thermal simulation corresponds to the 

measurement of surface temperatures. The large temperature increase was caused by the 

different electric field distribution. The measurements and simulations indicate a significant 

heating effect and the occurrence of hot spots on the cable termination surface at high-

frequency medium voltage stresses. Fig. 29 (on the right) shows their location. The hot spots 

were found near the interface between the edge of cable semiconducting layer and the stress 

 

Fig. 28 Two-dimensional representation of equipotential distribution in the head of a surface discharge 

on the interface of air/solid insulation material with the relative permittivity of εr = 4: a) the presence 

of no surface charge; b) the presence of a surface charge (Adapted from [48]) 
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grading layer at a termination distance of 30 mm (a distance of 0 mm corresponds to the 

termination end on shielding wires; a distance of 90 mm corresponds to the other termination 

end near the cable lug). 

Similar investigations were conducted for impulse voltage stresses by research groups 

around S H. Jayaram in [52]-[54]. The behavior of various stress grading materials under 

voltage impulses with fast rise times was investigated by the numerical model and verification 

measurement presented in [52]. Multiple samples of silicone rubber composites were prepared 

with three different stress grading materials – SiC, ZnO, and ZnO/SiC composite. The 

determined dissipation losses were practically identical for all the measured samples. The 

measured thermal conductivity was the lowest for pure ZnO and the highest for ZnO/SiC 

composites. However, significant hot spots were detected in all samples. The numerical 

simulation showed that certain materials with high permittivity can have decent resistance to 

high voltage impulses with fast rise times. Unfortunately, this group of materials is often not 

suitable for use in medium voltage cable terminations, and so the issue with conventional stress 

grading materials remains. 

In another study, standard cable terminations were exposed to three types of impulse 

waveforms, i.e., square impulses (with a 50 % duty cycle), PWM impulses, and exponential 

impulses with fast rise times [53]. The tested terminations were of the conventional cold-shrink 

type with a concentric stress grading layer. The surface temperature was measured in 

dependence on the applied voltage values for different switching frequencies. Some results are 

shown in Fig. 30. Results for PWM impulses and square impulses were almost identical. 

Higher temperature rise was detected for higher switching frequencies of applied impulse 

voltages in all cases. Differences in the temperature rise also grow with increasing applied 

voltage. As can be seen from the resulting curves, the temperature increase for exponential 

impulses with a switching frequency of 9 kHz is similar to the temperature increase for square 

impulses with a switching frequency of 2 kHz. Thus, the square impulse waveform generates 

  
 

Fig. 29 On the left: Measured and simulated maximum surface temperatures of the cable termination 

at rms voltages of 10 kV/50 Hz and 10 kV/22 kHz as a function of time. On the right: Electric field and 

temperature distributions along the stress grading layer after 40 minutes of rms voltage stresses of 

10 kV/50 Hz and 10 kV/22 kHz (Reproduced from [51]) 
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more heat dissipation compared to the exponential impulse waveform in the tested cable 

termination. Electro-thermal numerical simulations with square impulses and additional 

measurements subsequently confirmed the findings of these measurements [54]. Similar results 

were observed, and critical points of hot spots were detected at interfaces between the stress-

grading layer and the cable semiconducting layer. An example of uneven temperature 

distribution on the cable termination surface is shown in Fig. 31, which was created by 

a thermal imager. 

The same research groups investigated thermal behavior of cable terminations under 

combined sinusoidal and high-frequency voltages [55]-[56]. In the first study [55], the electric 

field distribution was measured along the cable termination at rms voltage of 1 kV/60 Hz in the 

presence of the conventional 5th harmonic. The surface potential distribution was measured for 

voltage THDs of 0, 10, 20, and 30 %, respectively. Measured and normalized electric potential 

distributions are shown in Fig. 32. An increase in electric potential is seen at the interface 

   

Fig. 30 Maximum measured temperature rises on the surface of the cold-shrink cable termination at 

different voltages and switching frequencies: a) square impulse waveforms (with a 50 % duty cycle); 

b) exponential impulse waveforms (Reproduced from [53]) 

 

  

Fig. 31 Example of uneven temperature distribution on the cable termination surface of the cold-shrink 

cable termination under square impulses; created by thermal imager (Adapted from [54]) 
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between the cable semiconductive layer and the stress grading layer. This effect intensifies 

with voltage distortion and may cause increased local heat dissipation.  

The second similar investigation [56] focuses on measurement of six different types of 

cable terminations under six various voltage stresses. These stresses were pure power 

frequency rms voltage (60 Hz) between 0 to 13 kV, high-frequency rms voltage (7 kHz) 

between 0 to 13 kV, the combination of power frequency rms voltage of 13 kV and high-

frequency rms voltage of 0-13 kV, and all above combinations with a power frequency current 

of 250 A. Maximum temperatures of the cable termination surfaces were measured. 

A significant temperature increase was observed in the presence of high-frequency voltages. 

The occurrence of significant hot spots was detected in all forms of high-frequency voltage 

applications as well. For example, the dependence of surface temperature increase of the cold-

shrink cable termination on voltage under different stress conditions is shown in Fig. 33.  

  

Fig. 32 Measured electric field distribution along the cable termination at a voltage of 1 kV/60 Hz with 

various THDs: On the left: Electric potential distribution; On the right: Normalized electric potential 

distribution (Reproduced from [55]) 
 

 

Fig. 33 Maximum measured surface temperature increase of the cold-shrink cable termination at 

varying applied voltages with different combinations of stresses (legend: PF – power frequency voltage 

(60 Hz), HF – high-frequency voltage (7 kHz), C – a current flow of 250 A) (Reproduced from[56]) 
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Another result of the paper is the detection of different behavior of various types of cable 

terminations at high-frequency voltage. The differences originate from the use of diverse stress 

grading materials and methods of electric field control. The most resistant cable terminations in 

terms of increased warming under high-frequency voltage distortions were determined to be 

the ones using the geometric stress grading method (capacitive stress cone). The least resistant 

cable terminations were the terminations using non-linear resistive metal-oxide stress grading, 

which are the most widespread. 

The different electric field distribution along cable terminations that results into 

unexpected heating is one of the impacts of high-frequency voltages to medium voltage cable 

terminations, but not the only one. This effect is closely related to other degradation processes 

that may be induced or supported by them, e.g., the formation of small cavities resulting in 

higher PD activity, etc. 

 Electrical and Water Treeing in Insulation 

Materials 

Treeing is an electrical pre-breakdown phenomenon in solid insulation materials (mainly 

epoxy resins and polymeric insulation), which was discovered more than 50 years ago. 

Electrical treeing is a degradation process that creates air channels between electrodes in 

insulation material. If water is present in the emerging channels, the treeing mechanism is more 

complicated and is called water treeing. 

The initialization of electrical treeing can be explained by the local strengthening of 

electrostatic field due to the interface roughness or the presence of foreign particles in the 

insulation material. Besides, electrostrictive forces generated by ac voltage in insulation 

material may initiate the formation of micro-voids by mechanical stress. Accumulation of 

space charge on these inhomogeneities and positive-negative cycling of ac voltage may lead to 

the injection of high energy electrons (hot electrons). These high energy electrons, as well as 

ultraviolet radiation emitted during charge recombination, cause scission of chemical bonds in 

insulation materials. The degradation continues by subsequent repetitive electrical discharges 

that occur inside the miniature voids formed by the bond scission. High energy electrons, 

ultraviolet radiation, and free radicals enlarge the voids and transform them into small 

channels, i.e., electrical trees. 

In the case of water treeing, the degradation mechanisms are more complicated. 

However, the initial processes, including cleavage of chemical bonds, are very similar to 

electrical treeing. The difference lies in the development of micro-voids into larger structures. 

In this case, there are no high energy electrons or gas discharges. Instead, water molecules 

penetrate into micro-cracks and micro-voids of the insulation under the influence of the electric 

field. Subsequently, micro-channels grow from these defects. This process is stimulated by the 

large electrostatic and mechanical forces that occur at the tips of the created micro-channels. 

Mechanical forces at the ends of the tips are given by osmotic pressure of water (osmosis is 

stimulated by the electric field as well, and leads to the forming of supersaturated water 

solution, from which water precipitates into the area surrounding the tips). The electrostatic 

forces are given by space charge and are referred to in the literature as Maxwell forces, 
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Coulomb forces, or electrostatic pressure. These two types of forces are counterbalanced by the 

mechanical stress inflicted on the structure surrounding the tips, which leads to its erosion.  

The process of water treeing strongly depends on the electrical conductivity and 

composition of the penetrated water. Any chemical reactions of radicals present in the material 

or the penetrated water strongly affect water treeing development. Water treeing occurs at 

much lower electric field strength than electrical treeing as well.  

The description of treeing phenomena mentioned here is brief, as it represents a very 

complex issue that goes beyond the scope of this thesis. Moreover, the exact processes of water 

and electrical tree formations are still not fully understood, despite the numerous studies of the 

treeing phenomenon that have been published in recent decades. The latest studies also indicate 

that the simulated electrical and water treeing in laboratory conditions may be different from 

those occurring in insulation materials in real operations. A more detailed explanation of 

mechanisms of water and electrical treeing can be found in many studies, e.g., in [57]-[60], 

which were used for the introductory description in this work. An example of basic tree types 

is shown in Fig. 34. 

Electrical Treeing under Distorted Voltages 

Many studies have been focused on electrical treeing activity under high-frequency 

voltage stresses, e.g., [61]-[65]. The first laboratory experiments with low-density polyethylene 

(LDPE), conducted by F. Noto and N. Yoshimura in [61], observed the adverse impact of 

frequency on the electrical treeing phenomenon over 40 years ago. However, the initialization 

and following growth of electrical trees were initially associated with a theoretical strong heat 

generation at the tip of an electrode by dielectric heating of the dielectric material. This idea 

was partly disproven by the later treeing theories, which are briefly discussed above.  

 

Fig. 34 Examples of trees that were carried out in the laboratory under various theories of water 

treeing inception; from the left: Bow-tie type tree – a structure formed from an eroded surface; bush 

type tree (vented tree) – a structure formed from a preexisted micro-channel; branch type tree – 

a structure formed from the top of a preexisted channel created by partial discharges or different tree 

types (Reproduced from [60]) 
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Electrical treeing propagation in the higher frequency range (20-500 Hz) has been more 

thoroughly investigated later by G. Chen and C. H. Tham in [62]. The authors focused on 

fractal analysis and time-dependent propagation of electrical trees in a needle-plane 

arrangement in XLPE samples, which were created from a standard medium voltage cable. The 

distance between the electrodes was set to 2 mm. The electrical treeing phenomenon was 

observed until the breakdown of the samples at continuous rms voltage of 7 kV for all cases of 

various frequencies. Accelerated development of electrical trees with higher frequency was 

found, which naturally led to a faster breakdown. The growth of electrical trees also shows 

an almost linear relation to the number of cycles of the electrical field. This effect may indicate 

that the voltage zero-crossing is responsible for the growth of electrical trees in XLPE 

insulation.  

A similar experimental study was carried out with epoxy resin insulation by I. Iddrissu 

and S. M. Rowland in [63]. Electrical trees were grown in test samples with a needle-plane 

arrangement (with a distance between the electrodes of 1.8 mm) at a constant peak ac voltage 

of 15 kV in the frequency range of 50-450 Hz. The structure and development of electrical 

trees were recorded every minute using a monochromatic CCD camera with dc-powered 

backlight illumination. The structures of electrical trees for different frequencies at the time of 

5 min after initialization and immediately just before breakdown are shown in Fig. 35. It has 

been confirmed again that the initialization and development of electrical trees accelerate with 

increasing frequency of applied voltage; thus, times to breakdown are decreased. 

Other investigations were focused on structural analysis of electrical trees under higher 

frequencies in a similar test arrangement, as in the previously described studies. Experimental 

research in the frequency range 4-10 kHz by M. Bao et al. in [64] and analysis between 

 

Fig. 35 Structure of electrical trees at voltage frequency of: A) 50 Hz, B) 150 Hz, C) 250 Hz, 

D) 350 Hz, and E) 450 Hz; T1 = trees at 5 min after initialization, T2 = trees immediately just before 

breakdown except for image A where the test was manually stopped due to huge damage and time of 

727 min; the scale bar of 0.7 mm applies to all images (see fig. part A-T1 at down) (Reproduced from 

[63]) 
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frequencies of 50 Hz and 130 kHz by Y. Zhang et al. in [65] show shape dependence of 

electrical trees on the magnitude and frequency of applied voltage. For constant voltage 

(approximately nominal), the shape of the initial electrical treeing changes with increasing 

frequency from branch type to bush type. If the intensity of the electric field is high, a bush 

type of trees is formed directly regardless of the frequency of applied voltage. At frequencies 

above 100 kHz, bubble formation within trees has been observed, followed by a rapid process 

of bubble-treeing breakdown, which occurred in tested silicon rubber insulation. Generally, the 

initial voltage of electrical treeing decreased with increasing frequency of the applied voltage, 

and the density of the initiated electrical trees was higher at higher frequencies as well. 

Furthermore, the impacts of harmonic distortions of power frequency voltage on 

electrical treeing have been studied by R. Sarathi et al. in [66] and [67]. Test specimens were 

created from XLPE insulated cable using a sharp needle electrode. Some standard harmonics 

(2nd-11th order) or their combinations were superimposed on power frequency sinusoidal 

voltage with various THDs (4%, 10%, and 40%). Moreover, electrical treeing under low-

frequency and triangular voltages has been investigated in [67]. In both studies, the branch type 

of trees was observed under the distorted power frequency voltage. When the level of THD or 

harmonic order increased, tree structures changed as well. The number of their branches was 

lower, but their length was increased. It was observed that the shape of the voltage waveform 

has a substantial impact on the growth of electrical trees. It can be concluded that the increase 

in the order of superimposed harmonics and the THD causes earlier failure of insulation 

materials. 

Water Treeing under Distorted Voltages 

In the case of pure dc voltage, water treeing is not observed (or is very low). The 

magnitude of the applied ac voltage slightly affects the growth of water trees. However, the 

increasing frequency of the applied ac voltage significantly accelerates the process of water 

treeing phenomenon. Many research papers describe these behaviors of the water treeing at 

high-frequency voltages [68]-[72]. Typical time dependences of water tree lengths at different 

frequencies of sinusoidal voltage were measured for low-density polyethylene (LDPE) and 

silicon rubber by N. Yoshimura et al. in [68]. Some of the detected characteristics from this 

experimental study are shown in Fig. 36. Frequency dependences (for sinusoidal voltage 

waveform) of water tree growth for three different polymeric materials were investigated 

experimentally by R. Bartnikas et al. in [69], and results are shown in Fig. 37. 

The water treeing in PE (LDPE, XLPE) has been investigated at the power frequency 

voltage with high-frequency components by some research groups as well [70]-[72]. The 

results of investigations by research groups around Y. Ohki in [70] and [72] are summarized in 

Tab. 2. The water tree length, the total number of zero-crossings, and the consecutive number 

of zero-crossings (defined only for voltages with a 50-Hz component, see Fig. 38) were 

measured for various combined voltage stresses in a needle-plane configuration with a distance 

between the electrodes of 0.8 mm. The effect of high-frequency components was unexpected 

since the growth of water trees was faster for the pure frequency of 2 kHz than for power 

frequency voltage with superimposed 2-kHz high voltage. A similar result was measured for 

voltage combinations with a frequency  of  4 kHz.  This effect can be explained by the different  
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Fig. 36 Time dependence of water tree growth at different frequencies (at ac electric field of 

2.5 kV/mm) in low-density polyethylene (LDPE) with the distilled water (with a resistivity of 

150 Ω·cm): a) 200 Hz, b) 500 Hz, c) 1 kHz, d) 3 kHz (Reproduced from [68])  

 

 

Fig. 37 The growth rate of water trees in dependence on frequency for PE, XLPE, and EPR 

(Reproduced from [69]) 
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numbers of voltage zeros. The results indicate that the increasing number of zero-crossings 

enhances the growth of water trees. The dependence of water tree lengths for various 

combinations of voltage stresses over time is shown in Fig. 39.  

Tab. 2 Lengths of water trees grown in a needle-plane configuration of 0.8 mm at various 

combinations of voltage stresses (Adapted from [70] and [72]) 

Water tree length

(mm) Total for 10 s Consecutive

50 Hz (13 kVrms) 60 1.0×10
3 1

50 Hz (10 kVrms) + 2 kHz (3 kVrms) 170 8.0×10
3 9

50 Hz (4 kVrms) + 2 kHz (3 kVrms) 260 2.2×10
4

2.3×10
1

2 kHz (3 kVrms) 470 4.0×10
4 /

50 Hz (10 kVrms) + 4 kHz (3 kVrms) 230 1.6×10
4

1.7×10
1

50 Hz (4 kVrms) + 4 kHz (3 kVrms) 330 4.4×10
4

4.3×10
1

4 kHz (3 kVrms) 460 8.0×10
4 /

Number of zero-crossing:
Voltage stress

 
 

 

Fig. 38 Example of expressing the consecutive number of zero-crossings (Reproduced from [72]) 

 

 

Fig. 39 Dependence of mean lengths of water trees with standard deviations as a function of time for 

three different voltage stresses in a needle-plane configuration of 0.8 mm (Reproduced from [70]) 
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Other than that, paper [72] examines the overall impact of the high-frequency distortion 

on various types of baseline voltage, such as power frequency voltage, low-frequency voltage, 

and dc voltage. The zero-crossing phenomenon has been confirmed and also explained. The 

impact of various impulse voltage distortions on the water treeing activity can be considered 

significant due to the proven effects of high-frequency sinusoidal voltage distortions. 

2.4. Existing Studies on Aging of Polymeric 

Insulations under Nonsinusoidal Voltage 

Stresses 

 Early Studies on Aging under Nonsinusoidal 

Voltage Stresses 

Research into the aging of electrical insulations and dielectric materials under 

nonsinusoidal voltage began about 35 years ago. The first studies focus on the effect of 

standard harmonics, e.g., in [73]-[76]. Recalculation of superimposed voltage harmonics to 

added dissipation losses was a widely used method of expressing the negative influence of 

harmonic voltages. Higher dissipation losses mean higher thermal stresses, which were simply 

used in the Arrhenius thermal aging model and for accelerated thermal aging tests. This 

investigation procedure demonstrated an increased influence of harmonics on material 

degradation. However, this method of determining the effects of harmonics on insulation 

systems is not entirely correct due to the neglect of many other degradation mechanisms. 

 Aging under Power Frequency Voltage with 

Standard Harmonics 

The research group around G. C. Montanari was the first who began working with 

accelerated aging models and testing under real nonsinusoidal voltage waveforms, including 

mainly standard harmonics up to 20th order. Their findings from many years of research have 

been extensively published, e.g., in [77]-[85].  

At first, they developed the standard exponential aging model and inverse power aging 

model into a specific probability model of aging for self-healing polypropylene power 

capacitors respecting superimposed standard harmonic voltages in [77]. Subsequently, the 

model was used to fit and verify results from real aging tests that were performed in 

a laboratory, see [78] and [79]. Typical harmonics up to the 11th order were used in various 

combinations and different magnitudes with a fundamental harmonic for test voltage stresses. 

The effect of nonsinusoidal voltage stresses was investigated by defining three different shape 

parameters [79]: 
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𝐾𝑝 =
𝑉𝑝
𝑉1𝑝

   

𝐾𝑟𝑚𝑠 =
𝑉𝑟𝑚𝑠
𝑉1𝑟𝑚𝑠

   

𝐾𝑓 = √∑ℎ2 (
𝑉ℎ
𝑉1𝑟𝑚𝑠

)
2𝑛

ℎ=1

   

where h is the harmonic order (multiple order) of the angular frequency of the reference 

fundamental harmonic (voltage with a temporal frequency of 50 or 60 Hz), n is the maximum 

harmonic order containing an examined voltage waveform, V1p and V1rms are peak and rms 

voltage of the reference fundamental harmonic, Vp and Vrms are total peak and rms values of the 

examined voltage, Vh is the rms voltage of the h-th harmonic order. The shape factors are given 

by equations (9) to (11) that identify the peak modification Kp, the rms modification Krms, and 

the waveshape modification Kf. The authors claim that these shape parameters better describe 

the voltage waveform than the conventional THD index described in (1) above. Coming from 

the following derivative, the waveshape parameter Kf is related to the slope of the examined 

voltage waveform. Let us consider Fourier decomposition of a voltage waveform v(t) that is 

affected by harmonics:  

𝑣(𝑡) = ∑𝑉ℎ

𝑁

ℎ=1

𝑠𝑖𝑛(ℎ𝜔1𝑡 + 𝜑ℎ)   

where ω1 is the angular frequency of the reference fundamental harmonic, and φh is the phase 

shift of h-th harmonic according to the fundamental harmonic. If the subsequent derivative is: 

𝑑𝑣(𝑡)

𝑑𝑡
= ∑ℎ𝜔1𝑉ℎ

𝑁

ℎ=1

𝑐𝑜𝑠(ℎ𝜔1𝑡 + 𝜑ℎ)   

then the rms value of the derivative is: 

𝑑𝑣(𝑡)

𝑑𝑡
|
𝑟𝑚𝑠

=
𝜔1

√2
√∑ℎ2𝑉ℎ

2

𝑁

ℎ=1

   

Dividing equation (14) by the rms value of the derivative of a pure sinusoidal waveform 

at a supply frequency of 50 or 60 Hz that has the same magnitude of the fundamental 

component as the distorted waveform, i.e. 𝑉1𝑟𝑚𝑠𝜔1/√2, expresses equation (11). All three 

shape parameters defined above tend to the value of 1 for a pure sinusoidal waveform of the 

supply frequency (50 or 60 Hz).  

The standard inverse power aging model of the first order has been modified by relating 

failure time L to characteristic parameters of a voltage waveform Kp, Krms, and Kf [79]: 
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𝐿 = 𝐿0𝐾𝑝
𝑎𝐾𝑟𝑚𝑠

𝑏𝐾𝑓
𝑐   

where L0 corresponds to the life under sinusoidal voltage waveform at the nominal voltage 

magnitude (L = L0 for Kp = Krms = Kf = 1) and coefficients a, b, and c provide some direct 

material parameters of accelerated aging insulation. This model was used in a logarithmic form 

to fit the measured results of accelerating aging tests of power capacitors under voltage stresses 

with standard harmonics.  

From obtained results, it was concluded that the evaluation of material aging under 

voltage harmonics using recalculation of dissipation losses and the Arrhenius model is not 

acceptable, because the electric field plays a significant role in degradation processes. The 

effect of increased intrinsic heat generation emerging in capacitors under harmonics was 

observed to be negligible in comparison with the effect of voltage stresses (up to a value of 

waveshape parameter Kf = 20, which corresponds to very large distortion level). Detailed 

results with extensive descriptions are given in studies [78] and [79].  

Another investigation by the same authors in [80] has detected similar results for 

polypropylene (PP) and XLPE material samples as well. Results of the investigation of the 

XLPE insulating material are shown in Tab. 3 and Fig. 40. In both cases, suitable statistical 

techniques were used to single out the main factors affecting aging. Three used techniques 

were the analysis of variance (ANOVA), the standardized Pareto chart (SPC), and the main 

Tab. 3 Summary of voltage waveforms and life test results of XLPE specimens; E1, E3, E5, E7, E11, and 

Eh are the magnitude of the 1st, 3rd, 5th, 7th, 11th, and h-th harmonic component of the applied electric 

field (E1 = E3 = … = 20 kV/mm); the harmonic phase angle is 180° with reference to E1 unless 

otherwise specified; the symbol ° indicates phase angle of 0°; the times to failure, corresponding to 

63,2% probability, are given with 90% confidence intervals (Adapted from [80]) 

Sample 

#

Supply voltage

(E 1  = E 3  = … = 20 kV/mm)

Erms 

(kV/mm)

Ep 

(kV/mm)

Kf 

(-)

Kp 

(-)

Krms 

(-)

tf 

(h)

1 3E 1 60.0 84.8 1.00 3.00 3.00 14.0 (6; 34)

2 2.82E 1 56.5 79.9 1.00 2.82 2.82 114 (70; 185)

3 2.82E 3 56.5 79.9 3.00 2.82 2.82 45.7 (7; 336)

4 2.82E 5 56.5 79.9 5.00 2.82 2.82 12.9 (3; 53)

5 2.87(E 1 +0.1Ʃ
19

h=3E h ) 60.0 79.9 3.66 2.82 3.00 16.6 (3; 110)

6 3.01(E 1 +0.1Ʃ
19

h=3E h ) 63.0 84.8 3.66 3.00 3.15 2.2 (0.22; 22)

7 0.86(E 1 +E 3 +E 5 °+0.5E 7 ) 31.0 84.8 6.87 3.00 1.55 47.0 (4; 532)

8 2(E 1 +E 3 ° ) 56.5 87.0 3.16 3.08 2.82 5.0 (0.68; 36)

9 2(E 1 +E 3 ) 56.5 113.0 3.16 4.00 2.82 0.25 (0.1; 0.5)

10 2(E 1 +E 5 ° ) 56.5 113.0 5.10 4.00 2.82 0.05 (0.03; 0.07)

11 2.82E 11 56.5 79.9 11.00 2.82 2.82 3.9 (1.0; 15)

12 1.41(E 1 +E 11 ) 39.9 79.9 11.00 2.82 2.00 24.8 (7.6; 81)

13 1.15(E 1 +1.5E 11 ) 41.4 79.9 16.50 2.82 2.07 5.5 (1.9; 16)

14 2.5E 1 50.0 70.7 1.00 2.50 2.50 215 (125; 372)

15 3E 1 +0.5E 5 ° 60.8 98.9 1.30 3.50 3.04 3.7 (0.82; 16)  
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effect plot (MEP). Statistical analyzes (ANOVA, SPC, and MEP) for PP and XLPE materials 

are shown in Tab. 4 and Fig. 41.  

The ANOVA technique provides an estimate of the variance of the test results as 

a function of test factors, where greater variance means a greater influence of determining 

factors on the aging mechanism. Tab. 4 contains the values of a mean square (MS) for each test 

factor that is proportional to the variance. Values of F-ration and P-value, which were obtained 

from significance tests, are also shown in the table, where greater F and lower P indicate 

greater statistical significance. All these indicators support the prevailing statistical 

significance of peak voltage on the lifetime of XLPE and PP insulation materials.  

A similar result is obtained by the SPC and the MEP, as shown in Fig. 41. The SPC 

relates the logarithm of experimental waveshape parameters Kp, Krms, and Kf to the logarithm of 

a lifetime and provides a size of the ratio of the estimated effect on the relevant standardized 

error. The vertical thicker line in the SPC indicates the lower 95% significance limit, which 

characterizes the non-negligible significance of the evaluated parameters on lifetime with 

respect to its variance. Both SPCs for XLPE and PP show the importance of all waveshape 

parameters on the lifetime statistically. The MEP also confirms the significant dependence of 

peak factor Kp on lifetime for both tested materials. The lines represent the estimated effect of 

each factor, in which a higher slope indicates a more significant impact of the relevant factor 

on the lifetime. Therefore, all results show the significant effect of added peak voltage due to 

 

Fig. 40 Life behavior of XLPE specimens as a function of shape coefficient Kp (peak voltage) for 

various types of waveforms from Tab. 3  (Reproduced from [80]) 

 

Tab. 4 Results for XLPE and PP materials obtained by ANOVA for effects of logarithms of waveform 

shape parameters on the logarithm of life (Adapted from [80]) 

 

 

MS F P MS F P

ln K f 10.75 38.67 0.0002 2.90 33.38 0.0007

ln K p 38.10 137.0 0.0001 3.57 41.25 0.0004

ln K rms 7.83 28.18 0.0005 0.51 5.93 0.0451

Total Error 0.28 0.086

PPXLPE
Source
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voltage distortion on intrinsic aging of XLPE and PP insulation materials. The impact of 

voltage waveshape and then the rms voltage is smaller but also statistically significant. 

Thermal stresses were added into aging under harmonic voltages in subsequent 

investigations [81] and [82]. Life tests were performed at three different temperature levels (20, 

60, and 90 °C) to obtain information on the multi-stress behavior of the power capacitors. The 

thermal parameter was defined for factorial analysis as: 

𝑇 =
1

𝜃0
−
1

𝜃
   

where ɵ0 = 293 K is the reference (room) temperature, and ɵ is the test temperature. Then the 

thermal parameter can be added into the modified inverse power aging model from (15): 

𝐿 = 𝐿0𝐾𝑝
𝑎𝐾𝑟𝑚𝑠

𝑏𝐾𝑓
𝑐𝑇𝑑   

where coefficients a, b, c, and d provide some direct material parameters of insulation under 

accelerating aging. Equation (17) can be written in an alternative logarithmic form according to 

the well-known Arrhenius thermal aging model [81]: 

𝑙𝑛 𝐿 = 𝑙𝑛 𝐿0 − 𝑎 𝑙𝑛 𝐾𝑝 − 𝑏 𝑙𝑛𝐾𝑟𝑚𝑠 − 𝑐 𝑙𝑛𝐾𝑓 − 𝑘𝑇   

where k is the thermal material coefficient. This structure of equation (18) usually fits the 

measured data better than (17) and was used to evaluate measurements on power capacitors in 

studies [81] and [82]. Statistical analyses SPC and MEP from this experiment are shown in 

Fig. 42. The SPC shows that all proposed parameters are statistically significant, with 

a probability of 95 % (the estimated effect is greater than the limit value marked by the dotted 

vertical line). Peak value parameter Kp is the predominant among the considered aging factors, 

resulting from the MEP. In the following order of significance, Krms, T, and Kf were found for 

 

Fig. 41 SPC (on the left) and MEP (on the right) relevant to the estimated effects of logarithms of 

waveform shape parameters on the logarithm of life; the vertical thicker line in the SPC indicates the 

lower 95% significance limit; a) XLPE insulation, b) PP insulation (Reproduced from [80]) 
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the tested power capacitor. Unfortunately, this investigation, which considered the influence of 

thermal stress, was only carried out on the self-healing power capacitor and not on any cable 

insulation. The lifetime of XLPE materials may be differently influenced by each proposed 

experimental waveshape or thermal parameters. 

Finally, all research works on this issue by G. C. Montanari et al., including the above, 

have been summarized in the three-part article [83]-[85]. Publications generally discuss the 

origin of harmonic voltage distortion in electrical systems and its effect on electrical insulating 

and dielectric materials. Especially, the impact of harmonics on power capacitors (with PP 

dielectric material) has been explained, as well as effects of PWM on PDs in enameled wire 

insulations of ac motors. However, this is another type of insulation system that does not occur 

in the medium voltage cables. 

The following investigations of the aging of polymeric materials by other research 

groups generally show the adverse impact of harmonics on long-term degradation of electrical 

insulations as well. An example may be experimental studies with epoxy resin by 

S. Bahadoorsingh et al. in [86] and [87], or investigations of XLPE insulation materials by 

R. Sarathi et al. in [66] and [67]. All these studies were carried out on material specimens in 

needle-plane configurations, observing propagations of electrical trees and lifetime 

characteristics at a specific voltage with harmonic distortions. 

Harmonics up to the 25th order were used in various combinations to form the distorted 

voltages for testing epoxy resin insulations by S. Bahadoorsingh et al. in [86] and [87]. 

Parameters THDV and Kf, as defined in equations (1) and (11) above, were used to evaluate the 

test voltage waveforms. These detected parameters were subsequently compared according to 

breakdown times for different shapes of voltage waveforms. Thermal stresses were not 

included in these experiments. Observed data from lifetime tests were also used for statistical 

analyses using a two-parameter Weibull distribution. The used cumulative density function of 

the distribution can be expressed according to the joined standard IEC 62539/IEEE 930 [88]: 

𝐹(𝑡) = 1 − 𝑒
−(
𝑡
𝛼
)
𝛽

   

where t is a random variable (usually time to breakdown), α is a scale parameter, and β is 

a shape parameter of the distribution. The scale parameter α represents the time to failure with 

a probability of 63.2 %, which is analogous to the mean of the normal distribution. The shape 

parameter β is a measure of the range of breakdown times. The function F(t) indicates the 

 

Fig. 42 SPC (on the left) and MEP (on the right) relevant to the estimated effects of logarithms of 

waveform shape parameters on the logarithm of life for the tested power capacitor; the vertical dotted 

thicker line in the SPC indicates the lower 95% significance limit (Reproduced from [81]) 
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proportion of tested specimens that fail at time t. The linear natural logarithmic relationship for 

the estimation of parameters using a graphical method is given by: 

𝛽 𝑙𝑛(𝑡) − 𝛽 𝑙𝑛 𝛼 = 𝑙𝑛[− 𝑙𝑛(1 − 𝐹(𝑡))]   

An example of selected Weibull plots for results from [86] is shown in Fig. 43. Statistical 

analysis of failure times at approximately constant parameter Ks and increasing THDV yielded 

the reduced Weibull shape parameters that indicate earlier failure rates despite less than 

10% variation in respective Weibull scale parameters. This effect was not observable for 

constant THDV and increasing parameter Ks. Greater influence of the 7th harmonic compared to 

the 5th harmonic on the degradation was also observed at voltage waveforms with identical 

peak values. Besides, waveforms with a combination of more harmonics, which were 

characterized by higher distortion levels, produced consistently larger α values. The β plots 

revealed a slight effect that more distorted waveforms produced proportionally larger β values. 

The main conclusion from these investigations by S. Bahadoorsingh et al. is confirmation of 

faster degradation of insulations under distorted voltage. 

Treeing phenomena and lifetime investigations for XLPE insulation materials by 

R. Sarathi et al. in [66] and [67] were carried out at voltage waveforms with combinations of 

THDV up to 40 % and harmonics up to the 11th order. Two-parameter cumulative Weibull 

distribution was used for statistical evaluation as well, see expressions (19) and (20). 

An example of resulting Weibull plots is shown in Fig. 44. Graph a) shows a significant 

reduction in the lifetime for the 50 Hz triangular voltage stress than for the 50 Hz sinusoidal 

 

Fig. 43 Weibull plots with α and β values of the total sample population and three subsets: Ks = 1.60, 

THDV = 5 %, and undistorted waveform where Ks = 1.00 and THDV = 0 % (Reproduced from [86]) 
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voltage stress, which has additionally reduced the lifetime compared to the 1 Hz sinusoidal 

voltage stress. Other graphs show a shorter lifetime with increasing THDV as well as with 

increasing order of superimposed harmonics. Four different phase shifts of superimposed 

harmonics from the fundamental harmonic were investigated in the context of lifetime testing. 

However, the results showed no significant impact on the degradation rate of tested XLPE 

insulations. Based on this study, it is suggested that the voltage waveshape (du/dt rate) has 

a greater impact than the peak voltage factor. This finding is conflicting with the results of 

Montanari et al. as described above. 

 Aging under Square Impulse Voltages 

Various research groups conducted lifetime experiments of polymeric materials under 

square impulse voltage waveforms, e.g., in [89]-[91]. Some material structure changes were 

discussed by Y. Cui et al. in [89] and M. Florkowski et al. in [90]. A significantly shortened 

lifetime of tested XLPE samples was detected for PWM voltage shape in comparison with 

power frequency ac or dc voltage. An example of some detected lifetime curves for different 

frequencies and amplitudes of test voltage impulses at different thermal stresses is shown in 

Fig. 45. The strong impact of temperature and frequency on the lifetime is evident. This type of 

 

Fig. 44 Weibull plot for failure time of XLPE insulation due to electric trees under harmonic ac 

voltages; a) voltage without higher harmonics having the identical peak value (Type A: frequency of 

50 Hz for 1 hour then 1 Hz until to failure; Type B: frequency of 50 Hz for 2 hours then 1 Hz until to 

failure; Type C: 50 Hz triangular voltage), b) sinusoidal voltage with THDV of 4 % and different 

harmonic order, c) sinusoidal voltage with THDV of 40 % and different harmonic order (Reproduced 

from [67]) 
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voltage stresses is closely related to the direct connections between motors and their ASDs. 

Due to power quality standards and standards for connecting power electronic devices, power 

systems with medium voltage cables are not usually stressed directly by square impulses. 

 Aging under Sinusoidal Voltage with Switching 

Impulses 

Several accelerated aging studies were performed for cross-linked polyethylene (XLPE) 

and ethylene-propylene rubber (EPR) cables with a nominal line voltage of 15 kV by the 

research group around S. Grzybowski. The first laboratory tests were carried out only with 

switching impulses, e.g., published in [92]. After that, subsequent experiments, which have 

been published in [93] and [94], were conducted under multi-stress conditions, including 

increased temperature, power frequency voltage, and switching impulses. Used switching 

impulses had the standard shape of 250/2500 μs (front/tail time).  

In the first multi-stress case, see [93], voltage impulses of the positive polarity with 

a magnitude of 62 kV were combined with ac power frequency rms voltage of 26 kV (3 times 

higher than the nominal phase voltage of tested cables). The set stress temperature of 70 °C of 

cable cores was given by ac current flow of 226 A. Constant ac voltage and current were 

continuously applied to the EPR cable sample, and 1000 switching impulses were applied 

every 100 hours with an interval of 30 seconds between each impulse. Partial discharges 

inception voltages (PDIVs) were measured every 50 hours. The aging was completed after 

1300 hours, and then breakdown tests were performed. Similar measurements were carried out 

only for pure ac voltage stress and for pure ac voltage stress with the current load. Results of 

all measurements were compared, and a lifetime model has been discussed.  

 

Fig. 45 Lifetime curves of polyimide film under continuous square impulses; On the left: Aging life 

affected by the amplitude of voltage impulses; On the right: Aging life affected by repetition frequency 

of voltage impulses (Reproduced from [89]) 
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Reductions of PDIV after aging were not observed for samples that were exposed only to 

ac voltage stress. However, the PDIV was reduced by 26 % for samples that were exposed to 

ac voltage stress with the current load. Further, the PDIV was reduced by 44 % for samples 

that were exposed to the combined stress with superimposed impulse voltages. The charge 

magnitude of PDs was increased by the aging of about 53 % for ac voltage stress with the 

current load and about 75 % for combined stress with superimposed switching impulses. 

A large impact of multi-stress on the lifetime has been detected and confirmed by breakdown 

tests. 

The impact of switching voltage impulses with a magnitude of 100 kV on cable 

insulation aging was also observed in the last paper [94]. Ten thousand switching impulses 

were successively applied to insulation samples of 15 kV cables with a time interval of 

30 seconds between each other. The effect of aging was detected by decreasing PD inception 

and extinction voltages and decreasing breakdown voltages of cable insulations. This effect 

was confirmed by the increasing charge magnitude of PDs as well. The results were discussed 

with the exponential life model, using the lifetime estimation of measured cable samples, 

see Fig. 46. 

Another research by M. I. Qureshi et al. in [95] was focused on accelerated laboratory 

aging of heat-shrink cable joints that are a part of medium voltage cable systems. The authors 

tested cable joints that were produced by four different manufacturers for a nominal line 

voltage of 15 kV. Aging stresses consisted of power frequency voltage, daily heating cycles, 

and successive switching impulses. Power frequency ac voltage of three times the nominal 

value was continuously applied for 63 days. The current transformer generated a heating 

current flow of 2 kA in the test loop to reach a core temperature of cable joints of 130 °C for 

8 hours each day. For the rest of each day, tested samples were without heating. Every 7 days, 

the tested samples were disconnected from the test circuit, and a group of standard switching 

impulses (250/2500 μs) with a magnitude of 71 kV was applied to them. Each group of 

impulses consisted of 170 impulses of positive polarity and 170 impulses of negative polarity. 

 

Fig. 46 Extrapolated curves for estimating the lifetime of measured cable samples from PDIVs that 

were measured during the aging process; On the left: Measured data and estimation for the XLPE 

cable; On the right: Measured data and estimation for the EPR cable (Reproduced from [94]) 
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Each type of cable joints was aged in air and the water tank parallelly.  

PDs and dissipation factor (successively under a frequency of 50 Hz and 0.1 Hz) were 

measured for all tested samples before and after the aging process. PD inception and extinction 

voltages have clearly shown severe degradation of tested cable joints. Increased dissipation 

factors have indicated aging as well. However, it has been only shown substantially and clearly 

with measurements at a frequency of 0.1 Hz, having a better resolution. Breakdown tests, 

which were performed after the aging processes, have shown no impact of aging to resulting 

breakdown voltages. This phenomenon may be due to the structure of the cable joints and the 

type of failure (breakdown path). Almost always, the breakdown path ran longitudinally along 

with the interface between the cable insulation and joint body. All result tables with specific 

numbers are listed in [95]. 

 State of the Art of Research into Aging and 

Degradation Processes under Nonsinusoidal 

Voltage Stresses 

All of the presented degradation mechanisms of medium voltage insulation systems, 

which are exposed to voltage stresses with high-frequency distortions, evoke current needs for 

comprehensive investigations of material aging. The great challenge is that most of these 

mechanisms have not yet been sufficiently understood and explained. However, all impacts of 

voltage distortions on insulation systems are closely interrelated. Therefore, the current greatest 

challenge is to understand the more complex impact of combined degradation mechanisms on 

the lifetime of compound insulation systems.  

Some accelerated aging researches under combined multi-stress have already been 

carried out. However, the real operating conditions were usually not respected. Tested objects 

were often only material samples. Extremely high magnitudes of overvoltages were also used 

as well, e.g., Montanari et al. used the same size of superimposed harmonic voltages as the 

fundamental voltage, or Grzybowski et al. applied voltage impulses with a magnitude of 

100 kV to cables with a nominal voltage of 15 kV. Besides, high-frequency voltage distortions, 

which occur in power systems with power electronic installations, have not been used in any 

investigation on accelerated aging conducted so far. The accelerating aging studies, as 

mentioned above, have been performed under their specific conditions, which are not realistic 

in real operations. 

Moreover, the recent article by M. Ghassemi in [96] demonstrates that this issue is very 

current. The review has summarized many performed studies and shows their inconsistency. 

The aging processes of whole real insulation systems under combined nonsinusoidal voltage 

and thermal stresses are not understood yet. Even some studies in the review contradict each 

other, and aging models are often not sufficiently accurate. It also notes that realistic studies of 

real complex insulation systems under actual conditions from operations are still missing. It is 

essential for the quality design of insulation systems for future power systems with increasing 

power electronics installations.  
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Therefore, further investigations are needed to more accurately verify and understand the 

impact of voltage distortion on a complex cable insulation system in real electrical networks. 

Such simulation of realistic conditions could be a test of complex medium voltage cable 

system at maximum allowable temperature and system voltage with superimposed high-

frequency oscillation impulses of 15 % of fundamental system voltage. This following 

comprehensive experimental investigation is the main object of this thesis. 
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3. VERIFICATION OF HIGH-

FREQUENCY VOLTAGE DISTORTION 

IN POWER GRIDS USING 

NUMERICAL MODEL 

3.1. Motivation for Numerical Model 

Due to the challenges connected with both equipment demands of higher-frequency 

range voltage measurements and obtaining a permit to perform them in a real power system, 

a numerical simulation was needed to verify possible shapes of distorted voltage waveforms. 

A photovoltaic (PV) power plant with an installed power of 1 MW was chosen as the modeled 

object, as it represents a typical application of power electronics with larger power flow in the 

area of Central Europe. 

As was found in previously published investigations, the distortion emitted by a large PV 

power plant can be transferred from a low voltage level to a medium voltage level of the 

distribution system. For example, this phenomenon was observed by T. Joshi et al. in their 

simulation study [29]. Various operation modes of the 700-MW PV power plant, which was 

installed at the low voltage level, significantly changed the impedance resonances of the power 

system at the medium voltage level. Unfortunately, no examples of voltage waveforms are 

included in this study. The excitation of harmonic resonance oscillations in a medium voltage 

distribution system by harmonic emissions from a large PV power plant, which was installed at 

the low voltage level, was simulated by R. R. A. Fortes et al. in [97]. There are examples of 

voltage waveforms, but this study was evaluated for frequencies up to the 25th order of the 

fundamental harmonic only. Nevertheless, this study confirms the adverse impacts of switching 

large power electronics devices at a low voltage level on the voltage waveform at a medium 

voltage level of the power distribution system. 

In order to follow up on the studies mentioned above, a model of a real part of 

a distribution grid with a large PV power plant was assembled in Matlab Simulink software. 

Results were subsequently used to set up experiments in this doctoral research. The numerical 

model and its results were partially published in [A1] and [A2]. 
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3.2. Structure of Numerical Model 

 Photovoltaic Power Plant 

The simulated PV power plant with a total installed power of 1 MW consists of four 

identical power units with a rated peak power of 250 kW. The model of the unit in the 

Simulink environment is shown in Fig. 47. 

The guidelines for simulating the PV power systems by A. Yazdani et al. in [98] provide 

many recommendations that were respected in the model to provide as convincing results as 

possible. Regarding the power generation parameters, both irradiance (1000 W/m2) and 

temperature (25 °C) of PV panels were set to constant values for all performed simulations. 

The converters of PV modules were considered as sources of high-frequency distortion. 

Controlled three-level IGBT inverter converted dc voltage of 770 V to ac voltage of 400 V. 

The switching frequency of IGBTs was set to 3 kHz (60th harmonic order). An output filter 

subsequently shaped the generated ac voltage. The filter consisted of a series inductance of 

300 μH and a parallel capacitance of 500 µF. Parameters of the sinusoidal filter were selected 

to reach sufficient, low-cost filtering of produced power according to current power quality 

standards, such as EN 50160 [1], IEC 61000-3 series (especially IEC TR 61000-3-6 [2]), or 

IEEE Std. 519-2014 [3]. The power factor of each power plant unit was set to 0.95, which is in 

agreement with the common practice and related standards. Each PV power plant unit was 

connected by a unit transformer to the distribution network with a rated voltage of 22 kV, as 

shown in Fig. 47 and Fig. 49. 

 

Fig. 47 Model of the 250-kW PV power plant unit; shown in the Simulink environment (Reproduced 

from [A2]) 
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 Unit Power Transformer 

Each PV power plant unit was connected to a 22-kV network by a distribution power 

transformer with the following parameters: nominal apparent power of 250 kVA, 

primary/secondary side voltage 400 V/22 kV, and D1/Y connection of phase windings. The 

actual three-phase transformer was modeled as three single-phase units, whose equivalent 

circuits respected high-frequency behavior up to several tens of kilohertz, as shown in Fig. 48. 

This is a standard modeling method, which is explained, for example, by A. S. Alfuhaid in 

[99]. In comparison with the transformer models for power or low frequencies, the capacitance 

between windings Cp and capacitance between windings and ground (transformer tank) Cg had 

to be considered. These capacitances were estimated according to the procedure that was 

published by L. Dalessandro et al. in [100]. Resistance and inductance values in the equivalent 

circuit were calculated from the specifications in the datasheet of a real distribution 

transformer. The summary of all used parameters is given in Tab. 5. 

 

Fig. 48 The equivalent circuit of a single-phase transformer respecting high-frequency behavior 

(Reproduced from [A2]) 

 

Tab. 5 Parameters of the distribution transformer used in simulations (Adapted from [A2]) 

Nominal apparent power 250 kVA  Primary winding resistance (MV)  R 1 46 Ω

Primary voltage 400 V  Primary winding self-inductance (MV)  L 1 270 mH

Secondary voltage 22 kV  Secondary winding resistance (LV)  R 2 0.015 Ω

Short-circuit losses 3950 W  Secondary winding self-inductance (LV)  L 2 0.09 mH

Short-circuit voltage 4.5 %  Mutual inductance  L m 75 H

No-load losses 770 W  Core equivalent resistance R m 1885 kΩ

No-load current 0.3 %  Ground capacitance  C g 10 pF

Connection of phase windings  Capacitance between windings  C p 200 pF

Distribution Transformer of Photovoltaic Power Plant Unit

Datasheet spec. of real 3-phase transformer: Caculated parameters for 1-phase equivalent circuit:

D1/Y
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 Distribution Network 

The power plant units with total self-consumption of 50 kW were connected to 

a common node (PCC) in the distribution network. The whole power plant was further 

interconnected to 110-kV upstream high voltage grid by a combination of cable and overhead 

lines that were terminated with a power transformer (10 MVA, 110 kV/22 kV, Yg/D1), as seen 

in Fig. 49.  

 

A common practice in PV power plant designs is to connect the power plant with the 

nearest overhead line pole via a short cable junction. This practice was respected in the model. 

Both cable and overhead lines were modeled like a cascade of π equivalent circuits that 

represented the approximate model of distributed line parameters. The number of π equivalent 

circuits was determined for sufficient simulation up to a frequency of approximately 100 kHz. 

Each phase was simulated as a single-phase equivalent circuit due to the symmetrical power 

load and simplification of computational processes. The worst structure of the distribution 

network was simulated for the occurrence of high-frequency voltage distortion, where the PV 

power plant is installed at the end of a long power line branch. Another power load in this 

 

Fig. 49 Distribution network model with 1-MW PV power plant; shown in the Simulink environment 

(Reproduced from [A2]) 
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power line branch was assumed insignificant in comparison with the nominal power of the PV 

power plant (e.g., a small village is connected at the end of the power line branch). The 

parameters of both cable and overhead lines and the high voltage power transformer are 

summarized in Tab. 6. The short-circuit power of the high voltage grid and lengths of the lines 

were variable in the performed simulations. 

3.3. Simulation Results 

The phenomenon of high-frequency distortions in power systems should be more 

pronounced in power grids with relatively low short-circuit power. Therefore, the short-circuit 

power of the 110-kV upstream power grid was set to 100 MVA in initial simulations, 

representing the location of the 110-kV substation at the end of a long feeder. Lengths of cable 

and overhead lines were varied from 20 m to 1000 m and from 5 km to 50 km, respectively. 

The level of voltage distortions was evaluated by the voltage total harmonic distortion index 

(THDV) that has given by expression (1). According to current power quality standards, the 

values of THDVn for n = 40 were determined and compared with those calculated for all 

harmonics up to the Nyquist frequency of the simulation (approx. 150 kHz). The resulting 

density charts showing THDV40 and THDVall in the PV node for different line lengths are shown 

in Fig. 50. 

As can be seen in the density charts, a maximum THDV40 value of 8 % was determined 

for cable and overhead line lengths of approximately 20 m and 30 km, respectively. This value 

is consistent with the limits for medium voltage distribution networks in current power quality 

standards. However, if all harmonics are considered, then the THDVall value has reached almost 

20 % for cable and overhead line lengths of approximately 20 m and 10 km, respectively. As is 

evident from the charts, an increased capacitance of the cable line (i.e., length) had a positive 

impact on the suppression of standard harmonics. However, impedance resonances of power 

systems may still cause an increase in magnitudes of high-frequency harmonics. The highest 

high-frequency resonances occur in combinations of relatively short cable and overhead lines 

up to a length of approximately 400 m and 30 km, respectively. Of course, it only applies to 

Tab. 6 Parameters of the distribution network (Adapted from [A2]) 

 Cable resistance 0.32 Ω/km

 Cable inductance 0.4 mH/km

 Cable capacitance 0.31 μF km

 Overhead line resistance 0.24 Ω/km

 Overhead line inductance 1.1 mH/km

 Overhead line capacitance 4.5 nF/km

 Transformer 10 MVA 120 kV/25 kV:

 Both winding resistances 0.003 pu

 Both winding self-inductances 0.008 pu

 Mutual inductance  500 pu

 Core equivalent resistance 500 pu

 Upstream grid 110 kV: X/R ratio 7  -
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this specific structure of the modelled power grid, and the situation should be significantly 

different in other power systems. Based on density charts, four cases of the model structure 

were selected for detailed study: 

 Case 1: cable line length of 20 m and overhead line length of 10 km 

 Case 2: cable line length of 50 m and overhead line length of 30 km 

 Case 3: cable line length of 100 m and overhead line length of 20 km 

 Case 4: cable line length of 400 m and overhead line length of 5 km 

All cases were simulated depending on the short-circuit power of the 110-kV upstream 

power grid in the range from 100 to 10000 MVA. From the simulations, voltage and current 

waveforms were recorded in PV and LV unit 1 nodes. Subsequently, frequency analyses and 

THDV calculations were performed.  

The highest THDV40 value of 8 % on the low voltage side of the PV plant unit was 

observed for Case 1 at a short-circuit power of 100 MVA of the 110-kV upstream power grid. 

This value is the maximum allowed according to the current power quality standards. When all 

harmonics were considered, a THDVall value of almost 33 % was evaluated. These values can 

be realistic in practice due to the very different quality of installed power converters and filters. 

Voltage and current waveforms and frequency spectrums of voltage are shown in Fig. 51. 

Frequency analysis of the voltage shows 5th harmonic as dominant in the standard frequency 

range, which is typical for power converters. Dominant high-order frequencies were 3, 6, and 

9 kHz, which corresponded to the switching frequency of the PV power plant converters. Other 

graphs for LV unit 1 node in Case 1 with different short-circuit power of the 110-kV upstream 

power grid are given in Appendix A.  

High-order harmonics propagate though the power transformer from low voltage to the 

medium voltage level of the distribution network where are attenuated or amplified depending 

on impedances of the power grid. The example of voltage and current waveforms and 

 

Fig. 50 Density charts for calculated THDV40 and THDVall in PV node for variable lengths of cable and 

overhead lines (short-circuit power of 110-kV upstream power grid was set to 100 MVA) 
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frequency analysis of the voltage in the PV node are shown in Fig. 52 for Case 1, where 

a short-circuit power of the 110-kV upstream power grid was set to 100 MVA. As can be seen 

in the graphs, significant resonances are superimposed on the sinusoidal power frequency 

voltage. The frequency spectrum of the voltage shows an acceptable distortion level in the 

standard frequency range, but on the other hand, significant harmonics occurred at higher 

harmonic orders. Resulting graphs for the four simulation cases are given in Appendix A. The 

results for all cases also include records at a short-circuit power of 100, 200, 1000, and 

5000 MVA of the 110-kV upstream power grid. For different parameters of simulations, 

different high-order harmonics are dominant in a frequency range of 3 – 15 kHz that are 

usually directly multiples of 3 kHz or in their vicinity. When all harmonics were considered, 

a THDVall value of up to almost 18 % was evaluated for some cases in medium voltage 

electrical network. 

As can be seen from the voltage waveforms that were simulated in the PV node, high-

frequency harmonics can cause continuous overvoltages in power systems. The magnitude of 

overvoltages β is directly proportional to the amplitude of the highest voltage of the system, as 

shows from the following conventional expression: 

𝛽 =
          𝑉𝑝          

𝑉𝑚𝑎𝑥 ∙ √2

√3

 (𝑝. 𝑢. ) 
  

 

   

Fig. 51 Simulation results in the LV unit 1 node for 20-m cable and 10-km overhead line lengths and 

short-circuit power of 100 MVA of the 110-kV upstream power grid; On the top: Voltage and current 

waveforms; On the bottom: Frequency spectrum of voltage up to 40th and 350th harmonic order with 

calculated THDV values 
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where Vp is the maximum peak value of the examined voltage, and Vmax is the maximum line 

voltage of the power system (a value of 25 kV for 22-kV power systems). The overvoltage was 

determined for the four simulation cases depending on the short-circuit power of the 110-kV 

 

   

Fig. 52 Simulation results in the PV node for 20-m cable and 10-km overhead line lengths and short-

circuit power of 100 MVA of the 110-kV upstream power grid; On the top: Voltage and current 

waveforms; On the bottom: Frequency spectrum of voltage up to 40th and 350th harmonic order with 

calculated THDV values 

 

 

Fig. 53 Overvoltage dependence on the short-circuit power of the 110-kV upstream power grid for four 

different combinations of cable and overhead lines (CL – cable line, OL – overhead line) 
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upstream power grid, as shown in Fig. 53. The performed simulations showed that overvoltage 

might be up to 1.2 p.u. for small values of the short-circuit power. The determined high-

frequency voltage distortions can permanently stress cable insulation systems with unexpected 

significant values of overvoltages. It may be a critical stress condition that could shorten their 

lifetime.  

Observed possible shapes and values of high-frequency voltage distortion were used to 

set the voltage stresses in the following accelerated aging study of medium voltage cable 

systems. This numerical model should be used in the future as a basis for simulating more 

sophisticated electrical networks while respecting the phenomenon of high-frequency 

distortions. However, it is beyond the scope of this doctoral thesis.  
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4. TESTING SYSTEM FOR COMBINED 

STRESSES OF MEDIUM VOLTAGE 

INSULATIONS 

4.1. Existing Systems for Combined Stresses of 

Insulations 

The experimental focus of this thesis is accelerated aging under combined thermal and 

voltage stresses with superimposed high-frequency voltage distortion. The testing of samples 

of actual medium voltage cables under these conditions calls for a powerful and complex test 

site. Only a few previous works were focused on a similar experimental testing method. Their 

realization of test equipment is discussed below. 

H. Suzuki et al. in [70] combined sinusoidal voltage of frequency of few kilohertz with 

the power frequency voltage by a series connection of power frequency transformer and high-

frequency transformer with a ferrite core, as shown the diagram in Fig. 54. A bypass filter was 

used for high-frequency components on the power frequency transformer. This design looks 

solid; however, the realization was carried out only for insulation material samples, not for 

whole cable systems that typically have large capacitive loads. Heightened thermal stressing of 

the insulation system was not included, as well. 

 

Fig. 54 Schematic diagram of combined voltage generator (Reproduced from [70]) 
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Experimental aging of cables by L. Cao et al. in [93] was realized in the test site, whose 

schematic diagram is shown in Fig. 55. Tested cables were stressed by power frequency 

voltage with occasional superimposed switching impulses. The cables were kept at elevated 

temperature by high current flow, which simulated the real thermal distribution found in cable 

systems.  

An experimental station for testing of cable terminations under sinusoidal power 

frequency and superimposed sinusoidal high-frequency voltages was assembled by S. Banerjee 

and S. H. Jayaram in [56]. Its schematic diagram can be seen in Fig. 56. The test voltage was 

generated by the parallel connections of two voltage sources – a standard power frequency 

transformer and a high-frequency transformer with a ferrite core. Parameters of capacitors and 

inductors were based on numerical optimization of voltage source efficiency. Similar to the 

previous setup, the tested objects were thermally stressed by high current flow.  

 

Fig. 55 Schematic diagram of the test site for combined aging of cables under superimposed switching 

impulses (Reproduced from [93]) 

 

 

Fig. 56 Schematic diagram of combined thermal and voltage stresses with superimposed high-

frequency voltage components (Reproduced from [56]) 
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The experiments in this doctoral research required a more powerful and more variable 

test circuit. Thus, a specialized test site was developed. However, the design of the test circuit 

was based on the experience from the above studies. 

4.2. Design of Testing System 

 Topology of Test Circuit 

The preliminary proposal and the following realization of a universal test circuit for 

multi-stress aging with high-frequency voltage distortion were presented in [A7] and [A8], 

respectively. The design was based on two separate principal parts: a medium voltage circuit 

that can supply power frequency waveforms with superposed high-frequency distortions and 

a current loop that can simultaneously generate thermal stress on the tested objects. The use of 

separated sources is more effective and cheaper than the use of a single combined power 

source. A block diagram and the actual setup, realized in the High Voltage Laboratory of the 

Faculty of Electrical Engineering of CTU in Prague, are shown in Fig. 57 and Fig. 58, 

respectively. 

The voltage source of the test system is realized as the series connection of two voltage 

transformers: a medium voltage test transformer 400 V/50 kV (VT1) and a high-frequency 

medium voltage transformer 120 V/10 kV (VT2). The power frequency test transformer is 

supplied from a controlled voltage source connected to the power grid. This transformer 

generates fundamental power frequency voltage stresses. As for the high-frequency 

VT2

120 V / 10 kVFunction 

generator
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CT

25 A / 2 kA

Controlled 

source 

0-400 V / 32 A

VT1
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C2

Power 

amplifier 

L

C1

 

Fig. 57 The diagram of the assembled universal test system for accelerated aging of medium voltage 

insulation systems (Reproduced from [A7]) 
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transformer, its magnetic core is made from nanocrystalline material with an operating 

frequency range of 3 to 100 kHz. The excitation of the high-frequency transformer is achieved 

by a function generator through a power amplifier. This setup enables the generation of various 

types of voltage distortions. Concerning the voltage operating range, the insulation between 

primary and secondary windings of the custom-ordered high-frequency transformer was 

designed to withstand the nominal voltage of 60 kV, respecting high-frequency voltage shapes. 

Furthermore, the system also consists of a current loop, which can create elevated 

thermal stresses of the tested sample. The current loop consists of toroidal current transformer 

(CT) with an output of up to 2 kA (short-circuit), copper busbars, and active conductive part of 

a tested object (e.g., a core of tested cable sample). During the operation, the loop is closed by 

these components forming a one-turn secondary winding of the current transformer, which is 

supplied by a controlled source from the power grid. The insulation between primary and 

secondary windings of the custom-ordered current transformer was designed to withstand the 

nominal voltage of 60 kV, respecting high-frequency voltage shapes as well. 

Some auxiliary passive components are used to increase the efficiency of the test circuit 

and to protect voltage transformers from saturation. The parameters of these components, i.e., 

capacitors C1 and C2 and inductor L, must be adjusted appropriately to suppress high-

frequency voltage elements on the VT1 terminals, and the power frequency voltage elements 

on the VT2 terminals. Detailed descriptions, parameters, and pictures of all main parts of the 

test circuit are presented at the end of this thesis in Appendix B. All equipment of the test 

system was supplied from the test site switchboard that was specially constructed for this 

purpose. The circuit diagram of this switchboard is shown in Appendix C. 

The realized test system enables the application of actual thermal and voltage stresses 

that can be used to test real complex samples of various medium voltage insulation systems. 

The functionality of the test system consisting of two voltage sources was verified in the 

related research project, in which oil-filled transformer insulation paper was tested in a similar 

manner (see [A5] and [A6]). The samples were stressed by a distorted voltage with a total peak 

  

Fig. 58 The test system realized in the High Voltage Laboratory of the Faculty of Electrical 

Engineering, CTU in Prague 
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voltage of up to 10 kV. Voltage-time characteristics of the insulation were measured for 

sinusoidal voltage and for sinusoidal voltage with superimposed high-frequency oscillations. 

 Use of Transformer with Nanocrystalline Core 

In comparison with the previously constructed and published similar test sites, the main 

innovation of this solution is the use of a high-frequency voltage transformer with 

a nanocrystalline magnetic core (VT2) that enables generation of voltage distortions in many 

shapes, ranging from high-frequency harmonics to repetitive fast impulses. The magnetic core 

of this type of transformer cannot be constructed from conventional silicone steels, because 

their permeability is sufficiently high only to a frequency of a few kilohertz. The material of 

the transformer core was chosen due to the beneficial properties of soft magnetic materials, 

which are suitable for such applications [101]-[104].  

As is shown in Fig. 59, nanocrystalline materials have a stable high permeability at 

frequencies up to tens of kilohertz, which is a basic requirement for high-frequency 

applications. In addition to the superb permeability, nanocrystalline materials also have a high 

saturation polarization value, as can be seen in Fig. 60. These two parameters predestine the 

nanocrystalline material to be suitable for a magnetic core of a powerful source, which also 

retains a reasonable size. The reason for the latter is that the excellent magnetic properties of 

nanocrystalline materials reduce the required size of a transformer core, and the number of 

needed winding turns. Such reduction directly lowers the copper losses and winding 

capacitances and thus improves transformer performance at high frequencies. Other 

advantageous properties of nanocrystalline materials include low power losses, favorable 

temperature dependence, good long-term thermal stability, and even low price.  

The other materials shown in the figures have certain shortcomings. Ferrites are one of 

the most popular materials for high-frequency applications due to frequency-stable 

permeability, relatively low cost, and low power losses. However, these materials are rather 

suitable for applications of lower powers and additionally have a strongly temperature-

 

Fig. 59 Dependence of permeability on frequency for soft magnetic materials (Reproduced from [102]) 
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dependent permeability. Permalloys have excellent magnetic properties, but with significant 

dependence on temperature and mechanical stresses. Another disadvantage for the required 

application is the frequency dependence of permalloys’ permeability, which is significantly 

stronger than the one of nanocrystalline materials. The frequency dependence of amorphous 

materials’ magnetic properties is similar to nanocrystalline materials, and their production 

processes are analogous as well. On the other hand, due to the lower saturation polarization, 

more material and a larger magnetic core is needed to construct a transformer with similar 

parameters as the one with the nanocrystalline core. Therefore, even with similar production 

costs per kilogram, the amorphous magnetic core would turn out as the more expensive option. 

As is thus evident, the nanocrystalline magnetic core provides the best features for the design 

of high-frequency power transformers. 

Transfer ratios were measured for instrument voltage transformer TUR 100 V/35 kV 

with a conventional magnetic core of silicon steel (IVT) and for a custom-ordered high-

frequency voltage transformer with nanocrystalline magnetic core (VT2). The voltage on the 

primary side of the transformer V1 and the voltage on the secondary side of the transformer V2 

were measured in the frequency range from 20 Hz to 200 kHz. The attenuation A was 

calculated according to the well-known formula: 

𝐴 = 20 𝑙𝑜𝑔 (
𝑉2
𝑉1
)   

It was assumed that the test transformer should usually be loaded with very high 

impedances on the output, including a high content of capacitance (several meters of cable 

insulation between conductor and wire shielding). Therefore, the amplitude-frequency 

characteristics of measured transformers were determined for two states – without load and 

with a capacitive load of 2.5 nF representing the tested cable samples. The resulting 

characteristics are shown in Fig. 61. 

 

Fig. 60 Dependence of initial permeability on saturation polarization for soft magnetic materials 

(Reproduced from [101])  
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As can be seen from the results, the frequency limit of IVT is several kilohertz and 

decreases for a capacitive load. It demonstrates the impossibility of using conventional power 

transformers to generate the required high-frequency distortions effectively. The frequency 

limit of VT2 is over 100 kHz and several tens of kilohertz for non-load and capacitive load, 

respectively. This frequency range is sufficient for investigations of high-frequency distortions 

in power systems, which were described and analyzed in chapter 2 of this thesis. 

 Resulting Shapes of Possible Voltage Stresses  

Waveforms of voltage stresses may be composed of power frequency voltage and high-

frequency voltage with a variable frequency range between 3 to 100 kHz. The maximum 

effective value of output voltage is 50 kV for the power frequency component, and 10 kV for 

the high-frequency component. To provide an example, the output voltage was recorded for 

 

Fig. 61 Amplitude-frequency characteristic of instrument voltage transformer TUR 100 V/35 kV (IVT) 

and high-frequency medium voltage transformer 120 V/10 kV with the nanocrystalline core (VT2) 

 

   

a) Power frequency voltage and superimposed sinusoidal voltage 5 kHz 
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four different shapes of voltage distortions – sinusoidal high-frequency voltage, repetitive 

damped sinusoidal voltage impulses, repetitive voltage impulses with straight rise and 

exponential fall, and rectangular voltage with a spatial width of 50 %. The obtained waveforms 

are shown in Fig. 62.  

   

b) Power frequency voltage and superimposed damped sinusoidal voltage 16 kHz with a repetition 

frequency of 5 kHz  

 

   

c) Power frequency voltage and superimposed voltage impulses with straight rise and exponential 

fall and repetition frequency of 5 kHz 

 

   

d) Power frequency voltage and superimposed rectangular voltage 5 kHz  

 

Fig. 62 The example of some possible waveform shapes of distorted voltages that can be generated by 

the test system (Reproduced from [A7]) 
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The records from verification measurements of different voltage shapes show the 

variability of the test site in generating voltage stresses. It is beneficial for many other purposes 

that go beyond the scope of this doctoral research. 

4.3. Measurement and Monitoring Equipment in 

Test Circuit 

Voltage stresses are measured during the operation by capacitive voltage divider 

HIGHVOLT 0.3 nF, 100 kV that was originally designed for partial discharge measurements. 

The nominal voltage and wide frequency range of the divider are sufficient for reliable 

measurement of voltages with high-frequency distortions. 

The current flow is measured by passive current clamp sensor Chauvin Arnoux C173 

with a measurement range of 1 to 1000 A. The sensor is supposed to be placed in the insulated 

part of the current loop. In this experimental study, that part was represented by the body of the 

tested cable samples. 

Leakage currents of the tested objects, which are identical to the currents generated by 

the voltage sources, are measured by shunts with the following nominal parameters: resistance 

of 19.7 Ω and maximal current of 0.5 A. Each shunt consists of five parallel-connected 

resistors and a voltage output (BNC connector) that includes overload protection. The picture 

of the realized shunts is shown in Fig. 63, and the detailed circuit diagram is shown at the end 

of this thesis in Appendix C.  

Surface temperatures of tested objects are monitored by specialized temperature sensors 

that are based on the sensor component SMT172. This sensor produces a PWM signal with 

a variable pulse width that depends on the sensed temperature. The output signal from the 

sensor is measured by a monitoring system and subsequently processed by a microprocessor. 

The operating range of the sensor is - 45 to + 130 °C.  

  

Fig. 63 Realized shunts for measurement of leakage current 
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The sensor equipment consists of two sensor units and a communication unit. The sensor 

units can be supplied by voltage induction into the supply coil, causing a high current flow or 

directly via an adapter from the power grid. The sensor units are connected to the 

communication unit by optical fibers. This nonconductive connection with the former option of 

sensor power supply allows measurements of temperature directly on high voltage conductive 

parts. The communication unit only transforms input optical signals into output voltage signals 

(BNC connectors). Pictures of the constructed temperature measurement equipment are shown 

in Fig. 64 and detailed circuit diagrams of both sensor and communication units are shown at 

the end of this thesis in Appendix C. 

All the above-mentioned measured parameters are continuously monitored and recorded 

during the test operations. The specialized monitoring device has been designed and assembled 

specifically for this purpose. Its block diagram and realization are shown in Fig. 65 and 

Fig. 66, respectively. The monitoring is controlled by Raspberry Pi microprocessor that is 

connected to a small BitScope USB oscilloscope. The microprocessor subsequently switches 

measurement outputs (BNC connectors) to the oscilloscope inputs in pre-defined time intervals 

and reads measured data. Afterward, the data are automatically processed and recorded into 

datalogger for online verification of the test conditions. 

 

  

Fig. 64 Realized temperature sensors for surface temperature monitoring of tested objects; On the left: 

Sensor unit; On the right: Communication unit 
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Fig. 65 Block diagram of the monitoring system 

 

  

Fig. 66 Realized specialized monitoring device 
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5. EXPERIMENTAL PROCEDURES FOR 

ACCELERATED AGING TESTS OF 

MEDIUM VOLTAGE CABLE SYSTEMS 

5.1. Samples of Medium Voltage Cable System 

All tested samples were prepared from identical common medium voltage shielded 

single-core cables with XLPE insulation and core cross-section of 150 mm2 (referred to as type 

NA2XS2Y 1x150RE/16 12/20 or 22-AXEKCE 1x150RE/16). The rated voltage of the tested 

cable system was 22 kV (in the Czech Republic, most cable systems in the electrical 

distribution network are used at a voltage level of 22 kV or 35 kV). Each cable sample was 3 m 

 

Fig. 67 Prepared cable samples for accelerated aging tests 
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long and was equipped with the same type of cable terminations on both sides. The two most 

common types of cable termination were used: heat-shrink cable termination with non-linear 

stress grading and elastomeric (slip-over applied) cable termination with non-linear stress 

grading. The employed types of cable terminations were chosen in the variant for indoor use with 

the same nominal voltage as the one of the cables. All terminations were mounted in laboratory 

conditions by an experienced specialist. An example of cable system samples with both types of 

cable terminations is shown in Fig. 67. 

5.2. Voltage Stresses 

The cable samples were exposed to increased voltage stresses, as is common in 

accelerated aging tests [105]-[108]. The power frequency test voltage between the cable core 

and the shielding was three times higher than the nominal voltage (12.7 kV), i.e., test voltage 

of 38.1 kV. The high-frequency voltage distortion was based on the results of the numerical 

model presented in Chapter 3 and the findings summarized in subchapter 2.1. Damped sine 

wave impulses with a natural frequency of 7.2 kHz and a repetition frequency of 800 Hz were 

superimposed to the power frequency voltage. The peak-to-peak voltage of the impulses was 

set to 15 % of the power frequency peak-to-peak voltage. The resulting test voltage waveform 

is shown in Fig. 68. 

5.3. Thermal Stress 

Continuous thermal stress was applied to accelerate the aging processes in the insulation 

of the tested cable samples, as is also common in accelerated aging tests [105]-[108]. The heat 

was generated by a high current flow through the cable core. The temperature of the cable core 

was maintained at 90 °C, which is the maximum allowed temperature given by the technical 

 

Fig. 68 Test voltage waveform for accelerated aging tests (Reproduced from [A1]) 

 



5. EXPERIMENTAL PROCEDURES FOR ACCELERATED AGING TESTS OF MV CABLE SYSTEMS 

 

 84 

specifications of the cable. Since the temperature would be the highest in the cable core, and 

since the temperature sensors could only be placed externally, a calibration of the measurement 

was required. This calibration process, described in IEC 61442 standard [109], was performed 

on one cable sample by placing temperature sensors on its jacket surface and core surface via 

holes drilled through the insulation system. In this manner, the ratio between core and jacket 

surface temperature at steady state was obtained. Calibration results are shown in Fig. 69. 

The gathered dependences from the calibration measurement show temperature ratios for 

different current flows. For the following experiments, it was found that the cable core 

temperature of 90 °C corresponds to a current flow of 480 A and a cable jacket temperature of 

62 °C. 

5.4. Summary of Test Setup for Individual Cable 

Samples 

Cable samples were divided into three groups to determine the influence of high-

frequency distortions on the cable insulation system. Cables in the first group were stressed by 

power frequency voltage only, the ones in the second group were stressed by power frequency 

voltage with superposed high-frequency distortions, whereas the cables in the third group were 

not stressed at all. All cable samples from the first and second groups were stressed for 24 

weeks. All the parameters and conditions of the accelerated aging process of the cable samples 

are summarized in Tab. 7. 

Some diagnostic methods and condition monitoring were applied during and after the 

tests to determine the effect of high-frequency distortions on the cable insulation system. Every 

three weeks of the aging test, the tested samples were removed from the test site to perform 

 

Fig. 69 Results of calibration measurement for a core temperature of tested cable samples 
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partial discharge measurements on them. Dissipation factor measurements were carried out 

before and after the aging process. All samples that did not fail during the aging process, as 

well as samples that were not aged, were subsequently subjected to voltage breakdown tests. 

During the aging tests, the leakage current of each tested cable sample was monitored as well. 

The results of diagnostic measurements and condition monitoring are the subject of the 

following chapter and were extensively published in [A1]. 

 

 

Tab. 7 Parameters and conditions of accelerated aging tests for individual cable samples (Adapted 

from [A1]) 

Cable 

sample 
Aging test 

Temperature 

of core 

Voltage 

50 Hz 

High-frequency 

voltage distortion 

T1 Yes 90 °C 3x U0 Yes 

T2 Yes 90 °C 3x U0 Yes 

T3 Yes 90 °C 3x U0 Yes 

T4 Yes 90 °C 3x U0 No 

T5 Yes 90 °C 3x U0 No 

T6 Yes 90 °C 3x U0 No 

T7 No x x x 

T8 No x x x 

T9 No x x x 

C1 Yes 90 °C 3x U0 Yes 

C2 Yes 90 °C 3x U0 No 

C3 No x x x 

C4 No x x x 

Note: T samples - cable samples with heat-shrink cable terminations 

          C samples - cable samples with elastomeric cable terminations 
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6. RESULTS OF ACCELERATED AGING 

TESTS OF MEDIUM VOLTAGE CABLE 

SYSTEMS 

6.1. Breakdown Voltage 

Breakdown voltage test is the basic, straightforward measurement procedure for 

evaluating the quality and condition of insulation systems. The voltage applied between 

insulation system electrodes (between cable core and wiring shield in this study) is being 

increased gradually until a breakdown occurs (progressive voltage breakdown test). There are 

two main methods: the short-time method with continuous voltage stress increasing and the 

step-by-step method with step voltage stress increasing. The step-by-step method was chosen 

to evaluate cable samples after aging tests in this study. In this method, the voltage is being 

increased with a prescribed voltage ramp rate with constant voltage step size (normally 10 % of 

 

Fig. 70 Setup of the breakdown voltage test 
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the initial voltage). Subsequently, the achieved voltage level is sustained for a certain period 

called dwelling time. The process is then repeated until a breakdown occurs. 

Two cable samples stressed by a power frequency voltage with superimposed high-

frequency distortion (samples T1 and T2) broke during their accelerated aging tests. The failure 

of cable sample T1 occurred in the 20th week, and the failure of cable sample T2 happened in 

the 17th week. The rest of the aged samples (T3-T6, C1, and C2), as well as a group of the 

unaged samples (T7-T9, C3, and C4), were subjected to a progressive voltage breakdown test. 

The test parameters of used step-by-step method were voltage step of 4 kV, dwelling time of 

20 s, and initial voltage of 40 kV, which roughly corresponded to the applied voltage stress 

during the aging tests. Both terminations of each cable sample had to be immersed in oil during 

the breakdown test to prevent surface discharges. The attachment of cable samples and 

immersion of the cable terminations in oil-filled tubes during the breakdown tests is shown in 

Fig. 70. 

As can be seen from the gathered results summarized in Tab. 8, the breakdown voltage 

for unaged cable samples with heat-shrink terminations (T samples) differs in comparison with 

unaged cable samples with elastomeric cable terminations (C samples). The breakdown voltage 

is 108 kV for unaged cable samples with heat-shrink cable terminations and 92 kV for those 

with elastomeric cable terminations. The samples aged with power frequency stress (T4-T6) 

reached the same breakdown voltage as the unaged samples of the same type. Sample T3, 

which was aged by power frequency voltage with superimposed high-frequency distortions, 

reached a slightly lower breakdown voltage of 104 kV. On the other hand, sample C1, which 

Tab. 8 Breakdown voltages of cable samples after aging tests (Adapted from [A1]) 

Cable sample Aging test 
Aging time 

(days) 

Breakdown tests: 

breakdown voltage 

(kV) 

T1 PF + HF 139 x 

T2 PF + HF 112 x 

T3 PF + HF 168 104 

T4 PF 168 108 

T5 PF 168 108 

T6 PF 168 108 

T7 No x 108 

T8 No x 112 

T9 No x 108 

C1 PF + HF 168 92 

C2 PF 168 92 

C3 No x 92 

C4 No x 92 

   Note:  T samples - cable samples with heat-shrink cable terminations 

             C samples - cable samples with elastomeric cable terminations 

             PF = power frequency voltage  

             HF = high frequency voltage distortion 
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was aged by composite voltage stress as well, reached the same breakdown voltage as other 

samples of the same type (C2-C4). 

X-Ray scans were performed in the heat-shrink cable termination areas, where the 

breakdown occurred, as is shown in Fig. 71. These scans show that the breakdown discharge 

path for samples T1 and T2 led directly from the end of shielding wires though the XLPE 

insulation to the cable core. In terminations of samples T4-T9, breakdown discharges 

propagated from the end of shielding wires to the cable lug. The ultimate discharges led 

through the non-linear stress-grading material layer (ZnO), which is placed between the XLPE 

insulation and the polymeric jacket, as is seen in Fig. 72. The termination of the sample T3 was 

broken down by a combination of both previously described processes. Although the XLPE 

insulation material was broken down and the discharge reached the cable core, it first 

 

Fig. 71 Cable termination X-ray scans showing breakdown paths (created by TESTIMA X-Test 

equipment) (Reproduced from [A1]) 
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propagated through the stress-grading material, and hence was not direct as in the case of T1 

and T2. The reason may be that samples T1 and T2 were broken during the aging tests, but T3 

was broken during the breakdown test after aging tests. 

6.2. Partial Discharges 

Partial discharge (PD) measurement is an essential diagnostic tool for solid insulation 

systems. For each cable sample, the dependence of discharge activity and apparent charge on 

applied voltage was measured every three weeks. The samples were removed from the 

accelerated aging test circuit and were connected to a special discharge-free transformer 

ČKD Praha 120 kV/10 kVA, as can be seen in Fig. 73. For PD measurements, an OMICRON 

 

 

Fig. 72 Breakdown path from wire screen to cable lug thought stress-grading material layer – 

the typical situation for samples T4-T9 (Reproduced from [A1]) 

 

 

Fig. 73 Setup of partial discharge measurements 
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MPD 600 system with a coupling capacitor 100 kV/1 nF was used. Before PD measurements, 

the tested samples were always allowed to cool down to ambient laboratory temperature to 

prevent the measurement from being affected by temperature changes. At the start of 

a measurement, the initial value of the applied voltage was set to 40 kV in all cases. After a 1-

minute PD measurement, this voltage was gradually lowered by 5 kV, and the PD 

measurement was carried out for each lower voltage level. The parameters of PDs were 

recorded three times for all voltage levels, and the average values were evaluated. The 

dependences of the apparent charge on applied voltage are shown in Fig. 74 and Fig. 75. 

Because gradual erosion of material via PD activity can increase the size of voids, and 

thus the inception voltage of discharges in these individual voids is increased as well, it is 

beneficial to observe the development trends at the highest measured voltage, i.e., at 40 kV. As 

can be seen from the graph visualization of results, the apparent charge generally increased 

over time. However, there were some additional processes that caused decreasing of apparent 

charge of some samples during the first few weeks. This phenomenon was observed during the 

first three weeks for samples T3, T4, and T6, and during the first eighteen weeks for samples 

C1 and C2.  

At the beginning of aging processes, the values of apparent charge of samples T3, T4, 

and T6 were comparatively larger than those of samples T1, T2, and T5. Therefore, it is 

assumed that the cable termination installations of both groups had been of different quality. 

Over the next few weeks, these cable terminations underwent settling processes due to the 

applied thermal stresses (T samples have installed heat-shrink type of cable terminations). As 

a result, the apparent charge decreased for samples T3, T4, and T6. Subsequently, the apparent 

charge began to rise again, as in the case of the other T samples. The measurement shows 

a possible error in the 3rd week of sample T4 aging, whose values seem excessively high when 

compared to the other weeks. This error was most likely caused by external interference; the 

independence of the apparent charge on the applied voltage further confirms this claim. Since 

this sample was aged at the beginning of the experimental aging, this interference was removed 

in further measurements and later weeks as reference values became available. 

Since the terminations of C samples have different technology, different behavior of PDs 

was observed during aging tests. The measured apparent charge was generally about one order 

of magnitude lower than for T samples. The apparent charge decreased over the first eighteen 

weeks in a similar manner for both samples C1 and C2. This effect was caused by the settling 

processes of cable terminations as well. During the installation of elastomeric cable 

terminations (C samples), a special lubricant is applied to fill all micro-voids and to ensure 

good adhesion of all technological layers. This lubricant is gradually absorbed into the 

surrounding materials as a consequence of electrical and thermal stresses during aging. 

To better clarify of PDs behaviors, the dependence of apparent charge and number of 

PDs per second on aging time was plotted for one sample of each type of degradation, as is 

shown in Fig. 76. Sample T1 was selected due to the occurrence of the breakdown in a later 

week. On the other hand, T6 was chosen as its apparent charge and the number of PDs per 

second reached the highest values during the tests. Samples C1 and C2 were selected as the 

only representatives of this type of cable samples that were subjected to accelerated aging tests. 
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Fig. 74 Partial discharge (apparent charge) measurement during accelerated aging tests – samples 

under voltage stresses with high-frequency components (Partially reproduced from [A1]) 
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Fig. 75 Partial discharge (apparent charge) measurement during accelerated aging tests – samples 

under sinusoidal voltage stresses (Partially reproduced from [A1]) 
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Fig. 76 Partial discharge (apparent charge and number of PDs per period) measurement at a voltage 

of 40 kV of samples T1, T6, C1, and C2 during accelerated aging tests (Partially reproduced from 

[A1]) 
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Both trends for T samples show that the observed parameters are steadily increasing over 

time. Only apparent charge of T6 initially decreased, which is attributed to settling processes. 

These trends indicate that accelerated aging took place. On the other hand, trends for 

C samples show that observed parameters have increased over time in the last six weeks only. 

Values of apparent charge, as well as the number of PDs per second, are significantly lower 

than for T samples. As can be seen, the trends indicate that samples C1 and C2 have just 

finished settling, and that no significant aging of the samples has occurred. 

Although both apparent charge and number of PDs per second were significantly higher 

for sample T6 than T1, the breakdown did not occur during the accelerated aging test. This 

result proves that PD measurements are not always objective, as it is a diagnostic method based 

on the measurement of local defects (micro-voids with PDs). PDs that occur in non-critical 

areas of the cable (e.g., discharges near the cable lug) that can have much higher magnitude 

and activity may overshadow the PDs occurring in the critical, most-stressed areas of the 

insulation. 

6.3. Dissipation Factor 

Dissipation factor measurement is an important diagnostic method of insulation systems 

as well. The dissipation factor can be defined as a ratio between permittivity and conductivity 

of an insulation system, whereas its conductivity increases with gradual degradation. It 

represents a diagnostic method for evaluating insulation as a whole without focusing on local 

defects. Before and after undergoing the accelerated aging tests, the cable samples were 

subjected to dissipation factor measurement by the Tettex Instruments system (capacitance and 

dissipation factor bridge type 2809 with null-indicator type 5511 and compressed gas capacitor 

type 3380/100/100 100 pF/100 kV), which can be seen in Fig. 77.  

 

Fig. 77 Setup of the dissipation factor measurement 
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The relative changes of the measured values at voltage levels of 0.5, 1, 1.5, and 2 times 

the nominal phase voltage amplitude are shown in Fig. 78. Samples T1 and T2 had broken 

down during the aging tests, and therefore it was not possible to measure their dissipation 

factor afterward. Samples T4 to T6, which were aged by power frequency voltage only, show 

values similar or even lower than those obtained before the accelerated aging. This fact 

indicates that the cable samples had not been critically degraded. On the other hand, sample 

T3, which was aged by power frequency voltage with high-frequency distortion, similar to T1 

and T2, showed an increase in its dissipation factor between 40 – 60 %. This result suggests 

that sample T3 had been degraded to a much higher degree than the others, which was 

expected due to breakdown of samples T1 and T2 during the aging tests.  

However, a comparison of the apparent PD charge of samples T3 and T6 in the 24th week 

(at 40 kV) leads us to a different conclusion. Sample T6 reached an apparent charge of about 

400 pC, whereas T3 reached only about 100 pC. As mentioned earlier, the difference may 

originate from the development of other types of PDs in non-critical areas of the insulation 

 

Fig. 78 Relative change of dissipation factor after accelerated aging tests (Partially reproduced from 

[A1]) 
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system in sample T6. This contradiction illustrates the necessity of employing multiple 

diagnostic methods to evaluate the state of an insulation system objectively. 

The situation is different for C samples. Although samples C1 and C2 were aged by 

different voltage stresses, measured values were similar or even lower than those obtained 

before the accelerated aging. As with PD measurements, dissipation factor measurements 

indicate no or only slight aging of both C samples. 
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7. DISCUSSION 

The obtained results indicate that the voltage distortions have a negative impact on the 

degradation of insulation and, thus, on the lifetime of cable systems. In the case of T samples, 

two out of three cables, which were exposed to aging with high-frequency distortion, broke 

down prematurely during the aging tests. In the subsequent dielectric strength tests, the third 

T sample had a slightly lower breakdown voltage than the samples aged under non-distorted 

stresses. The X-ray scans performed on the samples revealed that the breakdown channel of all 

samples aged with high-frequency distortions formed directly through the cable XLPE 

insulation. 

Furthermore, the effect of high-frequency distortion was clearly confirmed by dissipation 

factor measurements as well. Sample T3, which was aged with combined voltage stresses and 

withstood the whole tested period, showed an increase in dissipation factor of about 50 %. For 

T4-T6 samples, the dissipation factor was slightly lowered, which may have been caused by 

the initial settlings of the samples. These results show significantly faster degradation of the 

tested samples under voltage stresses with high-frequency components. 

On the other hand, PD measurements provided ambiguous results. The recorded values 

may have been obtained from discharges occurring in non-critical defects of the insulation 

systems, which tended to have higher magnitude and activity. However, the time development 

of PD activity of tested T samples confirmed that they have reached sufficiently aged states. In 

contrast, diagnostic methods such as dissipation factor measurement provide information about 

the global state of insulation, while the onset of local faults might remain undetected. 

Therefore, these types of diagnostic methods tend to provide more convincing results if paired 

together. 

On the base of published research on the accelerated aging of XLPE cables, e.g., a review 

of aging studies by Ch. Dang et al. in [106] or results of aging studies by H. Sarma et al. in 

[107], the effect of high-frequency voltage distortion on the lifetime of T cable samples can be 

roughly estimated. The results suggest a possible reduction in a lifetime by up to half. 

The gathered results indicate the low degree of degradation of C cable samples (with 

elastomeric cable terminations). Therefore, these samples would require longer aging to 

provide comparative results. Breakdown voltage of C samples was identical for both aged and 

unaged samples. The results from PD and dissipation factor measurements suggest that all the 

aged C samples were in the state corresponding to the end of settling processes. This effect can 

be attributed to the different technology of cable terminations, in which a special lubricant is 

used during their assembly. Although the influence of high-frequency voltage distortion in the 

case of C samples cannot be reliably determined from the gathered results. The results indicate 
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higher resistance of elastomeric cable terminations to electro-thermal aging generally. Such 

observation is rather surprising and should be thoroughly investigated in future works. 
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8. CONCLUSION 

The doctoral research was focused on investigations of the effects of high-frequency 

voltage distortions on medium voltage cable systems in electrical networks. On the basis of the 

overview of the issue, which was presented in Chapter 2, the following partial goals were 

achieved: 

 The numerical simulation of a part of the electric network connected to a large 

photovoltaic power plant confirms the occurrence of high-frequency voltage 

distortions in power systems. The sinusoidal voltage waveform was significantly 

distorted by harmonics around 3, 6, and 9 kHz. Although the values of lower 

harmonics were acceptable according to the limits of the valid standards, the total 

harmonic distortion (THD) from the entire frequency spectrum reached the value 

of almost 18 % in a medium voltage electrical network. This distortion causes 

a constant repetitive fast overvoltage of up to 1.2 p.u.  

 A specialized test site was constructed for accelerated electrical and thermal 

aging. The test site allows long-term stresses of medium voltage insulation 

systems with increased temperature and increased voltage. Voltage stresses can 

be a combination of power frequency sinusoidal voltage and superimposed 

variable shape of voltage distortions. The realized test site also includes 

an automatic monitoring system of fundamental diagnostic data. 

 Experimental accelerated aging tests were performed on sets of cable samples 

with heat-shrink and elastomeric terminations. The test period for each tested 

sample was 24 weeks. The shape of the testing voltage resulted from the 

performed numerical simulations. 

 Breakdown voltage tests, measurements of dissipation factor, partial discharge 

measurements, and X-ray scanning of cable terminations after breakdowns 

showed faster degradation of cable samples with heat-shrink cable termination 

under stresses with voltage distortions then under stresses with pure sinusoidal 

voltage only. 

The partial goals results point to the high severity of the issue of high-frequency 

distortions in a power system. As the experiments have shown, the role of high-frequency 

distortion on the degradation of a real medium voltage insulation system can be significant. 

The proven substantial shortening of the lifetime of cable system samples shows the necessity 

to address this issue in practice in power systems. In the future, this phenomenon is likely to 

cause more and more premature failures of insulation systems in current installations of many 
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high-performance electronic devices into power systems. For this reason, this problem should 

be addressed intensively, and appropriate technical standards should be developed. 

The performed investigation showed the extraordinary difficulty of experimental testing 

of real insulation systems. The research included many added factors of the real complex 

insulation systems, which had to be accounted for. This testing method is in sharp contrast to 

tests performed on simple small-scale samples of insulation materials. However, the added 

difficulties are often outweighed by the objectivity and representability of the obtained results. 

Therefore, such investigations on real insulation systems are required to provide a deeper 

understanding of degradation processes in present electrical power systems. Further research 

can be developed in two ways. As a first direct way, more different cable samples can be aged, 

and more detailed testing can be performed. It may be interesting to perform some material 

analyses to determine in more detail the degradation processes of insulation material under 

high-frequency distortion. Another way is to compare these results with testing of other 

important complex insulation systems, such as paper-oil insulations or foil-epoxy resin 

insulations that occur in power transformers.  
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Appendix A:  Results of Numerical Simulations of 

Distribution Network with Large 

Photovoltaic Power Plant 

A1. Density Charts for Calculated THDV40 and THDVall in PV Node for 

Variable Cable and Overhead Line Lengths 

 

The short-circuit power of the 110-kV upstream power grid was set to 100 MVA during simulations, 

representing the location of the 110-kV substation at the end of a long feeder 

A2. Overvoltage Dependence on Short-Circuit Power of 110-kV Upstream 

Power Grid for Four Different Combinations of Cable and Overhead 

Lines 

 

Legend: CL – cable line, OL – overhead line 
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A3. Voltage and Current Waveforms in LV Unit 1 Node with Frequency 

Spectrums of Voltage up to 40th and 350th Harmonic Order 

 

   

Cable line: 20 m; overhead line: 10 km; short-circuit power of 110-kV upstream power grid: 100 MVA 

 

   

Cable line: 20 m; overhead line: 10 km; short-circuit power of 110-kV upstream power grid: 200 MVA 
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Cable line: 20 m; overhead line: 10 km; short-circuit power of 110-kV upstream power grid: 

1000 MVA 

 

 

   

Cable line: 20 m; overhead line: 10 km; short-circuit power of 110-kV upstream power grid: 

5000 MVA 
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A4. Voltage and Current Waveforms in PV Node with Frequency Spectrums 

of Voltage up to 40th and 350th Harmonic Order 

 

   

Cable line: 20 m; overhead line: 10 km; short-circuit power of 110-kV upstream power grid: 100 MVA 

 

   

Cable line: 20 m; overhead line: 10 km; short-circuit power of 110-kV upstream power grid: 200 MVA 
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Cable line: 20 m; overhead line: 10 km; short-circuit power of 110-kV upstream power grid: 

1000 MVA 

 

 

   

Cable line: 20 m; overhead line: 10 km; short-circuit power of 110-kV upstream power grid: 

5000 MVA 
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Cable line: 50 m; overhead line: 30 km; short-circuit power of 110-kV upstream power grid: 100 MVA 

 

 

   

Cable line: 50 m; overhead line: 30 km; short-circuit power of 110-kV upstream power grid: 200 MVA 
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Cable line: 50 m; overhead line: 30 km; short-circuit power of 110-kV upstream power grid: 

1000 MVA 

 

 

   

Cable line: 50 m; overhead line: 30 km; short-circuit power of 110-kV upstream power grid: 

5000 MVA 
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Cable line: 100 m; overhead line: 20 km; short-circuit power of 110-kV upstream power grid: 

100 MVA 

 

 

   

Cable line: 100 m; overhead line: 20 km; short-circuit power of 110-kV upstream power grid: 

200 MVA 
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Cable line: 100 m; overhead line: 20 km; short-circuit power of 110-kV upstream power grid: 

1000 MVA 

 

 

   

Cable line: 100 m; overhead line: 20 km; short-circuit power of 110-kV upstream power grid: 

5000 MVA 
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Cable line: 400 m; overhead line: 5 km; short-circuit power of 110-kV upstream power grid: 100 MVA 

 

 

   

Cable line: 400 m; overhead line: 5 km; short-circuit power of 110-kV upstream power grid: 200 MVA 
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Cable line: 400 m; overhead line: 5 km; short-circuit power of 110-kV upstream power grid: 

1000 MVA 

 

 

   

Cable line: 400 m; overhead line: 5 km; short-circuit power of 110-kV upstream power grid: 

5000 MVA
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Appendix B:  Main Components of Test Circuit 

B1. Power Frequency Transformer (VT1) 

The power frequency voltage transformer was manufactured by BV ELEKTRONIK 

company. It is a custom-ordered medium voltage test transformer based on a common design 

with a relatively soft load characteristic. The nominal power is 40 kVA, and the nominal 

voltage is 400 V/50 kV. 

     

Power frequency voltage transformer BV ELEKTRONIK 50 kVA, 400 V/50 kV 

 

B2. High-Frequency Transformer (VT2) 

The high-frequency voltage transformer was manufactured by TRONIC company. The 

core of the transformer was made of nanocrystalline material to achieve the best possible 

transmission parameters. The primary winding is supplied with the yellow conductors, and the 

secondary medium voltage winding is led out by the red conductors. The nominal power is 

6 kVA. The output voltage is up to 10 kV at a supply voltage of 120 V. The useful frequency 

range is from 3 to 100 kHz. The insulation system between primary and secondary windings 

was designed to withstand a nominal voltage of 60 kV. 
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High-frequency voltage transformer TRONIC 6 kVA, 120 V/10 kV 

 

B3. Current Transformer (CT) 

The current transformer was manufactured by TRONIC company as well. Two toroidal 

cores in parallel connection and primary windings are completely sealed in an epoxy-filled 

enclosure. The secondary winding is formed by a busbar passing through the toroidal 

transformer. The discharge resistance has been improved by the potential net that is located 

below the surface of the hole for the secondary winding. The insulation system between 

primary and secondary windings was designed to withstand a nominal voltage of 60 kV, 

including superimposed high-frequency components. The nominal power is 10 kVA. Current 

up to 2 kA is generated to short-circuit of the secondary winding when the primary winding is 

supplied with a nominal line voltage of 400 V and a current of 25 A. 

 

Current transformer TRONIC 10 kVA, 400V, 25 A/2 kA (in short-circuit) 
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B4. Air-Core Inductor (L) 

The last custom-ordered device is an air-core inductor that was manufactured by 

TRONIC company again. The nominal parameters are a voltage of 15 kV, current of 1 A, and 

inductance of 11.7 H. The inductor has two additional taps at inductance of 8.6 and 10.2 H 

(maximal voltage is reduced proportionally). 

 

Air-core inductor TRONIC 11.7 H, 15 kV, 1 A 

 

B5. High Voltage Capacitor (C1) 

The high voltage capacitor was connected in parallel connection with the power 

frequency transformer. The available older type of capacitor ZEZ 10 nF, 150 kV was used. 

 

High voltage capacitor ZEZ 10 nF, 150 kV 
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B6. Medium Voltage Capacitor (C2) 

The medium voltage capacitor was connected in serial connection with the high-

frequency transformer. The available older type of capacitor Tesla 0.05 µF, 12/25 kV was 

used. 

 

Medium voltage capacitor TESLA 0.05 µF, 12/25 kV 

 

Appendix C:  Circuit Diagrams 

C1. Shunts for Measurements of Leakage Currents (0.5 A/19.7 Ω) 

R11
50 W

R5
100 W

5W

BNC
SHUNT OUT

FU
800 mA

R1
100 W

5W

input

D1
10 V
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C2. Temperature sensors 
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C3. Switchboard for Power Supply of Test Site for Combined Stresses of 

Medium Voltage Insulation Systems 
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