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Abstract 

Electrical insulating systems represent one of the weakest elements of the entire electrical 

equipment. In fact, the lifetime of any electrical device depends on the capability of its insulation to 

last in time. In general, all organic materials, and in particular all dielectrics, are subjected to ageing. 

The ageing process is caused by different stresses: thermal, electrical, mechanical and environmental. 

By focusing on the electrical stress, it is possible to state that it is fundamentally characterized by two 

phenomena: the presence of an electric field and/or the presence of partial discharges (PDs), a 

phenomenon in which the interelectrode zone is partially short-circuited causing degradation of the 

material. It is clear, therefore, how partial discharges are both the symptom and the cause of the 

deterioration of the insulating materials. Thus, the measurement of this phenomenon leads to obtain 

an “image” of the status of the insulating system allowing to perform a predictive diagnostic by an 

expert user or by sophisticate artificial intelligence algorithms. These diagnostic techniques lead to 

reduce the maintenance costs since they allow to perform a condition-based maintenance that is 

carried out only when this is necessary, according to the real state of the component.  

To measure the partial discharge activity there are different methods, but it is possible to classify 

them into two groups: electrical detection methods and non-electrical detection methods. If the 

electrical methods typically need invasive procedures to perform the partial discharge measurement, 

the non-electrical ones, on the contrary, can be implemented on the electrical component without any 

change (non-invasive) in the normal operating of the equipment. 

The focus of this research activity is to study, develop and optimize prototypes, test them in 

laboratory and in real applications of different non-invasive sensors in order to measure partial 

discharges. Two kind of sensors are analysed: Transient Earth Voltage Sensors and High Frequency 

Current Transformers ones.  

Transient Earth Voltage Sensors are based on the homonymous operating principle, and they can 

be used when the electrical apparatus is placed inside a metal box like switchgears or gas insulated 

systems. Starting from a first investigation on the effect of the geometrical dimensions of different 

sensors prototype in order to maximize the signal output, a first preliminary on-field test campaign is 

performed on an industrial air insulated medium voltage switchgear. Then, the entire partial discharge 

measurement system configuration, based on a definitive version of TEV sensor, is optimized and 

tested on the industrial test set-up, by comparing the obtained PD pattern with those collected from 

an IEC 60270 standard compliant measurement system. The results suggest how the non-invasive PD 

measurement system provides information comparable to those collected by the standard-compliant 

one.  

The High Frequency Current Transformer Sensors are studied and optimized during an 

experimental laboratory activity where different magnetic core material and different sensor 

configurations are tested. The results allow to implement the HFCT sensor on an optimized PD 

measurement system introduced to perform a research investigation on the phenomenon of electrical 

treeing on HVDC cable insulation, carried out during an exchange program at the RWTH Aachen 

University in Germany. The aim of this investigation is to understand the behaviour of the electrical 

treeing with different voltage frequencies and amplitudes during long-term tests since some 

preliminary tests give unexpected results. In fact, it is generally accepted that increasing the frequency 

leads to an accelerated ageing process, mainly due to partial discharge activity, and therefore, to a 

reduced time to breakdown. The collected results show that increasing the applied voltage frequency, 

the time to breakdown increases since the electrical treeing shape changes. During this analysis, PD 

measurement is carried out in order to monitor the electrical treeing evolution during the degradation 

process by adopting the optimized HFCT-based measurement system.  
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Introduction 

In the electrical engineering field, there are several electrical equipment with different purposes 

but for which it is possible to identify some common features. For example, all these components or 

systems are equipped with conductors, which transport the energy, and the insulating system, which 

separates parts of the device with different electrical potential levels. 

It is important to point out that electrical insulating systems represent one of the weakest 

subsystems of the entire electrical equipment. In fact, the lifetime of any electrical devices depends 

on the capability of its insulation to last in time since the failure of these elements lead to the 

breakdown of the component. The insulating systems are mainly composed by organic-based 

dielectric material that are subjected to different stresses. These stresses, (thermal, electrical, 

mechanical and environmental) cause the ageing of the organic material which lose its original 

dielectric characteristics. When an insulating material is subjected to the presence of an electric filed 

and/or the presence of partial discharges (PDs), its ageing process is mainly due to an electrical stress. 

The partial discharges are localized discharges in which the interelectrode zone is partially short-

circuited. This phenomenon causes a localized thermal-mechanical stress that increases the 

degradation process of the material.  

It is possible to affirm that partial discharges are both the symptom and the cause of the 

deterioration of the insulating materials. Thus, the measurement of this activity and the analysis of 

the results allow to understand the real state of the insulating system. The research on PD 

measurement can be traced back to the beginning of the19th century [1], [2]. Previously, the detection 

of PD relied more on the judgments of experienced engineers or workers. For example, noisy sounds 

happen when PDs occur. Those sounds can be recognized by experienced workers. Over the years, 

the level of investigations related to the PD mechanism and its measurement has increased 

considerably and a number of measurement techniques were introduced [3].  

Therefore, defining real degradation level of the insulating system, it is possible to introduce a 

condition-based maintenance strategy based on the so-called predictive diagnostic. This diagnostic 

techniques consists of a deep analysis of the partial discharge measurement results by an expert user 

or sophisticate artificial intelligence algorithms that allow to identify the material defect or the 

degradation level. Starting from this analysis, it is then possible to plan the maintenance operation 

based on the real condition of the electrical equipment by reducing the costs and by reducing the 

chances of a device breakdown. 

Considering all partial discharge measurement techniques, it is possible to identify two groups: 

electrical detection methods and non-electrical detection methods. The electrical detection methods 

are based on the measurement of the current pulses generated from the partial discharges that flow in 

a measurement circuit. To perform this measure, an invasive installation for the electrical component 

under test is necessary. Since in some applications it is not possible to interrupt the normal operation 

of the devices that are used for the process, a non-invasive installation can solve this challenge. In 

fact, considering non-electrical detection methods, it is possible to introduce different partial 

discharge measurement techniques that do not require the stop of the equipment by performing an 

online partial discharges monitoring.  

The online measurement implies different challenges due to the presence of a high background 

noise level and crosstalk phenomena and for these reasons an accurate optimization and a 

customization of the entire partial discharge measurement system is essential. But, at the same time, 

it allows to monitor the partial discharge activity through the time and during the real operating status 

of the electrical equipment highlighting anomalous trends of the degradation processes. 
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The focus of this research activity is to study, develop and optimize different non-invasive sensors 

prototypes for the partial discharge measurement, and to test them in laboratory and in real 

applications. Two kinds of sensors, based on non-electrical detection methods, will be 

analysed: Transient Earth Voltage Sensors and High Frequency Current Transformers Sensors.  

Transient Earth Voltage (TEV) Sensors can be adopted when the electrical apparatus is placed 

inside a metal box, like switchgears or gas insulated systems. These sensors are based on the Transient 

Earth Voltage phenomenon introduced by Dr. John Reeves in 1974 [4]. Considering the irradiated 

PD signals, they induce, on the metal enclosure, transient voltages that can be measured by means of 

capacitive-based sensors applied to the metal surface.  

After a first theory investigation, an experimental study is presented with the purpose of analyse 

the effects of the geometrical dimensions of the sensor components on the signal output. To check 

the behaviour of the TEV sensors, prototypes are built, and an industrial field test campaign is 

performed. Thanks to the positive results obtained from this first industrial activity, the entire PD 

measurement system, based on a definitive version of the TEV sensor realized, is optimized. The 

optimization of this measurement system allows to obtain the best signal to noise ratio for this 

application. To validate it, a second industrial tests campaign is carried out by monitoring over the 

time the PD activity of a medium voltage switchgear adopted as pilot system for the tests. The 

validation tests are performed by comparing the PD pattern obtained from the TEV-based PD 

measurement system and a IEC 60270 standard compliant one.  

The results suggest how the non-invasive PD measurement system provides information 

comparable to those collected by the standard-compliant one with a non-invasive installation for the 

electrical equipment under test.  

The High Frequency Current Transformer (HFCT) Sensors are one of the most implemented 

sensors for non-invasive PD measurement. A HFCT sensor, also called radio frequency current 

transducer (RFCT), consists of an induction coil with a ferromagnetic core suitable for the 

measurement of transient signals as PD or pulse-shaped noise interferences [5]. The HFCT often has 

a split-core design, making it easy to install and suitable for retrofit installations. Moreover, the HFCT 

sensors are portable, cost effective and non-intruding sensors and often used in practical 

measurement [6]. 

During an experimental laboratory activity, where different magnetic core material and different 

sensor configurations are tested, the HFCT sensors are classified. Since the saturation of the magnetic 

core can influence the PD measurement, a deeper investigation is performed leading to identify a 

level of maximum current that does not affect the PD measurement for each sensor tested.   

The results of this activity allow to implement the HFCT sensor on an optimized PD measurement 

system introduced to perform a research investigation on the phenomenon of electrical treeing on 

HVDC cable insulation, carried out during an exchange program at the RWTH Aachen University in 

Germany. Considering all PD activities, those caused by treeing are the dominant cause factor of 

insulation failure [7] and since, the there are different opinions on the relationship between applied 

voltage and frequency and the growth of the electrical trees, a deeper investigation is necessary. The 

aim of this study is to understand the behaviour of the electrical treeing with different voltage 

frequencies and amplitudes during long-term. It is generally accepted that increasing the frequency 

leads to an accelerated ageing process, and therefore, to a reduced time to breakdown. The collected 

results show that increasing the applied voltage frequency, the time to breakdown increases since the 

electrical treeing shape changes. During this analysis, PD measurement is carried out in order to 

monitor the electrical treeing evolution during the degradation process by adopting the optimized 

HFCT-based measurement system.  
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1 Partial Discharges 

The research work here presented is mainly concentrated on the study and on the development of 

Non-invasive Partial Discharge (PD) measurement systems. It is then important to introduce the 

laboratory activity carried out with a first chapter dedicated to the PD theory and the main PD 

measurement techniques.   

The reference standard for the PD measurement field is the IEC 60270 with the title “High-voltage 

test techniques, Partial Discharge measurements” [8]. It defines partial discharge as localized 

electrical discharge that only partially bridges the insulation between conductors and which can or 

can not occur adjacent to a conductor. Partial discharges are in general a consequence of local 

electrical stress concentrations in the insulation or on the surface of the insulation. Generally, such 

discharges appear as pulses having a duration of much less than 1 µs [8]. 

In particular, they are due to anomalies in the electric field in which its value is such as to exceed 

the limit of dielectric strength of the interposed insulation leading to a localized discharge. This 

localized discharge has a certain amount of energy, function of the charge intensity and the 

capacitance of the dielectric portion concerned, which causes an increase in temperature of the 

discharge point. This causes chemical and physical variations of the surrounding structures which can 

then undergo temporary or permanent changes. 

These degradation phenomena affect the life of the insulation system. It depends on the chemical 

nature of the dielectric, the building processes, the type of electrical stress and other operating 

conditions. Depending on the chemical-physical behaviour of the materials, adopted for the electrical 

equipment insulation, it is possible to divide them into: 

• Self-restoring materials: liquids and gaseous. Following an electric arc, by their nature, they 

temporarily modify their chemical-physical characteristics, but once the discharge is finished, 

they restore them completely returning to the previous state. For this to happen, it must involve 

a small amount of insulating material. In any case, the discharge causes the presence of 

"impurities" inside the insulating material causing changes in its chemical-physical properties. 

• Non-self-restoring materials: solids. As a result of a discharge, they undergo a permanent 

chemical-physical transformation that generally alternates the dielectric properties. 

 

Figure 1.1. Insulating material classification  
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In many practical cases the insulating system is composed of one part belonging to the object in 

the strict sense, called internal dielectric, and one part in contact with the surrounding environment 

in which the system appears to be placed, called external dielectric. An example is the case of objects 

placed in liquid or gaseous environments where the external dielectric is a fundamental part of the 

entire insulation system. Typically, the external dielectric is self-restoring, while the internal one, in 

most cases, is not self-restoring. This causes the fact that the partial discharges in one medium, rather 

than in the other one, may have different capacities to degrade the material. As a result of these 

considerations, partial discharges can be divided into two categories: 

• Internal Partial Discharges. They occur inside the solid insulating material where, during 

processing or as a result of mechanical, electrical or special thermal stresses, materials 

inclusions with a lower dielectric constant than that of the main dielectric, are formed. 

• External partial discharges. They occur on the outer surface of the insulating material or in 

the interelectrode zone in the presence of gas (a typical example is the Corona discharges). 

 

Proper design, application and deployment of PD sensing and measurement circuits entail a certain 

degree of cognizance and understanding of the PD processes [9]. For this reason, the following 

sections are presented. 
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1.1 Internal Partial Discharges 

As introduced before, the internal PDs are caused by defects in the inside dielectric of the electrical 

equipment. During manufacturing processes, or as a result of particular stress cycles for the material, 

inclusions with a lower dielectric constant than that of the main insulating material can be formed 

within the main dielectric. In such inclusions, which can be solid or gaseous as in the case of voids, 

the electric field is higher than in the surrounding dielectric, since the dielectric constant of this 

inclusion is always lower than that of the main insulator. Moreover, considering that the voids 

dielectric strength value is also lower than the surrounding dielectric, suggests that this may be a site 

for the partial discharges activity. As reported in [10], partial discharges in gaseous cavities inside a 

dielectric are usually considered to be the most dangerous, so the general mechanisms of the PDs are 

here summarized.  

In order to start a PD, two conditions must be fulfilled. First, the magnitude and distribution of the 

electric field in the cavity should be such that a self-sustaining discharge can develop. This condition 

is generally translated into a minimum breakdown voltage Vmin across the cavity. Second, a free 

electron must be present at a suitable position in the cavity to start the ionization process. This 

“starting” electron may be supplied by external sources (radiation), field emission or by detrapping 

of electrons deposited at the cavity walls by previous PD activity. The appearance of a starting 

electron is a stochastic process and is governed by a statistical time lag tL. During this time lag the 

voltage across the cavity may exceed Vmin a by an overvoltage ΔV and the PD ignites at a voltage Vi 

= Vmin + ΔV [10]. In Figure 1.2 this process is schematically represented.  

 

 

Figure 1.2. Voltage across a cavity in a solid dielectric [10]   

Due to the charge displacement by the PD, the voltage across the cavity drops to a residual value 

VR. In contrast to what is often assumed, this value is not zero, in fact it may even be close to Vi. For 

a new discharge to develop, the voltage across the cavity must again exceed Vmin in a “recovery” time 

tR [10]. 
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After these observations, it is possible to classify the internal PDs in solids as follows:  

• Electrical treeing partial discharges. The electrical treeing are branches of discharge that 

develop inside a solid insulator from conductive particles or cavities. Among all PDs activity, 

those caused by treeing are the dominant cause factor of insulation failure [7]. A deeper 

investigation on this phenomenon is reported in chapter 3.3. 

 

   

Figure 1.3. Electrical Treeing examples 

• Voids or Cavities. They occur when the inclusion within the main insulator is gaseous. The 

triggering of partial discharges can progressively lead to the damage of the material causing 

a widening and an elongation of the vacuole itself.  

 

Figure 1.4. Internal voids examples 

Considering the physical mechanism of the PDs, it is possible to introduce the study reported in 

[11], where the effect of overvoltage on the discharge mechanism was studied and two PD 

mechanisms named ‘Townsend-like’ and ‘streamer-like’ were introduced.  

 

  

Figure 1.5. Townsend-like discharge pulse in a 0.1 

mm cavity [10] 

Figure 1.6. Streamer-like discharge pulse in a 0.1 mm 

cavity [10] 
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In Figure 1.5 a typical current pulse is shown that was obtained in a 0.3 mm thick polyethylene 

test specimen with a 0.1 mm thick cavity at low overvoltages. This Townsend-like discharge is 

characterized by a relatively small pulse height and a large pulse width that increases with cavity 

thickness. Others [11], [12], [13] have found for PD at ac voltage the same relation between cavity 

thickness and pulse width. Sometimes this discharge type is also referred to as pseudo-glow type [9]. 

At higher over voltages another type of discharge pulse was found, see Figure 1.6. The mechanism is 

referred to as ‘‘streamer-like’’ and is characterized by a fast pulse rise time and a short tail which 

reflects the strong ionization and the corresponding high electronic component in the discharge 

current. For further discussion of these mechanisms the reader is referred to [11], [12], as reported in 

[10]. 

In order to better understand the discharge process that occurs inside a void, the following voids 

electric model will allow to make some useful considerations. This configuration was first suggested 

by A. Gemant and W. V. Phillippoff in 1932 [14] and then discussed by Whitehead [15] and Kreuger 

[16]. 

Consider a dielectric material of height D and surface S placed between two electrodes, within 

which it is assumed that there is a gaseous inclusion (void) of height d and surface s. We can derive 

an equivalent circuital model where: 

• Ca is the capacitance between the two electrodes, 

• C2b is the capacitance between one electrode and the external void surface, 

• Cc is the capacitance between the void surfaces. 

 

 

Figure 1.7. Model of the void inside an insulating material 

  

Figure 1.8. Equivalent circuits of the electrical void model 



University of Genoa – CMTEST Laboratory 

- 14 - 

Considering the circuit on the right of Figure 1.8, the circuit on the left is obtained by representing 

the capacitance Cb as the series of both C2b.  

By making some reasoning on the dimensions in play and knowing that εc, εb, εa represent 

respectively the electrical permittivity values of the void (air) and the main dielectric material, we 

can affirm that: 

 

 

Considering these affirmations, the values of the capacitance represented in Figure 1.8 are:  

 

 

The relationship between these capacitances are: 

 

Considering that can be considered that 𝜀𝑐 = 𝜀𝑎, and by considering relations (1.1) and (1.2), it is 

possible to affirm that 

 

Then, the potential of the void when a voltage Va is applied to the two electrodes: 

 

 

  

D ≫ d 
 

(1.1) 

S ≫ s   (1.2) 

𝜀𝑐 < 𝜀𝑎 = 𝜀𝑏  (1.3) 

𝐶𝑎 = 𝜀𝑎

𝑆

𝐷
 

 (1.4) 

𝐶𝑏 = 𝜀𝑏

𝑠

𝐷 − 𝑑
≅ 𝜀𝑏

𝑠

𝐷
  (1.5) 

𝐶𝑐 = 𝜀𝑐

𝑠

𝑑
  (1.6) 

𝐶𝑏

𝐶𝑐
≅

𝜀𝑏

𝜀𝑐

𝑑

𝐷
≅

𝑑

𝐷
  (1.7) 

𝐶𝑎

𝐶𝑏
≅

𝜀𝑎

𝜀𝑏

𝑆

𝑠
≅

𝑠

𝑆
  (1.8) 

𝐶𝑐 ≫ 𝐶𝑏  (1.9) 

𝐶𝑎 ≫ 𝐶𝑏  (1.10) 

𝑉𝑐 = 𝑉𝑎
𝐶𝑏

𝐶𝑏 + 𝐶𝑐
≅ 𝑉𝑎

𝐶𝑏

𝐶𝑐
  (1.11) 

⇒ 𝑉𝑐 ≪ 𝑉𝑎  (1.12) 
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From equation (1.12), it is possible to note that the void voltage is much lower than the voltage 

applied to the entire dielectric. However, considering that the dimensions of the void are much smaller 

than those of the whole main dielectric, this voltage may be sufficient to trigger partial discharges. 

On the other hand, after a partial discharge inside the void, a voltage variation is present to the 

void “terminal” Δc. It is necessary to point out that this voltage is not measurable since the void is 

inside the dielectric. Thus, it is important to evaluate the voltage signal that is present to the electrodes 

terminal when the PD occurs. This measurable signal is: 

But considering the (1.10) 

From this last relationship it can be deduced how the voltage that occurs at the whole dielectric is 

much lower than that localized at the void. This aspect implies that there are considerable problems 

related to sensitivity in the case of internal partial discharge activity. Considering the transferred 

charges as result of PDs, it is possible to confirm that   

The relation (1.15) represents the real charge transferred when a partial discharge occurs and is 

therefore called real charge. However, as this quantity is not measurable as specified above, it is 

defined by the IEC 60270 [8] as the apparent charge qa: “ the apparent charge qa of a PD pulse is that 

charge which, if injected within a very short time between the terminals of the test object in a specified 

test circuit, would give the same reading on the measuring instrument as the PD current pulse itself. 

The apparent charge is usually expressed in pico- coulomb (pC)”. Considering voids, this charge is  

and by calculating the ΔV value from the (1.13): 

Comparing the equation (1.17) with the (1.15), the results is that: 

 

 

  

∆𝑉 = ∆𝑉𝑐
𝐶𝑏

𝐶𝑏 + 𝐶𝑎
≅ ∆𝑉𝑐

𝐶𝑏

𝐶𝑎
  

(1.13) 

⇒ ∆𝑉 ≪ ∆𝑉𝑐  
(1.14) 

𝑞𝑟 = ∆𝑉𝑐 (𝐶𝑐 +
𝐶𝑏𝐶𝑎

𝐶𝑏 + 𝐶𝑎
) ≅ ∆𝑉𝑐𝐶𝐶  

(1.15) 

𝑞𝑎 = ∆𝑉 (𝐶𝑎 +
𝐶𝑏𝐶𝑐

𝐶𝑏 + 𝐶𝑐
) ≅ ∆𝑉 𝐶𝑎  

(1.16) 

𝑞𝑎 = ∆𝑉𝑐 𝐶𝑏  
(1.17) 

𝑞𝑎

𝑞𝑟
=

𝑏

𝑐
 

 
(1.18) 

⇒ 𝑞𝑎 ≪ 𝑞𝑟  
(1.19) 
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By concluding, the relation (1.19) confirms the previous considerations; since the quantity that can 

be measured is the apparent charge, which is much smaller than the real charge, there will be problems 

of sensitivity related to the measurement of this quantity. 

Considering the following hypothesis, it is possible to show in Figure 1.9 the PDs waveform over 

time. 

• If, 𝑉𝑎 > 𝑉𝑖𝑛𝑛 then the PD starts considering the presence of the first electron 

• If,  𝑉𝑎 < 𝑉𝑒𝑠𝑡 then the PD pulses stop 

• 𝑉𝑖𝑛𝑛 is the inception voltage 

• 𝑉𝑒𝑠𝑡 is the extinction voltage  

 

Figure 1.9. Reoccurrence of PDs  
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1.2 External Partial Discharges 

External partial discharges are those that occur when the dielectric strength of the external 

dielectric to the component is exceeded. This phenomenon is strongly influenced by the atmospheric 

conditions surrounding the electrical equipment; in particular, the humidity and the temperature can 

encourage the inception of partial discharges. They are, by their nature, less harmful to the component 

than the internal ones, However, they may cause the tracing of the dielectric surface causing local 

carbonisation which may lead to a deterioration of the characteristics of the whole insulation system. 

In addition, they cause noise and electromagnetic disturbances as well as ozone that can cause rapid 

oxidation of the surrounding metal components. 

The external PDs can be divided in: 

• Corona Discharges. They occur as a result of exceeding the dielectric strength of the air, or 

the insulating gas, at point electrodes, whether they are connected to the high voltage or to the 

ground potential. Even if, they usually occur at the high-voltage side, also, for example, a 

sharp edges at the earth potential, may cause corona discharges [16]. This phenomenon 

depends on the local electric field, the distance between the electrodes and their shape, the 

applied voltage and the atmospheric conditions of the gas interposed to the electrodes 

themselves. Since this phenomenon is linked to the characteristics of the gas that is found 

between the electrodes, the corona partial discharge inception voltage can be determined in a 

simplified manner, starting from the Paschen curves and also taking into account the influence 

of the radius of rounding of the electrodes. 

Table 1. Corona PDs inception voltage values in relationship with the radius tip of electrodes 

Radius Tip Corona PDs inception 

voltage 

10 μm ≈ 450 V 

50 μm ≈ 1,0 kV 

100 μm ≈ 1,4 kV 

500 μm ≈ 3,5 kV 

1 mm ≈ 5,5 kV 

5 mm ≈ 15 kV 

A characteristic of corona partial discharges, which distinguishes them from all other types, 

lies in the fact that once the partial discharge has occurred, a movement of electrons and ions 

is observed which restore the state of the dielectric to its original chemical-physical 

characteristics. For this reason, what happens in a given moment does not depend on the 

previous history of the material. 

 

Figure 1.10. Corona PDs example 
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• Surface Partial Discharges. They involve the separation surface between dielectrics (such as 

the main dielectric of any equipment and the surrounding air). As a result of the proximity of 

the discharge plasma to the surface, considerable degradation of the solid dielectric surface 

can occur [17]. In practical applications, this type of partial discharge is quite frequent since 

the boundary between insulating material, of different natures, is usually a critical area for the 

control of electric field. Surface discharges are dangerous because they can cause erosion of 

the insulating material’s surface by depositing carbon residues and causing the so-called 

dielectric tracking. This phenomenon can be clearly influenced by the surrounding 

environment since the humidity and the deposit on the surface of the dirt component, like dust, 

play a fundamental role in the formation of surface partial discharges. 

  

Figure 1.11. Example of Tracking phenomena on EVA samples 

  

Figure 1.12. Twisted Pair without surface tracking Figure 1.13. Twisted Pair with surface tracking 

 

It is possible to identify the surface PDs characteristic by analysing the configuration shown in 

Figure 1.14 and the equivalent circuit proposed.  

 

Figure 1.14. Equivalent circuit for the surface PD 
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The description of the configuration proposed is here summarized: 

• a represent the semi-spherical electrode support with a capacitance value of Ca 

• b is an insulating film placed between the semi-spherical electrode, connected to the high 

voltage and the ground electrode, with a capacitance of Cb 

• c is the surrounding air with a capacitance between the semi-spherical electrode and the 

ground electrode of Cc 

• Cest is the external capacitance value between the semi-spherical electrode and the ground 

electrode.  

By considering typical capacitance values (𝐶𝑎 ≅ 3 𝑝𝐹, 𝐶𝑏 ≅ 30 𝑝𝐹, 𝐶𝑐 ≅ 3 𝑝𝐹), and that Ca and 

Cest are in parallel, so the equivalent value is Ca’, it is possible to affirm that: 

 

The total voltage value ΔV caused by a PD can be calculated, by considering the relations  (1.20) 

and (1.21) as follows: 

While the real charge and the apparent charge values are 

 

From these two equations, (1.23) and (1.24), it is possible to evidence that: 

 

By concluding, in the case of external surface partial discharges, the apparent charge, which is 

measurable, is approximately equal to the real charge. This means that, compared to partial internal 

discharges, the sensitivity of the measurement is considerably greater. In practical applications, this 

aspect is evident since the amplitudes of the surface PDs, acquired by a measurement system, are 

higher than in the case of internal discharges. 

  

𝐶𝑏 ≫ 𝐶𝑐  (1.20) 

𝐶𝑏 ≪ 𝐶𝑎′ 
 

(1.21) 

∆𝑉 = ∆𝑉𝑐
𝐶𝑏

𝐶𝑏 + 𝐶𝑎′
≅ ∆𝑉𝑐

𝐶𝑏

𝐶𝑎′
  

(1.22) 

𝑞𝑟 = ∆𝑉𝑐 (𝐶𝑐 +
𝐶𝑏𝐶𝑎′

𝐶𝑏 + 𝐶𝑎′
) ≅ ∆𝑉𝑐(𝐶𝐶 + 𝐶𝑏) ≅ ∆𝑉𝑐𝐶𝑏  

(1.23) 

𝑞𝑎 = ∆𝑉 (𝐶𝑎′ +
𝐶𝑏𝐶𝑐

𝐶𝑏 + 𝐶𝑐
) ≅ ∆𝑉 (𝐶𝑎′ + 𝐶𝐶) ≅ ∆𝑉𝐶𝑎′ = ∆𝑉𝑐

𝐶𝑏

𝐶𝑎′
𝐶𝑎′ = ∆𝑉𝑐𝐶𝑏  

(1.24) 

⇒ 𝑞𝑎 ≅ 𝑞𝑟  
(1.25) 
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1.3 Partial Discharges Measurement 

In the previous paragraphs, the main characteristics of partial discharges and the different 

classifications according to the type of discharge site have been explained. It was seen how the 

knowledge of the presence or absence of partial discharges (qualitative measures) inside an insulating 

material and their characteristics (quantitative measures) can provide useful information on the state 

of the insulation system and its ageing status. This information allows to carry out what is called 

predictive maintenance, which led to monitor the real state of the component and then to act, in term 

of maintenance, only when it is needed. Thus, allow to reduce significantly costs, compared to 

preventive maintenance, or, considering the case of total lack of maintenance, allow to reduce the 

probability of the total breakdown of the equipment. In order to monitor the status of the insulation 

systems, it is necessary to measure partial discharges since they are both the symptom and the cause 

of the deterioration of the insulating materials. 

The partial discharge is a process characterized by energy dissipation. The detection of PD is based 

on this energy exchange of discharges. These exchanges can be manifested as electrical current, 

dielectric loss, magnetic radiation, optical radiation, sound, increased gas pressure, and chemical 

reaction [18]. 

So, the measurement methods are based on the effects they cause when they occur. In particular, 

the different effects generated by PDs can be here listed: 

• Light emission, both in the visible field (therefore, under certain conditions of little ambient 

lighting, it is possible to see the PD activity) and in the infrared or ultraviolet field. 

• Local temperature increases. On the material surface hot spots are generated by the PDs. They 

are identifiable with thermal cameras or temperature probes (if the defect was internal, it could 

not be measured because, inserting a probe, it would change the electric field conditions thus 

altering the state of the discharge site). 

• Chemical transformations depending on the type of material subject to partial discharges. In 

organic materials, carbonizations are created that release ozone into the air, detectable with 

ad-hoc meters. The same ozone is formed as a result of PDs into the gases. In the case of 

inorganic and silicate materials, white powder is created, which is deposited on the 

component, easily recognizable visually. If the discharges occur in SF6, it decomposes and in 

the presence of water, condensation and humidity turns into sulfuric acid. 

• Electromagnetic radiation associated with the PD pulse. These can be measured using 

antennas in near field conditions or with capacitive couplings. 

• Acoustic emissions due to sound pressure waves. Piezoelectric sensors or phonometers may 

be used to detect them. 

• Transfers of electric charges which cause current pulses to be measured by means of special 

circuits. 

 

These effects make it possible to classify two PDs measurement techniques: conducted or radiated 

measurements. In the following will be presented the reference standard for the PD measurement, the 

IEC 60270, which deals with electrical type-based measurement (PD causes a transfer of charge), 

and other non-electrical type techniques. 
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1.3.1 Summary of the IEC 60270 standard 

In this paragraph, the reference standard for partial discharge measurement is summarized by 

listing the main definitions of quantities of interest. Further references to this standard will then be 

made in test circuits and measurement systems. 

The IEC 60270 standard describes the general principles and criteria for the measurement of partial 

discharges occurring in electrical equipment, components or systems tested at AC voltages up to 400 

Hz or at DC voltage. It defines the terms used, the quantities to be measured, the measurement 

methods, describes the test circuits, specific calibration methods for the instrumentation and it offers 

suggestions on the discrimination between partial discharges and external interference.  

The requirements of this standard should be used in drawing up specifications for partial discharge 

measurements for power equipment; it covers electrical measurements of impulsive PD (short 

duration) but it also contains references to non-electrical methods used primarily for PDs location. 

The diagnosis of the behaviour of a specific power equipment can be facilitated by the digital 

processing of partial discharge data and non-electrical methods used mainly in locating them. 

Terminology, definitions, basic test circuits and procedures can be applied under other working 

conditions (for example at different frequencies), with the adoption of special test procedures and 

measurement system characteristics not considered in this standard. 

Definitions 

Below some useful definitions, that will be useful in the following of this thesis, are presented. 

Partial Discharge, PD  

Localized electrical discharge that only partially bridges the insulation between conductors, and 

which can or can not occur adjacent to a conductor. 

Partial Discharge pulse (PD pulse) 

Current or voltage pulse that results from a partial discharge occurring within the object under test. 

The pulse is measured using suitable detector circuits, which have been introduced into the test circuit 

for the purpose of the test.   

Note: A partial discharge which occurs in the test object produces a current pulse. A detector in 

accordance with the provisions of this standard produces a current or a voltage signal at its output, 

proportional to the charge of the current pulse at its input. 

Apparent charge q 

Of a PD pulse is that charge which, if injected within a very short time between the terminals of the 

test object in a specified test circuit, would give the same reading on the measuring instrument as the 

PD current pulse itself. The apparent charge is usually expressed in picocoulombs (pC). 

Note: The apparent charge is not equal to the amount of charge locally involved at the site of the 

discharge, which cannot be measured directly. 

Phase angle фi and time ti of occurrence of a PD pulse  

ф𝑖 =  360 (
𝑡𝑖
𝑇
) 

Where: 

ti → is the time measured between the preceding positive going transition of the test voltage through 

zero and the partial discharge pulse.  

T →  is the period of the test voltage. The phase angle is expressed in degrees (°). 
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Average discharge current I 

Derived quantity and the sum of the absolute values of individual apparent charge magnitudes qi, 

during a chosen reference time interval Tref divided by this time interval: 

𝐼 =
1

𝑇𝑟𝑒𝑓

(|𝑞2| + |𝑞2| + ⋯+ |𝑞𝑖|) 

The average discharge current is generally expressed in coulombs per second (C/s) or in amperes (A). 

Discharge power P 

Derived quantity that is the average pulse power fed into the terminals of the test object due to 

apparent charge magnitudes qi during a chosen reference time interval Tref 

𝑃 =
1

𝑇𝑟𝑒𝑓

(𝑞1𝑢1 + 𝑞2𝑢2 + ⋯+ 𝑞𝑖𝑢𝑖) 

where u1, u2... ui are instantaneous values of the test voltage at the instants of occurrence ti 

of the individual apparent charge magnitudes qi. The sign of the individual values must be observed. 

The discharge power is generally expressed in watts (W). 

Background noise 

Signals detected during PD tests, which do not originate in the test object. 

Note: Background noise can be composed of either white noise in the measurement system, broadcast 

radio or other continuous or impulsive signals. 

Applied test voltages related to partial discharge pulse quantities 

As defined in IEC 60060-1. The following voltage levels are of particular interest 

Partial discharge inception voltage Ui  

Applied voltage at which repetitive partial discharges are first observed in the test object, when the 

voltage applied to the object is gradually increased from a lower value at which no partial discharges 

are observed. In practice, the inception voltage Ui is the lowest applied voltage at which the magnitude 

of a PD pulse quantity becomes equal to or exceeds a specified low value. 

Partial discharge extinction voltage Ue 

Applied voltage at which repetitive partial discharges cease to occur in the test object, when the 

voltage applied to the object is gradually decreased from a higher value at which PD pulse quantities 

are observed. In practice, the extinction voltage Ue is the lowest applied voltage at which the 

magnitude of a chosen PD pulse quantity becomes equal to, or less than, a specified low value.   

Partial discharge test voltage 

Specified voltage, applied in a specified partial discharge test procedure, during which the test object 

should not exhibit PD exceeding a specified partial discharge magnitude. 

Partial discharge measuring system 

System consisting of a coupling device, a transmission system and a measuring instrument. 
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Measuring system characteristics  

Transfer impedance Z(f) 

Ratio of the output voltage amplitude to a constant input current amplitude, as a function of frequency 

f, when the input is sinusoidal. 

Lower and upper limit frequencies f1 and f2 

Frequencies at which the transfer impedance Z(f) has fallen by 6 dB from the peak pass-band value. 

Midband fm frequency and bandwidth Δf  

For all kinds of measuring systems, the midband frequency is defined by: 

𝑓𝑚 =
𝑓1 + 𝑓2

2
 

and the bandwidth is defined by: 

∆𝑓 = 𝑓2  − 𝑓1 

Superposition error 

Caused by the overlapping of transient output pulse responses when the time interval between input 

current pulses is less than the duration of a single output response pulse. Superposition errors can be 

additive or subtractive depending on the pulse repetition rate of the input pulses. In practical circuits, 

both types will occur due to the random nature of the pulse repetition rate. However, since 

measurements are based on the largest repeatedly occurring PD magnitude, usually only the additive 

superposition errors will be measured 

Pulse resolution time Tr 

Shortest time interval between two consecutive input pulses of very short duration of same shape, 

polarity and charge magnitude for which the peak value of the resulting response will change by not 

more than 10% of that for a single pulse. The pulse resolution time is in general inversely proportional 

to the bandwidth ∆f of the measuring system. It is an indication of the measuring system's ability to 

resolve successive PD events. 

Integration error 

Error in apparent charge measurement which occurs when the upper frequency limit of the PD current 

pulse amplitude-spectrum is lower than 

• the upper cut-off frequency of a wideband measuring system; or  

• the mid-band frequency of a narrow band measuring system. 
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1.3.2 Electrical Method for Partial Discharge Measurement 

The electrical method for partial discharges detection is based on the fact that when a partial 

discharge occurs there is a charge movement which, through appropriate circuits, is free to circulate 

as a current pulse. This method is the most used because it reaches greater sensitivity than the non-

electrical one. The measurement instruments necessary for the determination of the apparent charge 

and the test circuits most commonly used for this purpose are presented below. In addition, all the 

specifications of these systems required by IEC 60270 [8] will also be reported. 

Measuring instruments for charge determination 

The apparent charge measurement is possible in various modes whose differences mainly depend 

on the bandwidth of the partial discharge measurement system. Before proceeding to the study of the 

measuring instruments, it is possible to analyse the waveform of the partial discharges and their 

frequency contents. The study of different types of samples found that PDs have a rise time of a few 

nano seconds, and the half-value time is a few tens of nano seconds. Instead, as for the partial 

discharges in oil, it has been seen how they have a rise time of around 1 microsecond and a time to 

the half-value of a few microseconds. 

Figure 1.15 and Figure 1.16 show, in a simplified way, the waveform of a pulse linked to a partial 

discharge, result of the overlapping of two exponential functions where T1 is the time in which the 

maximum value occurs imax and T2 is the time up to the half-value 𝑖𝑚𝑎𝑥 2⁄ . 

 

Figure 1.15. a) Ideal PD pulse: waveform shape i(t) 

where T1 is the time in which the maximum value 

occurs while T2 is the time up to the half-value  

Figure 1.16. b) Ideal PD pulse: Normalised spectrum 

density amplitude F(f)/F(0) where: 

1. 𝑻𝟏/𝑻𝟐 = 𝟏 𝝁𝒔/𝟓 𝝁𝒔, 

2. 𝑻𝟏/𝑻𝟐 = 𝟓 𝒏𝒔/𝟓𝟎 𝒏𝒔, 

3. 𝑻𝟏/𝑻𝟐 = 𝟓 𝒏𝒔/𝟏𝟓 𝒏𝒔. 

 

The charge transferred by the pulse can be obtained by calculating the area subtended by the curve 

in Figure 1.16 as: 

The partial discharge current pulse spectrum can be obtained following an analysis by Fourier. 

Figure 1.16 shows that the amplitude of the spectrum is approximately constant, up to a certain 

frequency, and equal to the value of the continuous component F(0). In addition, it can be said that 

𝑞 = ∫ 𝑖(𝑡)𝑑𝑡

∞

0

  
(1.26) 
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the shorter the pulse of the partial discharge and the higher the frequency content of the spectrum, the 

lower the value of the continuous component. 

By comparing the equation (1.26), with the current pulse spectrum equation it is possible to 

calculate:  

And, considering ω = 2πf = 0 

The equation (1.28) states that the charge q corresponds to the continuous component of the 

amplitude spectrum of the partial discharge pulse. Furthermore, considering the frequency range in 

which the spectrum is constant, the charge q is the same as the frequency spectrum of the amplitude 

density F(f): 

To determine the charge q, there are therefore basically two different relationships that can be 

used, the first according to equation (1.26) in the time domain, the second according to (1.29) in the 

frequency domain.  

Partial discharge measurement systems can therefore be classified on the basis of these two 

principles. The most commonly used equipment for PD measurement, because of its medium-low 

bandwidth, uses equation (1.29) by doing what is called frequency domain integration or quasi-

integration. On the other hand, in equipment with very wide bandwidths one has what is called 

integration into the time domain or simply integration. The differentiation therefore based on the 

bandwidth of the instruments in narrow and wide is made taking as reference the spectrum of the 

partial discharge. 

Frequency domain integration 

The bandwidth of charge measurement instruments based on this operating principle is smaller 

than the frequency range in which the PD pulse to be measured is constant in the amplitude density 

spectrum. These instruments, therefore, work on a small portion of the PD spectrum in which equation 

(1.29) is satisfied considering that 𝐹(𝑓) =  𝑐𝑜𝑠𝑡 = 𝑞. In order to describe the instrument basic 

operation, it is possible to consider an idealised measuring system with a lower and higher cutting 

frequency f1 and f2, respectively; the frequency at half bandwidth, also known as narrow-band system 

resonance frequency, is: 

And the bandwidth is  

If a Dirac pulse is applied to the input of the system (and by seeing then what will be the response 

to the pulse), at the output the signal will be: 

𝐹(𝜔) = 𝔉{𝑖(𝑡)} = ∫ 𝑖(𝑡)𝑒−𝑗𝜔𝑡𝑑𝑡

∞

−∞

  
(1.27) 

𝑞 = 𝐹(0)  
(1.28) 

𝑞 = 𝐹(0) = 𝐹(𝑓)  
(1.29) 

𝑓0 =
(𝑓1 + 𝑓2)

2
 

 
(1.30) 

∆𝑓 = 𝑓2  −  𝑓1  
(1.31) 
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Where the function si(x) = 𝑠𝑖𝑛(𝑥) 𝑥⁄  is the transient time and F(f0) is the amplitude of the Dirac 

pulse spectrum density amplitude at the resonance frequency value (1.30). The maximum value of 

the pulse response is  

The impulse response in accordance with equation (1.32) is then determined by the properties of 

the measurement system. 

These results, derived from the use of the Dirac pulse, can also be applied to the PD pulse. 

Following equation (1.29) F(𝑓0) = 𝑞, the maximum signal value at the PD pulse response is 

proportional to: 

Depending on the measurement system bandwidth, two characteristic responses can be identified 

below. 

Selectively wideband systems 

As an example of an ideal selectively wideband system with band limits of f1=10 kHz and 

f2=100 kHz, the response to an impulsive signal, calculated following the equation (1.32), is 

reported in the following figure. 

 

Figure 1.17. Pulse answer s(t) of an ideal selectively wideband system (f1=10 kHz, f2=100 kHz) [19]. 

 

As described above, the signal bandwidth is within the frequency range where the amplitude 

spectrum of the excitation pulse is constant; in this way, only a small portion of the PD spectrum is 

processed by the measurement system. The impulse response, shown in Figure 1.17, is seen as the 

overlapping of two oscillations limited by the frequencies f1 and f2. The maximum value, which is 

reached after the transient at instant t0, is determined by equation (1.33). After the measured peak 

value, the reading of the PD measurement system is in accordance with equation (1.34) and therefore 

proportional to the apparent charge q. In addition, the bandwidth determines the ability to discriminate 

between successive pulses, since overlapping between pulses must be avoided, but at the same time 

a too high a Δf causes the measuring system to detect more background noise. 

𝑠(𝑡) = 2𝐴0𝐹(𝑓0){𝑓2 𝑠𝑖[2𝜋𝑓2(𝑡 − 𝑡0)] − 𝑓1 𝑠𝑖[2𝜋𝑓1(𝑡 − 𝑡0)]} 
 

(1.32) 

𝑠𝑚𝑎𝑥 = 2𝐴0𝐹(𝑓0)∆𝑓  
(1.33) 

𝑠𝑚𝑎𝑥~F(𝑓0) = 𝑞  
(1.34) 
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The selectively wideband measuring system allows, however, to distinguish the polarity of the 

pulse of the PD, useful information for the purpose of the measure itself [19]. 

Narrow-band systems 

By reducing the bandwidth of the measurement system, the signal response changes significantly: 

it tends to widen and at the same time reduces the amplitude of the oscillation. In order to determine 

that, equation (1.32) and (1.33) are used and an example is given in Figure 1.18 considering the value 

of the resonance frequency f0 equal to 100 kHz and a bandwidth Δf equal to 9 kHz. 

 

Figure 1.18. Pulse answer s(t) of an ideal narrow-band system (f0 = 100 kHz, Δf = 9 kHz) [19]. 

The advantage of this measurement system lies in the fact that having a smaller bandwidth than 

the previous system, it captures less ambient noise. However, this means that the polarity of the PD 

pulse cannot be discriminated against [19]. 

Time domain integration 

It is known even as very large wideband measuring systems. In order to determine the apparent 

charge q, the waveform of the PD pulse is integrated according to equation (1.26). The bandwidth 

appears to be much larger than 1 MHz, around hundreds of MHz, because it is necessary that the 

pulse due to the PD does not suffer distortion in order to integrate properly. Because of these 

characteristics, there are few instruments capable of using this principle and therefore this system is 

not very common. As an example, a calculated waveform of an ideal PD pulse in a purely resistive 

measuring circuit (with a measuring resistance of 50 Ω) represented by curve 1 is shown in Figure 

1.19, the result of the same pulse but after the distortion of an oscillatory circuit (curve 2), and after 

a capacitive damping circuit (curve 3). 
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Figure 1.19. Qualitative example of charge invariance for various measurement system behaviours with 

the time domain integration. 1 - original pulse; 2 - distorted pulse due to an oscillatory circuit; 3 - 

distorted pulse due to a damped capacitive circuit [19]. 

The integration of these three pulses always provides the same charge despite being influenced by 

the measurement system, although a negative overlap may be necessary as in the case of curve 2. 

In summary, the various types of PD charge measurement systems are classified in the following 

figure where the bandwidth values are approximate [19]. 

 

Figure 1.20. Classification of apparent charge measurement systems q of partial discharges [19]. 

The degree of freedom, which allows to choose the bandwidth and frequency limits of the 

measurement system, is the measurement impedance, that is a four-terminal coupling device whose 

purpose is to couple the partial discharge pulse from the high voltage circuit to the meter. Depending 

on the conformation of this impedance, one of the three measurement systems can be used to 

determine the charge of partial discharges previously seen.  

Typically, the measuring impedance, in the case of a measurement system that performs quasi-

integration, is composed of a capacitive resistive circuit (capacitive damped) or an oscillatory circuit 

of type RLC, while, in the case of integration, it consists of a resistance typically of the value of 50 

Ω perfectly tuned with the entire measurement system. This measurement impedance is an integral 

part of the test circuits that will be exposed later. 

The considerations just made on measuring systems, which are intended to determine the apparent 

charge of the PD, are also addressed by IEC 60270. The essential points are set out below. 
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Partial Discharges measurement systems according to the IEC 60270 standard 

According to the standard, partial discharge measures must consider the apparent charge as a 

quantity to be measured wherever possible. Partial discharge measurement systems can be divided 

into several subsystems: coupling device, transmission system (e.g., connection cable or optical 

connection) and measuring instrument. In general, the transmission system does not contribute to the 

characteristics of the circuit and is therefore not taken into account. The coupling device is specifically 

designed to achieve optimal sensitivity with a specific test circuit. Different coupling devices with a 

single measuring instrument may be used. The coupling device generally consists of an active or 

passive network with four terminals (quadripole) and converts the input currents into output voltage 

signals. These signals shall be transmitted to the measuring instrument by means of a transmission 

system. The frequency response of the coupling device, defined by the ratio of output voltage to input 

current, is generally chosen to effectively prevent the test voltage frequency and its harmonics from 

reaching the measuring instrument.  

A partial discharge measuring instrument compliant to the IEC 60270 standard has a response like 

a voltage pulse with a crest value proportional to the input pulse charge (unipolar) assuming that the 

frequency spectrum amplitude of the input pulses is constant within at least the bandwidth Δf of the 

measurement system Figure 1.21 [8]. 

 

Figure 1.21. [8] A – Bandwidth of the measurement system 

   B – PD pulse frequency spectrum amplitude 

   C – Calibrator PD pulse frequency spectrum amplitude 

Since the shape, duration and crest value of this output pulse are determined by the measurement 

system transfer impedance Z(f), the shape and duration of the output pulse may be completely 

different from those of the input signal. 

Moreover, the standard particularly recommends that an indicating instrument or recorder should 

be used to quantify the largest repeatedly occurring PD magnitude. The response of the system to a 

pulse train consisting of equally large equidistant pulses q0 with a known pulse repetition frequency 

N, shall be such that the reading R of the instrument indicates magnitudes as given in the following 

table [8].  

Table 2. Pulse train response of PD instruments [8] 
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A. Wide-band PD instruments 

In combination with the coupling device, this type of instrument constitutes a wide-band PD 

measuring system which is characterized by a transfer impedance Z(f) having fixed values of the 

lower and upper limit frequencies f1 and f2, and adequate attenuation below f1 and above f2. 

Recommended values for f1, f2 and ∆f are: 

30 𝑘𝐻𝑧 ≤ 𝑓1 ≤ 100 𝑘𝐻𝑧 

𝑓2 ≤ 500 𝑘𝐻𝑧 

100 𝑘𝐻𝑧 ≤ ∆𝑓 ≤ 400 𝑘𝐻𝑧 

The response of these instruments to a (non-oscillating) partial discharge current pulse is in general 

a well-damped oscillation. Both the apparent charge q and polarity of the PD current pulse can be 

determined from this response. The pulse resolution time Tr is small and is typically 5 µs to 20 µs 

[8]. The signals produced by this type of instrumentation can be displayed or recorded. Through the 

visualization it is possible to make some considerations about the visualized pulses, as for example 

to determine if the resolution time of the instrument is such as to avoid overlapping errors. 

Wide-band PD measurement systems can be associated with an active type integrator that allows 

the signal to be integrated through a network with its own time constant due to the resistive and 

capacitive elements that make up the network. The signal that is possible to detect is a voltage signal 

that increases with the instantaneous sum of the charge, and therefore the signal obtained at the output 

is proportional to the total charge if the time constant of the integrator is much higher than the duration 

of the pulse of the partial discharge. 

 

Figure 1.22. Typical PD pulse shape detected by a wide-band PD measurement system IEC 60270 

standard compliant 

 

Figure 1.23. [8] Output voltage signals Uout of two different PD measuring systems for apparent charge 

(double pulse) with ∆f = 45…440kHz, short-duration input pulse 
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B. Narrow-band PD instruments 

These instruments are characterized by a small bandwidth Δf and a midband frequency fm, which 

can be varied over a wide frequency range, where the amplitude frequency spectrum of the PD current 

pulse is approximately constant. Recommended values for Δf and fm are:  

9 𝑘𝐻𝑧 ≤ ∆𝑓 ≤ 30 𝑘𝐻𝑧 

50 𝑘𝐻𝑧 ≤ 𝑓𝑚 ≤ 1 𝑀𝐻𝑧 

It is further recommended that the transfer impedance Z(f) at frequencies of fm ± Δf should be 20 

dB below the peak pass-band value. The response of these instruments to a partial discharge current 

pulse is a transient oscillation with the positive and negative peak values of its envelope proportional 

to the apparent charge, independent of the polarity of this charge. The pulse resolution time Tr will 

be large, typically above 80 µs [8]. 

 

Figure 1.24. [8] Output voltage signals Uout of two different PD measuring systems for apparent charge 

(double pulse) with ∆f = 10 kHz; fm = 75 kHz 

Test Circuit 

With regard to the test circuits, it can be said that being the amplitude of the charge that is intended 

to be detected in the order of pico Coulomb (pC), and since generally they are objects with capacities 

of a few nano Farad (nF), the voltage variations to be measured may not exceed tens of micro Volt 

(μV). 

During a partial discharge test in addition to the above-mentioned signals, disturbances, caused by 

electromagnetic background noise or by the presence of harmonics in the supply voltage may occur. 

It follows that the first objective of a partial discharge detection system is to suppress such 

interference and to achieve adequate sensitivity. 

Each test circuit for the measurement of partial discharges can be represented schematically as in 

Figure 1.25 below. 

 

Figure 1.25. Block schematic representation of the transfer function for partial discharges 
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As already mentioned before, the charge actually transferred within the PD site is not accessible 

for measurements. In Figure 1.25, qi is this real charge while the apparent charge, indicated by q, is 

that which is at the terminals of the sample and which is measured. Only a part of the apparent charge 

(indicated by 𝑞 𝐾𝑐⁄ ) reaches the instruments as part of the charge is lost through leaks both in the test 

circuit (shown in Figure 1.25 with block 2) and in the measurement set-up where there are the actual 

measuring instruments (block 3 in Figure 1.25). The Kc scale ratio will then be determined during 

calibration and precisely for this function, the calibration pulses of a known charge q0 are sent to the 

sample terminals by the generator 4. This way, these calibrating pulses reach the measuring 

instruments following the same path as the partial discharges and are therefore influenced by the 

characteristics of the path in the same way as the PDs. 

Within IEC 60270 it is highlighted that most of the circuits used for partial discharge 

measurements can be derived from any of the base circuits given below 

Each of them consists mainly of: 

• A test object, typically identified as Device Under Test (DUT) which can generally be 

regarded as a Ca capacitance. 

• A coupling capacitor Ck which should be designed with low inductance, or a second device 

under test, Ca1, which should be similar to the DUT Ca.  

Ck or Ca1 should have a sufficiently low level of partial discharge at the specified test 

voltage to allow the specified amplitude of partial discharge to be measured. A higher level 

of partial discharge may be tolerated if the measurement system is able to distinguish the 

discharges from the test object and the coupling capacitor and measure them separately. 

• A measuring system with its input impedance (and sometimes a second input impedance for 

balanced circuit configurations). 

• A high voltage power source with a sufficiently low background noise level to allow the 

specified amplitude of partial discharges to be measured at the specified test voltage. 

• High voltage connections, with a sufficiently low background noise level to allow 

measurement of the specified amplitude of partial discharges at the specified test voltage. 

• An impedance or filter that can be introduced on the high voltage side, in order to reduce 

background noise from the power source. 

The main test circuits that the standard highlights considering the following components are now 

reported. 

 

U High-voltage supply 

Zmi Input impedance of measuring 

system 

CC Connecting cable 

Ca Test object 

Ck Coupling capacitor 

CD Coupling device 

MI Measuring instrument 

Z Filter. 

Figure 1.26. Basic PD test circuits - Coupling device CD in series with the coupling capacitor 
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U High-voltage supply 

Zmi Input impedance of measuring 

system 

CC Connecting cable 

Ca Test object 

Ck Coupling capacitor 

CD Coupling device 

MI Measuring instrument 

Z Filter. 

Figure 1.27. Basic PD test circuits - Coupling device CD in series with the test object 

 

U High-voltage supply 

Zmi Input impedance of measuring 

system 

CC Connecting cable 

Ca Test object 

Ck Coupling capacitor 

CD Coupling device 

MI Measuring instrument 

Z Filter. 

Figure 1.28. Basic PD test circuits – Polarity discrimination circuit arrangement. It adopts two measuring 

impedances connected to a single meter that from the comparison of the signals is able to establish the polarity of 

the apparent current. The circuit, moreover, allows to reduce strongly the influence due to noises and disturbances 

of external origin to the measuring circuit. 

 

U High-voltage supply 

Zmi Input impedance of measuring 

system 

CC Connecting cable 

Ca Test object 

Ck Coupling capacitor 

CD Coupling device 

MI Measuring instrument 

Z Filter. 

Figure 1.29. Basic PD test circuits – Test circuit for measurement at a tapping od a bushing. This circuit is used in 

transformers equipped with a capacitive insulator if there is no suitable coupling capacity or the voltage is 

particularly high. Note that for such couplings the capacity Ck assumes extremely small values, of the order of 

hundreds of picofarads. 
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U High-voltage supply 

Zmi Input impedance of measuring 

system 

CC Connecting cable 

Ca Test object 

Ck Coupling capacitor 

CD Coupling device 

MI Measuring instrument 

Z Filter. 

 

Figure 1.30. Basic PD test circuits – Test circuit for measuring self-excited test objects 

The most implemented test circuits are those presented in Figure 1.26 and in Figure 1.27. 

For both of these circuits, Zmi is the measuring impedance at which the suitably amplified and 

filtered signal of the industrial frequency component is evaluated and then sent to the measuring block 

MI.  

Z is the generator impedance that is a low pass filter that therefore has low impedance at 50 Hz 

and a high impedance at high frequencies typical of partial discharges. In practice, it decouples the 

circuit from the generator when the discharge is triggered in the test object and allows to filter the 

noise from the power supply. 

The presence of coupling capacitor is necessary since it represents a low impedance for the high 

frequency components: in this way the major part of the PD signals flows through this component. It 

is important that this measurement circuit, especially the coupling capacitor, is free from partial 

discharge up to the maximum value of the test voltage.  

Zmi may be connected in series at the coupling capacitor or in series at the device under test. The 

first solution is suitable if the test object is required to operate at a potential ground point, or if a full 

discharge of the test object is very likely, which could then damage the measuring impedance and the 

downstream detection instruments, causing even a dangerous situation for the operator. 

In the first solution proposed with Zmi in series at the coupling capacitor, the discharge current 

passing through the device under test does not directly affect the measuring impedance Zmi so the 

measurement sensitivity is lower than the previous one. Despite this objective point in favour of the 

second solution is often preferred the first one because it allows to act with a greater degree of safety: 

it avoids the possibility that a total breakdown of the device under test, causes an overvoltage to the 

downstream measurement system causing damage to people and objects. 

In general, the measuring impedance Zmi consists of a resistor and a capacitor in parallel, or a 

parallel RLC oscillating circuit. 

Partial Discharges measurement systems calibration 

In the previous paragraphs it was introduced how the measurement of partial discharges leads to 

the knowledge of what has been defined as apparent charge since it is impossible directly measure 

the real charge transferred by the PD impulse. To determine the value of the apparent charge to be 

associated with the voltage variation at the points of the measuring impedance, it is necessary to carry 
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out a system calibration procedure, typically called calibration. This procedure is described in IEC 

60270 [8] and the main parts are reported below. 

The object of calibration is to verify that the measuring system will be able to measure the specified 

PD magnitude correctly. The calibration of a measuring system in the complete test circuit is made 

to determine the scale factor k for the measurement of the apparent charge. As the capacitance Ca of 

the test object affects the circuit characteristics, calibration shall be made with each new test object, 

unless tests are made on a series of similar objects with capacitance values within ±10% of the mean 

values. The calibration of a measuring system in the complete test circuit, is carried out by injecting 

short-duration current pulses of known charge magnitude q0, into the terminals of the test object (see 

Figure 1.31 and Figure 1.32). The value of q0 shall be taken as the result of the performance test on 

the calibrator [8]. 

Calibration procedure 

Calibration of measuring systems intended for the measurement of apparent charge q, should be 

made by injecting current pulses by means of a calibrator, across the terminals of the test object, as 

shown in Figure 1.31 and in Figure 1.32. The calibration should be performed at one magnitude in 

the relevant range of the magnitudes expected, to assure good accuracy for the specified PD 

magnitude. The relevant range of magnitude should be, without any other specifications, should from 

50% to 200% of the specified PD magnitude. As the capacitor C0 of a calibrator is often a low-voltage 

capacitor, the calibration of the complete test arrangement is performed with the test object de-

energized. For the calibration to remain valid, the calibration capacitor C0 should not be larger than 

0,1 Ca. If the requirements for the calibrator are met, the calibration pulse is then equivalent to a 

single-event discharge magnitude q0 = U0 C0. Consequently, C0 must be removed before energizing 

the test circuit. If, however, C0 is of high-voltage type, and has a sufficiently low level of background 

noise to allow the specified PD level to be measured at the specified test voltage, it can remain 

connected in the test circuit. 

In case of tall objects of several metres in height, the injection capacitor C0 should be located close 

to the high-voltage terminal of the test object as the stray capacitance Cs could cause unacceptable 

errors. The connection cable between the step voltage generator and capacitor C0 should be shielded 

and be equipped with appropriate termination to avoid distortion of the voltage step [8]. 

 

U High-voltage supply 

G Step voltage generator 

C0  Calibration capacitance 

Zmi Input impedance of measuring 

system 

CC Connecting cable 

Ca Test object 

Ck Coupling capacitor 

CD Coupling device 

MI Measuring instrument 

Z Filter. 

Figure 1.31. Connections for the calibration of the complete test arrangement – Coupling device in series with 

the coupling capacitor 
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U High-voltage supply 

G Step voltage generator 

C0  Calibration capacitance 

Zmi Input impedance of measuring 

system 

CC Connecting cable 

Ca Test object 

Ck Coupling capacitor 

CD Coupling device 

MI Measuring instrument 

Z Filter. 

Figure 1.32. Connections for the calibration of the complete test arrangement – Coupling device in series with 

the test object 

Calibrators 

To conclude this summary on the IEC 60270 standard, the calibrators characteristics are here 

reported.  

The current pulses are generally derived from a calibrator that comprises a generator producing 

step voltage pulses of amplitude U0 in series with a capacitor C0, so that the calibration pulses are 

repetitive charges each of magnitude. 

𝑞0 = 𝑈0𝐶0 

In practice, it is not possible to produce ideal step voltage pulses. Though other wave-forms having 

slower rise times tr (10% to 90% of peak value) and finite decay times td (90% to 10% of peak value) 

can inject essentially the same amount of charge, the responses of different measuring systems or test 

circuits can differ due to the integration error caused by the increased duration of such calibration 

current pulses. The voltage pulses of the generator shall have a rise time tr of less than 60 ns. 

Calibration pulses can be generated either as a series of voltage pulses (unipolar or bipolar) being 

characterized by a fast rise time (as defined above) and with a slow decay time, or as a rectangular 

pulse train which is effectively differentiated by the calibration capacitor C0. For the first case, the 

decay time td of the voltage pulses shall be large compared with 1/f1 of the measuring system. For 

the second case, the voltage U0 should not change by more than 5% for the time interval between 

pulses. For both cases, the time interval between pulses should be longer than the pulse resolution 

time. For bipolar systems, the magnitude of both polarity pulses should have the same magnitude to 

within 5% or the injection of current pulses into test objects with distributed electrical elements, such 

as gas insulated switchgear, C0 may consist of a known capacitance between the high-voltage 

conductor and the sensor electrode connected to the calibration voltage source [8]. 

Calibrators can provide either unipolar or bipolar current pulses. The pulse repetition frequency N 

may be either fixed (for example, twice the frequency of the test voltage), or variable (provided that 

the interval between pulses exceeds the pulse resolution time). Such calibrators are applicable for the 

calibration of a measuring system in the complete test circuit to determine the scale factor of the PD 

measuring system [8]. 
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1.3.3 Non-Electrical method for Partial Discharge Measurement  

The partial discharges, as a result of the discharge itself, produce numerous physical phenomena 

whose detection can be used for the identification of  the PD activity. The principals of these physical 

phenomena were listed at the beginning of paragraph 1.3. Depending on these effects, non-electrical 

partial discharge measurement systems have been developed, which have demonstrated to be very 

effective with regard to a qualitative measure, while demonstrating limits for a quantitative measure. 

However, it is important to point out that the PD measurement systems based on non-electrical 

methods can be installed without any invasive procedures for the electrical equipment. This facts 

plays an important role considering online PD activity monitoring.  

The following are some of the most used techniques with the exception of the Transient Earth 

Voltage (TEV), and High Frequency Current Transformer (HFCT) which will be widely analysed in 

a separate chapter.  

Acoustic Method 

Partial discharges generate pressure pulses that may fall within the range of frequencies audible 

by the human ear (20 Hz - 20 kHz). They can be detected only if they occur in the air or if the 

attenuation of the interposed material is contained. They are audible, in particularly silent 

environments, discharges of intensity greater than 50 pC, while in normal environments, it is possible 

to detect discharges greater than 80-120 pC. With respect to frequencies out of in the field of human 

hearing, phonometers working in the field of ultrasound (30 - 50 kHz) may be used and the detected 

signals can be converted into the audible field or recorded with a sensitivity that can reach some pC 

in air. There are different types of instruments depending on whether you want to identify the location 

of the site where the partial discharges take place (directional microphones) or if you want to 

understand whether a particular equipment is subject to the action of these (wide range microphones). 

Acoustic emission technology is considered to be effective for non-destructive testing and material 

evaluation [18]. Usually, a narrow band of about 30~50Hz is chosen, in which noise is less and 

unimportant. Excellent results were obtained by detecting ultrasound [20], [21]. The most important 

part of this method is the integrated pre-amplified sensor [22]. 

 

Figure 1.33. Example of ultrasonic relief of partial discharges with a wide range microphone and with a 

directional one. 

Considering solid insulations with a low thickness, these systems are very useful for determining 

the position of partial discharges (for example on cables). It is possible to conclude that instruments 

based on the acoustic method are very effective in locating partial discharges of medium-high 

intensity and if located in the vicinity of the dielectric surface. 

Optic Method 

Partial discharges, surface PDs or PDs in air, emit an amount of light in the field of the visible, in 

the infrared and ultraviolet. Those visible to the human eye are of an intensity of the order of 500 - 

1000 pC and can be perceived after phase of physical adaptation of about a fifteen minutes in a 

completely dark room. The limits of the human eye and the fact that the impulses linked to the 
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discharges are extremely fast, can be overcome using appropriate tools supplements such as 

photographic films with high sensitivity. This solution allows to obtain sensitivity of the order of 1 

pC and with resolutions of a few millimetres. However, as integration instruments, it is difficult to 

discriminate against phenomena that are frequent over time because they are overlapping. 

The most common optical methods are mainly based on two PD characteristics: 

electroluminescence (EL), and light emission caused by PD [3]. Since electroluminescence happens 

before the insulation degrades, it is a powerful technique to detect degradation before electrical 

treeing. It has been employed successfully in some practical cases [23], [24]. As EL is just an energy 

discharge before treeing and PD, it does not cause erosion in insulation. The degradation can be 

stopped before the insulation breakdowns. Different from electroluminescence, light emission implies 

the initiation processes which may lead to PD cavity and trees [25]. In the measurement of light 

emission, the parameters that are often used are: luminous quantity, length [26], [27], intensity [28], 

area growth [29], radial extent [30], and fractal dimension [31], [3]. 

 

Figure 1.34. Partial discharge locator on an electric cable head by optical methods. 

For signals with extremely low intensity (0.05 - 0.005 pC), photomultipliers can be used as they 

allow partial discharges to be located with extreme precision. However, such instruments are limited 

by the fact that they can detect only external partial discharges and therefore they are difficult to use 

in real cases where there is a need to also detect the presence of internal discharges to the dielectric. 

Dissolved gases Method 

This method of partial discharge detection is performed in all those components in which the 

insulation system has its part in the liquid state; this is the case of insulating oils. A classic example 

of an oil-based insulation system is that used in power transformers, which are insulated with paper 

and oil. In this case, the analysis of the gases dissolved in the oil turns out to be one of the most 

effective diagnostic means in order to evaluate the state of the component under examination.  

The main causes of gas formation within an oil are caused by: 

• Hot spots that cause thermal oil decomposition. 

• Electric arc or partial discharges causing an increase in temperature but not too high in 

intensity. 

The gases that come to form can also derive from conditions of normal operation of the component 

at the normal operating temperature which, however, can lead to the initiation of phenomena that lead 

to possible anomalies. 

The presence of partial discharges in an insulating oil, being a phenomenon with low energy 

content, involves the splitting of weak bonds C-H where hydrogen is the main product of this reaction. 

The test which is conducted to analyse these dissolved gases is known as dissolved gas analysis Test 

[32]. The dissolved gases commonly detected are hydrogen (H2), methane (CH4), acetylene (C2H2), 

ethylene (C2H4), ethane (C2H6), carbon monoxide (CO) and carbon dioxide (CO2). They are 
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quantified in extremely low level in parts per million (ppm). Their values vary from a few ppm to 

thousands of ppm [33], [3]. 

Electromagnetic Method 

The partial discharge, being characterized by an extremely rapid displacement of charges with the 

consequent conduction current, emits electromagnetic waves that propagate in the surrounding 

environment. The characteristics of the electromagnetic pulses emitted depend on the waveform of 

the current pulse of the PD itself.  

Methods of measuring electromagnetic waves for PDs may use an antenna to detect waves that 

propagate and then radiate through conductors or apertures (joints, gaskets, etc.) to the outside of the 

apparatus. This method uses antennas with an UHF bandwidth (300 MHz - several GHz) and the 

difficulty is to try to isolate as much as possible ambient noise. Typically, these are placed near the 

external carcass of the electrical equipment. Considering the frequencies of the signals involved, it 

can be seen how this measure is carried out in a near field condition. 

The measurement of partial discharges based on the detection of radiated signals is however very 

influenced by the type of discharge. In fact, in presence of surface PDs, the signal that is radiated 

propagates immediately through the surrounding air as an electromagnetic wave. Conversely, in the 

case of partial internal PDs, the electromagnetic wave initially spreads inside the dielectric itself, thus 

undergoing a strong attenuation leading to sensitivity problems. 

  

Figure 1.35. Example of Log periodical antennas for PD measurement 

    

Figure 1.36. Solbox: instrument, installation on wind generator, antenna detail designed and patented by  

Diasol S.r.l. 

Another method that is used whenever the equipment subject to the activity of the PD is inside a 

metal casing connected to the ground, such as in the case of GIS systems or medium and high voltage 

switchgears, is based on the principle known as Transient Earth Voltage which will be analysed and 

deepened in the following chapters. This principle allows to use capacitive sensors to be placed on 

the metal wall of the box that contains the equipment to detect partial discharges.   
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1.3.4 Digital Measurement of Partial discharge  

The digital measurement of partial discharges allows to obtain more information than an analogue 

measurement. The latter is carried out by analysing the waveforms that occur on an oscilloscope 

connected downstream of the measurement impedance. Digital measurement, on the other hand, 

allows to acquire data for a time that can be set by the operator, thus creating a statistical sample with 

a large population depending on the acquisition time set. These instruments, placed downstream of 

the measuring impedance, are typically composed of a part dedicated to the hardware conditioning of 

the signal through appropriate filters, preamplifiers and amplifiers, and a software on a PC that is a 

necessary part to manage the acquired data.  

Once the statistical sample has been obtained, it is possible to analyse the different distributions 

that can be obtained by relating, for example, the amplitude of the PD to the number of occurrences, 

the occurrence phase to the charge of the PD itself, the phase to the number. From these distributions 

it is possible to get all the statistical indices, such as mean, standard deviation, Skewness and Kurtosis, 

which can then be studied in order to understand the state of the system under study.  

However, the digital measurement technique also allows to obtain a three-dimensional graph 

where the PD activity itself is represented relative to the 360 degrees of the alternating waveform 

reference, known as Phase Resolved Partial Discharge (PRPD) Pattern. The PD pattern can be 

represented either with a three-dimensional graph or with a two-dimensional chromatic graph; below, 

in Figure 1.37 are given as an example both representations. 

 

   

Figure 1.37. PD Pattern representation: on the left a 2D graph; on the right a 3D one 

 

In practical experience, the most used representation is the two-dimensional chromatic one, as it 

is easier to distinguish the different forms. Considering this representation, it is possible to find on 

the x-axis the PD occurrence phase in relationship with the reference voltage supply. On the y-axis, 

instead, it is possible to find the amplitude of the discharges and a chromatic scale that identifies the 

number of occurrence. 

The PD pattern shape depends on the type of defect that causes the partial discharges; analysing 

therefore such graphs, an expert user or artificial intelligence algorithms [34] are able to identify the 

problem that characterizes the object subjected to the measure of the PD. Below are some examples 

of PD pattern linked to a specific defect. 
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Corona PDs with the tip connected to 

the high voltage 

Corona PDs  with the tip connected 

to the ground 

Corona Discharge with the tip 

attached to an insulating surface 

Figure 1.38. PD Pattern of specific defect examples 

 

   

Electrical treeing Surface PDs Tangential surface PDs 

Figure 1.39. PD Pattern of specific defect examples 

 

   

Void Multiple voids Delamination 

Figure 1.40. PD Pattern of specific defect examples 
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2 Transient Earth Voltage  

The aim of this part of the thesis is to test and validate a PD measurement system based on non-

invasive sensors optimized for the implementation on medium voltage switchgear. The Partial 

Discharge  measurement on electrical equipment closed inside a metal box represents a far more 

complex and intricate task than that on other equipment such as cables [9]. Moreover, electric 

shutdown of HV equipment is often required in traditional methods such as coupling capacitor 

method to improve the detection sensitivity. For the UHF method, the PD sensors are often mounted 

inside the metallic enclosure to achieve high signal to noise ratios (SNR). However, for operational 

switchgears and transformers without such UHF sensors, arranging a shutdown specifically to fit 

internal couplers rarely can be justified [35]. Thus, the transient earth voltage (TEV) method with 

non-intrusive sensors which are easy to install and have no interruptions of operation are becoming 

more and more popular for devices which are not suitable to shutdown [3]. 

The goal of this investigation is to study, design, realize, optimize and test a PD measurement 

system based on TEV sensors. In the following paragraphs, an overview of the most important steps 

and results obtained is presented.  

In particular, a simplified analysis on the TEV theory is reported in order to introduce the first 

analysis performed on three TEV sensor prototypes built. Different laboratory tests are shown in order 

to have experimental results that can describe the TEV sensor behaviour by changing its geometrical 

dimensions.  

A first preliminary industrial application, performed on a medium voltage switchgear, is reported. 

The collected results confirm that a TEV sensor can be implemented in a PD measurement system 

since it can give comparable results to those obtained from a standard compliant one.  

Starting from these results, the optimization of the entire PD measurement system is shown with 

the definitive TEV sensor constructed with some laboratory tests performed to identify the best 

circuital system configuration.  

To conclude this work, a second industrial application is presented where a comparison between 

the TEV-based PD measurement system and an IEC 60270 standard compliant one was performed. 

This comparison has shown how an optimized PD measurement system based on a TEV sensor 

can give comparable results to those obtained from a standard compliant one even in industrial 

application. The advantage of the implementation of this measurement system is that a non-invasive 

installation, for the electrical component, is necessary with costs benefits and security for the operator.  
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2.1 Theory and Design of TEV sensors 

In 1974 Dr. John Reeves introduced a phenomenon related to the transient currents that are created 

on a metal surface box, containing an electrical equipment subjected to the PDs, naming it as 

Transient Earth Voltage [3]. Many aspects of this principle are still being developed so, the 

investigation here presented, has been carried out.  

2.1.1 Principles of the TEV-based method 

When a partial discharge occurs, it emits electromagnetic waves that propagate in the surrounding 

medium. In most cases, electrical devices are enclosed in a metal casing, connected to the ground, to 

ensure the safety of people who interact with the equipment itself. 

If one considers a continuous metal box, without openings and isolated from the ground, the 

electromagnetic waves caused by the PDs are shielded by it, preventing its propagation to the outside 

and inducing currents that tend to dissipate on the internal surface itself. In this case, a large part of 

the electromagnetic (EM) waves produced by PDs conducts away by the surrounding metal work and 

a small proportion radiates onto the inner surface of the casing [36]. 

However, in real application, there are no metal boxes perfectly sealed since there are some 

discontinuities, like gasket, insulator and flange junction, which would let those EM waves leak out 

from the shielding enclosure and then pass across the external surface of the metal cladding to the 

earth [37] as current pulses. These series of current pulses, passing on the metal wall, which is 

characterized by its impedance, generate transient voltages related to the impulse of partial 

discharges. These transient signals have been called Transient Earth Voltage and can be picked up 

using capacitive sensors. Figure 2.1 shows a representation of the phenomenon just described. 

 

 

Figure 2.1. Illustration of the TEV phenomenon [3] 

 

The analysis of the TEV signal generated from a PD is under development. Here a simplified 

theory, discussed and reported in [3], is presented and summarized.  
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To investigate the TEV signal characteristics, a metal enclosure is modelled as shown in Figure 

2.2. 

 

Figure 2.2. Illustration of PD model inside a metallic enclosure: on the left the PD that occurs inside the metal 

box and on the right a magnified area of the frontal surface [3] 

It is a metal box with the coordinate origin at the centre of the front wall external surface where a 

small opening, filled with dielectric material, is presented. It has been assumed that a PD charge 

source is placed in the centre of the box with (0,0, a) coordinate and the wall has a thickness of b. 

Accordingly, the centre of dielectric opening is (x, y, b) on the inner side, and (x, y, 0) on the external 

side. The distance between the point (x, y, z) and the z-axis is ρ (𝜌 = √𝑥2 + 𝑦2) while the distance 

between the point (x, y, z) and the PD charge is r (𝑟 = √𝑥2 + 𝑦2 + (𝑧 − 𝑎)2). The electric potential 

Vd on the outer surface of the front wall can be calculated if the current of PD and the dimension of 

box are given. It is important to point out that the exact modelling of the original TEV signal Vd is a 

complex and tough procedure since many factors, like the PD charges amount, the induced charges 

on all the other walls, the thickness of the dielectric opening, and other factors, influence the 

phenomenon. For this reason, some assumptions have been introduced to model the potential Vd at 

the detecting point.  

The first assumption is that the induced charges on the other walls are so small that they can be 

ignored in calculation. When a changing magnetic field is present near a conductor, an electric current 

is produced [38]. In a time-varying electromagnetic field, a displacement current is added to keep the 

Ampere’s Law valid. At higher frequencies, the two terms are comparable and Jd cannot be ignored. 

At low frequencies, Jd is usually neglected compared with J. In a TEV-based measurement, the 

frequency response range is much lower than that of UHF sensors. Further, the PD energy decreases 

with the increase of frequencies in the popular damped exponential PD model. Since only an 

approximate model of TEV signal is calculated, the influences from displacement current are ignored 

here. Therefore, at the point (x’, y’, z’) on the metal walls except front walls, its magnetic field H 

caused by PD current IPD is 

where 𝑟′ = √𝑥′2 + 𝑦′2 + (𝑧′ − 𝑎)2, a is the unit vector along r’. Hence, the induced current 

density K on the metal wall which is a good conductor should be  

where an is the unit vector along normal direction of metal walls. Such induced current produces 

a magnetic field Hind at the centre of inner side of dielectric opening (x, y, b). It equals 

𝐻 = ∫
𝐼𝑃𝐷𝑑𝒍 ×  𝒂𝑟

4 𝜋 𝒓′2
𝐿

  
(2.1) 

𝑲 = 𝒂𝑛  ×  𝑯  
(2.2) 
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However, the metal enclosures in practical use often have large sizes which suggest large r’ and r – r’.  

If the energy loss during radiation is also considered, the influence from induced charges is quite 

small and could be neglected. Therefore, for an easier calculation, only the effect from PD charge is 

considered. Consequently, the potential Vin induced on the inner side of the dielectric opening should 

be 

where 𝑟2 = 𝜌2 + (𝑎 − 𝑏)2  = 𝑥2 + 𝑦2 + (𝑎 − 𝑏)2. 

The second assumption consists on the observation that the thickness of dielectric opening is 

extremely small so that the differences between the inner and outer sides of dielectrics can be ignored. 

According to the boundary condition of dynamic electromagnetic theory, the electric field Ein on the 

insulation-side surface of dielectric opening and Edie on the other side are different: 

where εin and εdie are the permittivity of insulation and dielectrics, respectively. It is clear that the 

electric field Ein at (x, y, b) is not equal to Edie at (x, y, 0). Accordingly, the potential Vout at the external 

surface of dielectric opening is not equal to Vin if the thickness b of metal wall is non-zero. However, 

in practical test, the thickness of dielectric plate is only several millimeters, which is quite small if 

compared to the distance r which is in the order of meters. Therefore, if we assume that the thickness 

is extremely small b → 0 and the vertical distance from PD source to dielectric opening is far larger 

than the thickness of dielectrics a >> b, the differences between Vin and Vout will be negligible so that 

Vin ≈ Vout. Thus, 

Furthermore, according to the Maxwell’s equations, the following equation will hold when the PD 

charge is contained in the closed surface of enclosure. 

Therefore, the potential can be written as 

The PD current is generally modelled by an exponential signal 𝐼𝑃𝐷 = 𝐼0(𝑒
−𝑡 𝛽⁄ − 𝑒−𝑡 𝛼⁄ ) where α and 

β are the rise and decrease time respectively, the potential of TEV in (2.8) can be written as 

𝑯𝑖𝑛𝑑 = ∫
𝑲𝑑𝑺 × 𝒂𝑟−𝑟′

4 𝜋 (𝒓 − 𝒓′)2
𝑆

  
(2.3) 

𝑉𝑖𝑛 =
𝑄𝑃𝐷

4 𝜋 𝑟2
  

(2.4) 

(𝑬𝑖𝑛 − 𝑬𝑑𝑖𝑒) × 𝒂𝑛 = 0  and  (𝜀𝑖𝑛𝑬𝑖𝑛 − 𝜀𝑑𝑖𝑒𝑬𝑑𝑖𝑒) ∙ 𝒂𝑛 = 0  
(2.5) 

𝑉𝑜𝑢𝑡 ≈
𝑄𝑃𝐷

4 𝜋 (𝜌2 + 𝑎2)
  

(2.6) 

𝑄 = ∫ 𝑫 ∙ 𝑑𝑺
𝑆

= ∫ 𝜀𝑬 ∙ 𝑑𝑺 = ∫ 𝜀 (
𝑱

𝜎
) ∙ 𝑑𝑺 =

𝜀

𝜎
∫  𝑱 ∙ 𝑑𝑺 =

𝜀

𝜎
𝐼

𝑆𝑆𝑆

  
(2.7) 

𝑉𝑜𝑢𝑡 ≈
𝜀𝐼𝑃𝐷

4 𝜋 (𝜌2 + 𝑎2)
=

𝜀𝐼𝑃𝐷

4 𝜋 𝑟2
  

(2.8) 

𝑉𝑜𝑢𝑡 ≈
𝜀𝐼𝑃𝐷

4 𝜋 𝑟2
=

𝜀 𝐼0 (𝑒
−𝑡

𝛽⁄ − 𝑒−𝑡
𝛼⁄ )

4 𝜋 𝑟2
 

 
(2.9) 
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The last assumption is that the distance between the detecting point and the external surface of the 

dielectric opening is quite close so that the attenuation during propagation is very small. When EM 

waves propagate along the metal wall, their field and associated currents are confined to a very thin 

layer of the conductor surface [38]. This is the so-called skin effect. The potentialVd at the detecting 

point (xd, yd, 0) is usually lower than the potential Vout at the external surface of dielectric opening (x, 

y, 0) because of the loss on surface resistance which is defined as 

In (2.10), l and w are the lengths and width of propagating area, f is the frequency of propagating 

current, and Runit is the resistance of a unit width and length of conductor. Accordingly, the TEV 

signal Vd at the detecting point can be modelled as 

Hence, it is obvious that the TEV potential Vd depends on the value of RS if Vout and ITEV are given. 

According to the definition of surface resistance, the unit surface resistances of common kinds of 

metal materials are listed in Table 3. 

Table 3. Unit surface resistance of some conducting material [3] 

 

Table 3 shows the unit surface resistances of those materials that are very small when frequencies 

of TEV current are not too high. In practical application, the upper limits of TEV sensors are lower 

than 100MHz. Therefore, if the length l of propagation is very small and the width w is much larger 

than l (l << w), the differences due to energy loss can be ignored.  

Thus, the TEV potential at detecting point which is quite close to the dielectric opening can be 

expressed as 

With the approximate TEV potential in (2.12), the magnitude of TEV is proportional to the 

amplitude of PD current, and inversely proportional to the square of distance between measuring 

point and PD source as demonstrated in [39].  

  

𝑅𝑠 =
𝑙

𝑤
𝑅𝑢𝑛𝑖𝑡 =

𝑙

𝑤
√

𝜋𝑓𝜇

𝜎
 

 
(2.10) 

𝑉𝑑 = 𝑉𝑜𝑢𝑡 − 𝑅𝑠𝐼𝑇𝐸𝑉  
(2.11) 

𝑉𝑑 = 𝑉𝑜𝑢𝑡 − 𝑅𝑠𝐼𝑇𝐸𝑉 ≈ 𝑉𝑜𝑢𝑡 =
𝜀 𝐼0 (𝑒

−𝑡
𝛽⁄ − 𝑒−𝑡

𝛼⁄ )

4 𝜋 𝑟2
 

 
(2.12) 
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The analysis performed in [3] allows to obtain a simplified formulation of the potential that the 

TEV sensor could detect. It is possible to continue the analysis of the phenomenon by introducing the 

equivalent simplified circuit of the TEV sensor attached to the surface metal wall at the d point as 

shown in Figure 2.3. 

 

Figure 2.3. Circuit simplified schematization of the TEV signal 

Considering that the TEV sensor circuit can be summarized with the capacitance of the sensor 

CTEV and with a dividing capacitance CD, it is possible to see that these two capacitances compose a 

capacitive voltage divider as represented in Figure 2.4. 

 

Figure 2.4. TEV sensor capacitive voltage divider 

And it is possible to introduce the equation (2.13)  

By observing the equation (2.13), it is possible to see that for maximising the output TEV sensor 

signal VSensor it is necessary to increase the value of the CTEV considering fixed and, as small as 

possible, the capacitance CD.  

It is possible to consider that, for small distances from the metal wall and the TEV sensor in order 

to exclude edge effect, and considering a uniform charge distribution, the CTEV can be calculated as 

in equation (2.14). 

By concluding, it is possible to see from the equation (2.14) that to increase the capacitance of the 

TEV sensor, the surface should be maximized, and the distance (the insulating layer thickness) should 

be minimized.  

Starting from these information the experimental analysis of the TEV sensors has been performed 

and it is reported in the following paragraphs.   

𝑉𝑆𝑒𝑛𝑠𝑜𝑟 = 
𝐶𝑇𝐸𝑉

𝐶𝑇𝐸𝑉 + 𝐶𝐷
 𝑉𝑑  

(2.13) 

𝐶𝑇𝐸𝑉 = 𝜀
𝑆𝑇𝐸𝑉

𝑑
 

 
(2.14) 
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2.1.2 TEV Sensors Prototype 

The idea of the TEV sensor development was to design a first group of sensors prototypes that 

allow to carry out tests with the purpose of investigating how the geometrical dimensions influence 

the output signal. The analysis shown in the previous paragraph evidenced how the detecting surface 

of the senor and the insulating layer impact on the captured signal and therefore on the PD 

measurement.  

The first TEV sensor prototypes built, were designed by considering a copper electrode, with three 

different diameters, and a polyethylene terephthalate (PET) film as insulating layer. To implement a 

first shielding from the background noise of the sensor, a continuous metal screen has been 

implemented around the sensor itself. These prototype sensors have been named considering the 

copper detector diameter as: 

• TEV_20: 20 mm diameter detector 

• TEV_40: 40 mm diameter detector 

• TEV_80: 80 mm diameter detector 

 

The three prototypes built are shown in Figure 2.5 and in Figure 2.6  

 

 

Figure 2.5. Prototype of the three TEV sensors built with the three different detector diameters 

 

 

Figure 2.6.  A lateral view of the three TEV sensors  
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2.2 TEV Sensors - Laboratory Tests 

The purpose of the performed laboratory tests was to investigate if the PD patterns collected from 

the TEV sensors are comparable to those obtained with a IEC60270 standard compliant PD 

measurement system. Moreover, the behaviour of the TEV sensor by changing the surface detection 

and the insulating layer thickness was analysed. In the following sections several tests will be 

presented to investigate the points evidenced before and to obtain an experimental formulation able 

to describe the geometric characteristics of these sensors. 

 

2.2.1 TEV Sensors Laboratory Tests Circuit 

To perform the laboratory tests, the following set-up circuit has been implemented in order to 

simulate the behaviour that could occur considering real electrical equipment. To simulate the 

external metal enclosure, like a switchgear, an oven was adopted. Inside the oven, as PD source, a 

twisted pair was adopted realized in compliance with the IEC 60851-5 standard [40][8]. A photo of 

the twisted pair used in shown in Figure 2.7. 

 

Figure 2.7.  Twisted pair used as PD source and closed into the hoven that simulate the external metallic box 

 

To perform these investigations, the circuit test set-up shown in Figure 2.8 has been adopted. 

 

Figure 2.8.  Adopted test circuit set-up for the TEV sensor classification 
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The test set-up was composed of the following components: 

• A programmable arbitrary function generator: for the performed tests, only a sinusoidal 50 

Hz voltage waveform was adopted. 

• A linear valve amplifier (AWADIT) with a gain of 1000 (60dB). 

• The twisted pair inside the oven. 

• The reference PD measurement system IEC 60270 standard compliant realized by Diasol 

S.r.l. and composed by the measurement branch (coupling capacitor, CK, and the measuring 

impedance Zm), the acquisition system (SolPre, SolCon and SolDaq) and a computer.  

• A voltage probe. 

• The TEV sensor, attached to the oven by means of magnetics, with a high pass filter of 

10kHz to filter the power supply waveform and part of the background noise. The output of 

the filter was directly connected to the SolDaq (digital data acquisition unit). 

Three photos of the test set up are shown in Figure 2.9. 

 

  

 

Figure 2.9. Photos of the adopted test circuit set-up 
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2.2.2 TEV Sensors Laboratory Tests Results 

The first analysis has been performed by comparing the PD pattern collected from the three TEV 

sensors and from the IEC 60270 [8] standard compliant. The PD patterns acquired are shown in Figure 

2.10. 

IEC 60270 TEV_20 

  

TEV_40 TEV_80 

  

Figure 2.10. PD Pattern acquired from the IEC60270 standard compliant PD measurement system and from the 

three TEV sensors 

By observing the collected PD patterns, it is possible to see how the shape of these graphs are 

comparable. This information is useful since it allows to continue the investigation of these sensors 

in order to develop a PD measurement system based on them.  

To continue the analysis of these sensors, two different test campaigns have been performed. The 

first campaign was carried out by acquiring the PD patterns with the three sensors considering the 

same insulating layer think. In this way, it is possible to see how the detection diameter of the sensors 

influences the PD measurement. The second test campaign was carried out considering the same 

sensors and changing the insulating layer think. Thanks to this second campaign, the effect of the 

thickness of the insulating layer (and so the distance from the sensor to the metal wall of the metal 

enclosure) can be investigated.  
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To perform these analyses, it has been chosen to filter the acquired PD pattern by removing all the 

PDs with an occurrence number lower than 4. In this way, it is possible to concentrate the 

investigation only on the PDs with higher occurrence number and by excluding peaks that can be 

present on the PD pattern due to some transitory noise signals. For the further analysis that will be 

presented, the total mean charge has been considered as derived quantities from the PD pattern. These 

derived quantities, defined as the equation (2.15), contain the charge level information and the 

occurrence number so it can be considered as a good marker of the PD activity and for this reason it 

has been chosen for the comparison and its value is reported with the collected PD pattern. Since no 

calibration process has been performed, the results are represented in mV instead of pC. 

 

 

TEV Sensor TEV_20 

Thickness of the insulating layer 35 μm 

PD Pattern Filtered PD Pattern 

  

Q Mean Tot = 64.55 mV 

Figure 2.11. PD Pattern acquired from the TEV_20 with an insulating PET layer of 35 μm 

 

  

𝑄 𝑚𝑒𝑎𝑛 𝑡𝑜𝑡 [𝑚𝑉] = ∑𝑁𝑖 𝑞𝑖

𝑖

  
(2.15) 
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TEV Sensor TEV_20 

Thickness of the insulating layer 100 μm 

PD Pattern Filtered PD Pattern 

  

Q Mean Tot = 57.21 mV 

Figure 2.12. PD Pattern acquired from the TEV_20 with an insulating PET layer of 100 μm 

 

TEV Sensor TEV_20 

Thickness of the insulating layer 250 μm 

PD Pattern Filtered PD Pattern 

  

Q Mean Tot = 53.77 mV 

Figure 2.13. PD Pattern acquired from the TEV_20 with an insulating PET layer of 250 μm 
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TEV Sensor TEV_20 

Thickness of the insulating layer 350 μm 

PD Pattern Filtered PD Pattern 

  

Q Mean Tot = 50.77 mV 

Figure 2.14. PD Pattern acquired from the TEV_20 with an insulating PET layer of 350 μm 

 

TEV Sensor TEV_20 

Thickness of the insulating layer 2 mm 

PD Pattern Filtered PD Pattern 

  

Q Mean Tot = 20.67 mV 

Figure 2.15. PD Pattern acquired from the TEV_20 with an insulating PET layer of 2 mm 
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TEV Sensor TEV_20 

Thickness of the insulating layer 3 mm 

PD Pattern Filtered PD Pattern 

  

Q Mean Tot = 14.34 mV 

Figure 2.16. PD Pattern acquired from the TEV_20 with an insulating PET layer of 3 mm 

 

TEV Sensor TEV_40 

Thickness of the insulating layer 35 μm 

PD Pattern Filtered PD Pattern 

  

Q Mean Tot = 110.18 mV 

Figure 2.17. PD Pattern acquired from the TEV_40 with an insulating PET layer of 35 μm 
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TEV Sensor TEV_40 

Thickness of the insulating layer 100 μm 

PD Pattern Filtered PD Pattern 

  

Q Mean Tot = 105.27 mV 

Figure 2.18. PD Pattern acquired from the TEV_40 with an insulating PET layer of 100 μm 

 

TEV Sensor TEV_40 

Thickness of the insulating layer 250 μm 

PD Pattern Filtered PD Pattern 

  

Q Mean Tot = 102.35 mV 

Figure 2.19. PD Pattern acquired from the TEV_40 with an insulating PET layer of 250 μm 
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TEV Sensor TEV_40 

Thickness of the insulating layer 350 μm 

PD Pattern Filtered PD Pattern 

  

Q Mean Tot = 98.57 mV 

Figure 2.20. PD Pattern acquired from the TEV_40 with an insulating PET layer of 350 μm 

 

TEV Sensor TEV_40 

Thickness of the insulating layer 2 mm 

PD Pattern Filtered PD Pattern 

  

Q Mean Tot = 30.52 mV 

Figure 2.21. PD Pattern acquired from the TEV_40 with an insulating PET layer of 2 mm 
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TEV Sensor TEV_40 

Thickness of the insulating layer 3 mm 

PD Pattern Filtered PD Pattern 

  

Q Mean Tot = 32.94 mV 

Figure 2.22. PD Pattern acquired from the TEV_40 with an insulating PET layer of 3 mm 

 

TEV Sensor TEV_80 

Thickness of the insulating layer 35 μm 

PD Pattern Filtered PD Pattern 

  

Q Mean Tot = 125.74 mV 

Figure 2.23. PD Pattern acquired from the TEV_80 with an insulating PET layer of 35 μm 
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TEV Sensor TEV_80 

Thickness of the insulating layer 100 μm 

PD Pattern Filtered PD Pattern 

  

Q Mean Tot = 130.22 mV 

Figure 2.24. PD Pattern acquired from the TEV_80 with an insulating PET layer of 100 μm 

 

TEV Sensor TEV_80 

Thickness of the insulating layer 250 μm 

PD Pattern Filtered PD Pattern 

  

Q Mean Tot = 106.35 mV 

Figure 2.25. PD Pattern acquired from the TEV_80 with an insulating PET layer of 250 μm 
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TEV Sensor TEV_80 

Thickness of the insulating layer 350 μm 

PD Pattern Filtered PD Pattern 

  

Q Mean Tot = 106.73 mV 

Figure 2.26. PD Pattern acquired from the TEV_80 with an insulating PET layer of 350 μm 

 

TEV Sensor TEV_80 

Thickness of the insulating layer 2 mm 

PD Pattern Filtered PD Pattern 

  

Q Mean Tot = 82.97 mV 

Figure 2.27. PD Pattern acquired from the TEV_80 with an insulating PET layer of 2 mm 
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TEV Sensor TEV_80 

Thickness of the insulating layer 3 mm 

PD Pattern Filtered PD Pattern 

  

Q Mean Tot = 70.68 mV 

Figure 2.28. PD Pattern acquired from the TEV_80 with an insulating PET layer of 3 mm 

 

Confirming what the Figure 2.10 has shown and what the other PD pattern collected, and above 

represent, partial discharge measurements performed with TEV sensors gives comparable results to 

the IEC 60270 standard compliant measurement system. In particular, it can be noted that the PD 

pattern shape obtained with TEV sensors is extremely similar to the one obtained by the conducted 

system, thus allowing an expert user or artificial intelligence algorithm [34] to perform morphological 

identification of the defect of the isolation system being tested.  

Compared to the conducted system, the PD measurement via radiated signals is not invasive on 

the monitored system since it does not require the installation of the measurement branch, operation 

that inevitably requires "the freezing" of the system, which, in some applications, may lead to 

significant economic damage. Vice-versa, through the measurement with sensors capable of detecting 

irradiated signal it is possible to carry out the monitoring, without any deactivation of the system, 

directly online. This leads to considerable economic and time savings even if the online PD 

measurement is affected by major complications in morphological recognition of the defect since 

there are signal crosstalk phenomena that cause an overlap of the same signal.  

Furthermore, as already mentioned in previous paragraph, in the electromagnetic PD measurement 

method, the irradiated PD measurement is effective in the case of surface discharges; in the case of 

internal discharges, on the other hand, sensitivity problems may occur. Considering online PD 

measurement systems, one information that is useful in these types of measures is the development 

of the phenomenon of PDs over time. Starting from a “zero-point” by acquiring a first PD pattern, 

measurements are made at constant intervals of time, taking “photographs” of the system during its 

normal operation as the ageing state of the materials advances. If the PD activity is increased 

compared to previous acquisitions, it will be necessary to make an offline measure to analyse the 

defect in more detail. 
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A further aspect that plays in favour of measurement through TEV sensors turns out to be related 

to the operator security. In fact, this system is completely safe for the operator as it only interacts with 

the sensor that is placed on the external metal body of the component, which is always connected to 

the ground. 

As introduced at the beginning of this section, a second analysis has been performed in order to 

investigate the behaviour of the sensors by changing the detecting surface or the insulating layer thick. 

To carry out these analyses, further comparisons have been reported in the following paragraphs. 
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2.2.3 Comparison of the TEV Sensors Results with the same Insulating Layer 

Thickness 

The analysis of the filtered PD patterns results, obtained from the tests carried out at the same 

insulating distance (with the same insulating layer thick), are presented to see how much the surface 

of the sensor affects the sensitivity of the sensor itself.  

The obtained points of the total mean charge, for each TEV sensor, were plotted on the graphs 

shown in Figure 2.29, for 35 μm distance, in Figure 2.30, for 100 μm distance, in Figure 2.31, for 250 

μm distance, in Figure 2.32, for 350 μm distance, in Figure 2.33, for 2 mm distance and in Figure 

2.34 for 3 mm distance. By using the best fitting software, the curves that best approximated the 

course of the experimental points have been obtained and it has been seen that the function that best 

approximates all the points is of the type shown in equation (2.16): 

 

Insulating layer thick of 35 μm 

TEV Sensor TEV_20 TEV_40 TEV_80 

Q Mean Tot[mV] 64.55 110.18 125.74 

 

Figure 2.29. Qmeantot behaviour as a function of the surface sensor for an insulation thickness of 35 μm 

 

𝑸𝒎𝒆𝒂𝒏𝒕𝒐𝒕[𝒎𝑽](𝑺) = 𝟏𝟐𝟐, 𝟐𝟔𝟔(𝟏 − 𝒆−𝟐,𝟐𝟔𝟐∙𝟏𝟎−𝟑 𝑺) 

𝑹𝟐 = 𝟎, 𝟗𝟕𝟗 

 

  

𝑄𝑚𝑒𝑎𝑛𝑡𝑜𝑡[𝑚𝑉](𝑆) = 𝐴 ∙ (1 − 𝑒−𝐵 ∙ 𝑆) 
 

(2.16) 
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Insulating layer thick of 100 μm 

TEV Sensor TEV_20 TEV_40 TEV_80 

Q Mean Tot [mV] 57.21 105.27 130.22 

 

Figure 2.30. Qmeantot behaviour as a function of the surface sensor for an insulation thickness of 100 μm 

𝑸𝒎𝒆𝒂𝒏𝒕𝒐𝒕[𝒎𝑽](𝑺) = 𝟏𝟐𝟔, 𝟖𝟑𝟏(𝟏 − 𝒆−𝟏,𝟔𝟖𝟒∙𝟏𝟎−𝟑 𝑺) 

𝑹𝟐 = 𝟎, 𝟗𝟕𝟐 

 

Insulating layer thick of 250 μm 

TEV Sensor TEV_20 TEV_40 TEV_80 

Q Mean Tot [mV] 53.77 102.35 106.35 

 

Figure 2.31. Qmeantot behaviour as a function of the surface sensor for an insulation thickness of 250 μm 

𝑸𝒎𝒆𝒂𝒏𝒕𝒐𝒕[𝒎𝑽](𝑺) = 𝟏𝟎𝟕, 𝟓𝟎𝟖(𝟏 − 𝒆−𝟐.𝟐𝟓𝟐∙𝟏𝟎−𝟑 𝑺) 

𝑹𝟐 = 𝟎, 𝟗𝟗𝟖 
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Insulating layer thick of 350 μm 

TEV Sensor TEV_20 TEV_40 TEV_80 

Q Mean Tot [mV] 50.57 98.57 106.73 

 

Figure 2.32. Qmeantot behaviour as a function of the surface sensor for an insulation thickness of 350 μm 

𝑸𝒎𝒆𝒂𝒏𝒕𝒐𝒕[𝒎𝑽](𝑺) = 𝟏𝟔𝟔, 𝟕𝟒(𝟏 − 𝒆−𝟐.𝟎𝟒𝟒∙𝟏𝟎−𝟑 𝑺) 

𝑹𝟐 = 𝟎, 𝟗𝟗𝟗 

 

Insulating layer thick of 2 mm 

TEV Sensor TEV_20 TEV_40 TEV_80 

Q Mean Tot [mV] 20.67 30.52 82.97 

 

Figure 2.33. Qmeantot behaviour as a function of the surface sensor for an insulation thickness of 2 mm 

𝑸𝒎𝒆𝒂𝒏𝒕𝒐𝒕[𝒎𝑽](𝑺) = 𝟏𝟎𝟏, 𝟕𝟗𝟖(𝟏 − 𝒆−𝟑.𝟑𝟏𝟏∙𝟏𝟎−𝟒 𝑺) 

𝑹𝟐 = 𝟎, 𝟗𝟒𝟐 
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Insulating layer thick of 3 mm 

TEV Sensor TEV_20 TEV_40 TEV_80 

Q Mean Tot [mV] 14.34 32.94 70.68 

 

Figure 2.34. Qmeantot behaviour as a function of the surface sensor for an insulation thickness of 3 mm 

𝑸𝒎𝒆𝒂𝒏𝒕𝒐𝒕[𝒎𝑽](𝑺) = 𝟕𝟕, 𝟗𝟓𝟖(𝟏 − 𝒆−𝟒,𝟔𝟓𝟖∙𝟏𝟎−𝟒 𝑺) 

𝑹𝟐 = 𝟎, 𝟗𝟖𝟗 

 

Analysing the data presented it is possible to see that increasing the surface of the detection part 

of the TEV sensor, the measured signal is higher.  

By fitting the test points, these are well approximated by an exponential function going to highlight 

the fact that there is no direct proportionality between the measured signal and the sensor surface. It 

can also be deduced that, given a certain thickness of insulation, beyond a certain surface value, there 

is no increase in signal measured leading to affirm that there is no point in trying to have sensors with 

very large surfaces that would lead to an increase in costs but also a difficult portability of the sensor 

itself. 

This behaviour can be justified considering that the surface charge distribution on the metal 

enclosure is not uniformly distributed. In fact, as assumed to introduce the equation (2.14) depending 

on where the partial discharge occurs, the current induced on the metal enclosure will tend to close 

to the ground following the path with lower impedance. Using the TEV sensor in one position, a 

portion of the surface of the metal casing will be identified where a charge, dictated by the passage 

of current induced by the PD, will be distributed. If the sensor surface is small, in relationship with 

the metal enclosure surface, the portion of surface charge density may be evenly distributed over that 

portion of space. On the other hand, as the sensor surface increases, it will cover a larger portion of 

the surface of the metal enclosure, creating a capacitor with metallic plates of different sizes. In this 

configuration, therefore, it is no longer possible to consider uniformly distributed charge on the metal 

surface of the casing. This implies that it is not true that as the TEV sensor surface increases the 

measured signal increases proportionately as the results suggested. 
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2.2.4 Comparison of the TEV Sensors Results with the same Sensor Detection 

Surface. 

The analysis of the filtered PD patterns results, obtained from the tests carried out considering the 

same sensor surface and by changing the insulating layer thick, are presented. The obtained points of 

the total mean charge, for each TEV sensor, were plotted on the graphs shown in Figure 2.35, for the 

TEV_20 sensor, in Figure 2.36, for the TEV_40 sensor and in Figure 2.37 for the TEV_80 sensor. 

By using the best fitting software, the curves that best approximated the course of the experimental 

points have been obtained and it has been seen that the function that best approximates all the points 

is of the type shown in equation (2.17): 

 

TEV_20 

Insulating layer thick 35 μm 100 μm 250 μm 350 μm 2 mm 3 mm 

Q Mean Tot[mV] 64.55 57.21 53.77 50.57 20.67 14.34 

 

Figure 2.35. Qmeantot behaviour as a function of the insulating layer thickness with the TEV_20 sensor 

𝑸𝒎𝒆𝒂𝒏𝒕𝒐𝒕[𝒎𝑽](𝒅) = 𝟔𝟐, 𝟑𝟑𝟔 𝒆− 𝟎,𝟓𝟑𝟒 ∙ 𝒅 

𝑹𝟐 = 𝟎, 𝟗𝟗𝟎 

 

  

𝑄𝑚𝑒𝑎𝑛𝑡𝑜𝑡[𝑚𝑉](𝑑) = 𝐴 ∙ 𝑒𝐵 ∙ 𝑑 
 

(2.17) 
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TEV_40 

Insulating layer thick 35 μm 100 μm 250 μm 350 μm 2 mm 3 mm 

Q Mean Tot[mV] 110.18 105.27 102.35 98.57 30.52 32.94 

 

Figure 2.36. Qmeantot behaviour as a function of the insulating layer thickness with the TEV_40 sensor 

𝑸𝒎𝒆𝒂𝒏𝒕𝒐𝒕[𝒎𝑽](𝒅) = 𝟏𝟏𝟑, 𝟓𝟕𝟐 𝒆−𝟎,𝟓𝟏𝟕 ∙ 𝒅 

𝑹𝟐 = 𝟎, 𝟗𝟕𝟏 

 

TEV_80 

Insulating layer thick 35 μm 100 μm 250 μm 350 μm 2 mm 3 mm 

Q Mean Tot[mV] 125.74 130.22 106.35 106.73 82.97 70.68 

 

Figure 2.37. Qmeantot behaviour as a function of the insulating layer thickness with the TEV_40 sensor 

𝑸𝒎𝒆𝒂𝒏𝒕𝒐𝒕[𝒎𝑽](𝒅) = 𝟏𝟐𝟏, 𝟗𝟏𝟖 𝒆−𝟎,𝟏𝟗𝟐 ∙ 𝒅 

𝑹𝟐 = 𝟎, 𝟖𝟗𝟒 
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The purpose of the results presented above is to show how the sensitivity of the sensor, with a 

given surface, changes with the thickness of the insulation placed between the sensor and the metal 

wall. It is possible to see that as the insulation thickness increases, the signal value drops exponentially 

as shown by the curves that approximate the experimental points.  

This behaviour can be explained as before: the charge distribution on the surface of the metal 

casing is not uniformly distributed. For small distances, the charge induced on the sensor plate is 

equal to the one found on the metal surface of the wall facing the sensor. As the distance of the sensor 

from the wall increases, the surface that it sees, as the other capacitor plate, increases compared to its 

own as one can consider the fact that the area seen by the sensor itself can be thought of as a truncated 

cone. Increasing the distance from the surface increases the radius of the surface seen by the sensor. 

Since the charge density on this surface is not uniform, the sensor will be charged less than if the 

distance is reduced, since in some areas of the metal wall there is no charge, by ensuring that the 

measured signal is less than increasing the distance. 
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2.2.5 Experimental Mathematical Model of TEV Sensors Prototype 

From the comparisons performed in Chapters 2.2.3 and 2.2.4 respectively, important information 

could be obtained regarding the signal measured by the TEV sensors as the surface varies, with 

constant insulation thickness, and by varying the insulation thickness keeping the same sensor 

detecting surface. At this point, it could be possible to obtain an experimental mathematical model 

that can well approximate the experimental points in a three-dimensional space by relating the 

measured signal of the total mean charge as a function of both the insulation thickness, indicated in 

the following with d, and the sensor surface, indicated with S. The first step to achieve this relationship 

is to go and see the evolution of the coefficients of functions obtained in the two previous chapters. 

We can affirm that relationships of the section 2.2.3 are exponential functions of the type: 

while relations of the section from 2.2.4 are decreasing exponential functions of the type: 

In the following table, Table 4, for what concerns equation (2.16) and Table 5, for what concerns 

equation (2.17), the coefficient values of the calculated equations are shown. 

Table 4. Coefficient values, A and B of eq.  (2.16) 

Insulating 

layer thick 

[mm] 

A B 

0.035 122,266 2,262 ∙ 10-3 

0.1 126,831 1,684 ∙ 10-3 

0.25 107,508 2,252 ∙ 10-3 

0.35 166,74 2,044 ∙ 10-3 

2 101,798 3,311 ∙ 10-4 

3 77,958 4,658 ∙ 10-4 
 

Table 5. Coefficient values, C and F, of eq. (2.17) 

Sensor 

Surface 

[mm2] 

C F 

314,159 62,336 -0,534 

1256,637 113,572 -0,517 

5026,5482 121,918 -0,192 
 

 

It was therefore chosen to go to see if, among the coefficients in Table 4, with respect to the 

insulation thickness, and between those in Table 5, with respect to the sensor surface, there is a 

function that can best approximate these points. In this way, the following graphs with the related 

fitting functions are obtained. 

  

𝑄 𝑚𝑒𝑎𝑛 𝑇𝑜𝑡[𝑚𝑉](𝑆) = 𝐴 ∙ (1 − 𝑒−𝐵 ∙ 𝑆) 
 

(2.16) 

𝑄 𝑚𝑒𝑎𝑛 𝑇𝑜𝑡[𝑚𝑉](𝑑) = 𝐶 ∙ 𝑒𝐹 ∙ 𝑑 
 

(2.17) 



University of Genoa – CMTEST Laboratory 

- 71 - 

A Coefficient trend in relationship with the insulating layer thickness  

 

Figure 2.38. A Coefficient trend in relationship with the insulating layer thickness 

𝑨 (𝒅) =  𝟏𝟐𝟏, 𝟗𝟏𝟖 𝒆−𝟎,𝟏𝟗𝟐 ∙ 𝒅 (2.18) 

𝑹𝟐 = 𝟎, 𝟖𝟗𝟒  

 

A Coefficient trend in relationship with the insulating layer thickness 

 

Figure 2.39. A Coefficient trend in relationship with insulating layer thickness 

𝑨 (𝒅) =  𝟗𝟗, 𝟓𝟑𝟕 (𝒅 + 𝟎, 𝟏𝟐𝟖)−𝟎,𝟏𝟐𝟓 (2.19) 

𝑹𝟐 = 𝟎, 𝟖𝟏𝟎  
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B Coefficient trend in relationship with the sensor surface  

 

Figure 2.40. B Coefficient trend in relationship with the sensor surface 

𝑩 (𝒅) =  𝟐, 𝟐𝟑𝟏 ∙ 𝟏𝟎−𝟑 𝒆−𝟎,𝟔𝟕𝟏 ∙ 𝒅 (2.20) 

𝑹𝟐 = 𝟎, 𝟖𝟕𝟕  

 

C Coefficient trend in relationship with the sensor surface  

 

Figure 2.41. C Coefficient trend in relationship with the sensor surface 

𝑪 (𝑺) = 𝟏𝟐𝟏, 𝟑𝟒𝟗 (𝟏 − 𝒆−𝟐,𝟐𝟕𝟒 ∙ 𝟏𝟎−𝟑∙ 𝑺) (2.21) 

𝑹𝟐 = 𝟎, 𝟗𝟗𝟗  
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F Coefficient trend in relationship with the sensor surface  

 

Figure 2.42. F Coefficient trend in relationship with the sensor surface 

𝑭 (𝑺) = 𝟎, 𝟔𝟎𝟓 𝒆−𝟐,𝟎𝟔𝟗 ∙ 𝟏𝟎−𝟒∙ 𝑺 (2.22) 

𝑹𝟐 = 𝟎, 𝟗𝟒𝟓  

From the trends obtained, the calculated equations are summarized in Table 6. 

Table 6. Summary of the equations obtained 

𝑄𝑚𝑒𝑎𝑛𝑡𝑜𝑡[𝑚𝑉](𝑆) = 𝐴 ∙  (1 − 𝑒−𝐵 ∙ 𝑆) (2.16) 

𝐴 (𝑑) =  𝐴′ 𝑒  𝐵′ ∙ 𝑑 (2.18) 

𝐴 (𝑑) =  𝐶′ (𝑑 + 𝐸′)−𝐹′ (2.19) 

𝐵 (𝑑) =  𝐺′ 𝑒𝐻′ ∙ 𝑑 (2.20) 

 

𝑄𝑚𝑒𝑎𝑛𝑡𝑜𝑡[𝑚𝑉](𝑑) = 𝐶 ∙  𝑒𝐹 ∙ 𝑑 

 
(2.17) 

𝐶 (𝑆) = 𝐼′ (1 − 𝑒𝐿′ ∙ 𝑆) (2.21) 

𝐹 (𝑆) = 𝑀′ 𝑒𝑁′∙ 𝑆 (2.22) 

It is now possible to write the equations of the total mean charge as a function of both S and d, 

replacing the previously derived functions with coefficient values.  

 

 

𝑄𝑚𝑒𝑎𝑛𝑡𝑜𝑡[𝑚𝑉](𝑆, 𝑑) =  𝐴′ 𝑒  𝐵′ ∙ 𝑑  ∙  (1 − 𝑒− (𝐺′ 𝑒𝐻′ ∙ 𝑑) ∙ 𝑆) 
 

(2.23) 

𝑄𝑚𝑒𝑎𝑛𝑡𝑜𝑡[𝑚𝑉](𝑆, 𝑑) =  𝐶′ (𝑑 + 𝐸′)−𝐹′  ∙  (1 − 𝑒− (𝐺′ 𝑒𝐻′ ∙ 𝑑) ∙ 𝑆) 
 

(2.24) 

𝑄𝑚𝑒𝑎𝑛𝑡𝑜𝑡[𝑚𝑉](𝑑, 𝑆) = 𝐼′ (1 − 𝑒𝐿′ ∙ 𝑆)  ∙  𝑒(𝑀′ 𝑒𝑁′∙ 𝑆 ∙ 𝑑) 
 

(2.25) 
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Introducing a data analysis software capable of fitting a three-dimensional function to the 

experimental points obtained from the tests. This procedure was developed using Originpro software 

from Originlab. As a first step, the values of the amplitudes of the total mean charge measured at a 

certain distance, linked to the thickness of the insulation, and with a certain surface have been inserted 

and it is possible to obtain the following 3D graph shown in Figure 2.43. 

 

  

  

Figure 2.43. Experimental point on the 3D graph 

 

Within the software have been implemented then the three functions previously reported so that it 

was possible to find the one that is closest to the points highlighted in the previous figures. The only 

function that led to this result was the (2.23) and the results returned by the software are reported 

below. 
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Figure 2.44. Report of the software calculation 

 

It can therefore be said that from the experimental points obtained in laboratory by varying the 

surface of the TEV sensor and the thickness of insulation, it has been possible to derive an 

experimental mathematical model describing the trend of the total average charge measured as a 

function of surface and distance. The equation and the plotted function are shown below. 

 

 

  

𝑄𝑚𝑒𝑎𝑛𝑡𝑜𝑡[𝑚𝑉](𝑆, 𝑑) =  119,656 𝑒−0,163 ∙ 𝑑  ∙  (1 − 𝑒− (0,00221 𝑒−0,595 ∙ 𝑑) ∙ 𝑆) (2.26) 

𝑅2 = 0,961  
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Figure 2.45. Experimental best fitting function on the 3D graph 

 

The relative error which occurs considering the calculated best fitting function in relation to the 

points measured during the tests was then determined and it is reported in Table 7.  

  



University of Genoa – CMTEST Laboratory 

- 77 - 

Table 7. Relative error calculation 

S [mm2] d [mm] 

Calculated 

value with the 

best fitting 

function 

equation 

Q mean 

Tot value 

acquired 

|Error| 
Relative 

Error 

Relative 

Error 

[%] 

314.159 0.035 58.699 64.550 5.851 0.0997 9.968 

314.159 0.100 56.522 57.210 0.688 0.0122 1.218 

314.159 0.250 51.725 53.770 2.045 0.0395 3.954 

314.159 0.350 48.703 50.570 1.867 0.0383 3.833 

314.159 2.000 16.441 20.670 4.229 0.2572 25.723 

314.159 3.000 8.066 14.340 6.274 0.7777 77.775 

1256.637 0.035 111.137 110.180 0.957 0.0086 0.861 

1256.637 0.100 109.123 105.270 3.853 0.0353 3.530 

1256.637 0.250 104.386 102.350 2.036 0.0195 1.950 

1256.637 0.350 101.167 98.570 2.597 0.0257 2.567 

1256.637 2.000 49.255 30.520 18.735 0.3804 38.037 

1256.637 3.000 27.324 32.940 5.616 0.2055 20.552 

5026.548 0.035 118.973 125.740 6.767 0.0569 5.688 

5026.548 0.100 117.718 130.220 12.502 0.1062 10.620 

5026.548 0.250 114.870 106.350 8.520 0.0742 7.417 

5026.548 0.350 113.007 106.730 6.277 0.0555 5.554 

5026.548 2.000 83.423 82.970 0.453 0.0054 0.544 

5026.548 3.000 61.992 70.680 8.688 0.1401 14.015 
       

     
Mean 

Relative 

Error [%] 

5.631 

 

 

By concluding, the performed analyses led to the determination of an experimental mathematical 

model that allows to model the size of the total mean charge measured in relation to the surface and 

the thickness of insulation. 

Through a study of this function, it will be possible to see if there is a maximum point. This point 

will be the solution that maximizes the measured signal being able to define the optimization of the 

geometrical dimensions of the TEV sensors.  
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2.3 TEV Sensors - Application: Medium Voltage Switchgear 

Monitoring 

The developed laboratory analysis allowed to investigate the TEV sensor behaviour by changing 

its principal geometrical characteristics. The aim of the work performed, and here shown, was to 

develop and optimize a complete PD measurement system, based on TEV sensors, for industrial 

application, in particular, for medium voltage switchgear application. This research activity started 

during my master’s thesis activity performed in collaboration with ABB S.p.a., 

In the following sections, a summary of the first industrial field tests with the TEV sensor prototype 

is presented. Then, with the results obtained from the first test campaign, the definitive PD 

measurement system structure has been decided: a more industrial TEV sensor was designed and built 

and the PD measurement system was optimized in laboratory. By concluding, a second industrial 

field test campaign was performed by carrying out an online PD measurement monitoring of the 

medium voltage switchgear by comparing the TEV-based PD measurement system with a IEC60270 

[8] standard compliant. 

2.3.1 Industrial Field Tests of the TEV Sensor Prototype  

The aim of these first field tests was to understand if the TEV sensors prototype, developed in 

laboratory, allows to obtain good results even in industrial applications. These industrial field tests 

have been performed on an ABB UniSec Air Insulated Medium Voltage Switchgear (AIMVS) for the 

secondary distribution until 24kV, 1250A – 25kA. The AIMVS adopted was composed by four 

standard units, that are here listed [41]: 

• A unit, SBR – Reversed feeder with circuit-breaker and switch-disconnector. The SBR unit 

allows the switch-disconnector to be opened and earthed while leaving the cable compartment 

in service. 

• B and C Units, SDC – Feeder with switch-disconnector. The feeder with switch-disconnector 

is mainly used as an incoming, ring or branch unit. 

• Supply Unit, UMP – Universal Metering Unit. This unit is used in medium voltage 

applications where a dedicated panel is required for the instrument transformers. 

 

The photo and the scheme of the switchgear are shown in Figure 2.46 and in Figure 2.47. 

 

Figure 2.46. Air Insulated Medium Voltage Switchgear adopted for the industrial field tests. The four standard 

units are evidenced: A is the SBR unit, B and C are the SDC units and Supply is the UMP unit  
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Figure 2.47. Air Insulated Medium Voltage Switchgear electrical scheme  

The high voltage power supply of the entire system has been obtained by feeding the Voltage 

Transformers (VTs) present in the Supply unit. Only one phase has been adopted. The VTs were fed 

by a variable autotransformer, an insulating transformer with 230 V/230 V as ratio and a fuse was 

used as short circuit protection. To measure the voltage amplitude, a multi-meter was used after a 

calibration reported below. The circuit of the power supply is shown in Figure 2.48. 

 

Figure 2.48. Air Insulated Medium Voltage Switchgear power supply circuit  

As introduced before, to have the exact voltage measure on the low voltage side with the multi-

meter, a calibration was necessary. To perform this calibration, the high voltage was measured with 

a calibrated voltage probe and both, high and low voltage values, were acquired and put into relation 

on the graph shown in  Figure 2.49. It is necessary to point out that these values are true until the 

saturation of the VTs. When the VTs start to saturate, above 15 kV, there is no more a linear trend 

between the high and low voltage sides. 
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Voltage measure calibration 

 Low Voltage Values 

[V] 

High Voltage Values 

[V] 

 

 6.735 1049  

 9.749 1528  

 13.271 2076  

 16.608 2509  

 19.245 3008  

 22.55 3509  

 26 4051  

 29.31 4572  

 31.863 4987  

 35.702 5571  

 38.58 6013  

 42.112 6558  

    

 

Figure 2.49. Calibration of the power system and of the multi meter 

𝐻𝑉 [𝑉] = 155,82 ∙ 𝐿𝑉 

𝑅2 = 0,999 
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The PD measurement has been performed both with the IEC 60270 [8] standard compliant 

measurement system, the same introduced in chapter 2.2.1, and with the TEV sensor-based one. The 

two PD measurement systems are shown in Figure 2.50 and in Figure 2.52, for the Diasol S.r.l. 

conventional PD measurement system and in Figure 2.51 and in Figure 2.53 for the TEV sensor 

circuit. 

  

Figure 2.50. IEC 60270 standard compliant Diasol S.r.l. PD 

measurement system  

Figure 2.51. TEV sensor circuit adopted 

for the PD measurement 

   

Figure 2.52.  Photos of the IEC 60270 standard compliant 

Diasol S.r.l. PD measurement system 

Figure 2.53. Photo of TEV sensor circuit 

adopted for the PD measurement 

 

The tests have been carried out on a twisted pair sample, to compare even the results obtained in 

laboratory and shown in the previous chapter, and on a current transformer discarded at the production 

stage for a too high PD amplitude level. The acquired PD pattern are summarized  in Figure 2.54, 

Figure 2.55, Figure 2.56, and in Figure 2.57 for what concerns the twisted pair tests and in Figure 

2.58, Figure 2.59 for those acquired from the current transformer.  
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PD measurement on twisted pair by applying 1000 V  

 5.8  

Figure 2.54. PD Pattern acquired with the IEC60270 

standard compliant PD measurement system 

Figure 2.55. PD Pattern acquired with the TEV sensor 

 

PD measurement on twisted pair by applying 1500 V  

  

Figure 2.56. PD Pattern acquired with the IEC60270 

standard compliant PD measurement system 

Figure 2.57. PD Pattern acquired with the TEV sensor 

 

PD measurement on current transformer by applying 1300 V  

  

Figure 2.58. PD Pattern acquired with the IEC60270 

standard compliant PD measurement system 

Figure 2.59. PD Pattern acquired with the TEV sensor 
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By comparing the PD pattern acquired from the standard compliant PD measurement system and 

those obtained from the TEV sensor, during this industrial on field test campaign, it is possible to 

confirm that the TEV sensor gives comparable results to those captured with the conventional one. 

This leads to confirm that a TEV-based PD measurement system can be developed and optimized to 

perform PD measurement.  

During the performed preliminary industrial filed tests, an investigation on a capacitive-based PD 

measurement system, developed by ABB S.p.a., has been performed. The aim of this study was to 

test a PD measurement system that can easily be installed on existing medium voltage switchgear. 

One challenge is the easy installation to upgrade the installed base without significant downtime and 

changes to the system. Overall, a challenging topic is the conversion of the measured data into key 

parameter on the insulation status with the aim to trigger alarms, but also to initiate for more detailed 

diagnostics and maintenance activities [42] 

The capacitive-based sensor principle is like the IEC60270 [8] approach. To simplify the retrofit 

installation, the system is integrated into the already existing voltage indicating systems (VIS) or 

voltage indication presence systems (VIPS). The proposed measurement system does not alter the 

primary function of VIS and VIPS systems while providing PD measurement. An installation kit was 

integrated into the low-voltage compartment and provides the possibility of exchanging PD 

measurement electronics without shutting down the high-voltage as well as a failsafe functionality in 

case of a malfunction of the PD measurement system. The developed system is able to monitor the 

PDs on each power phase and it can measure the PDs at different frequency bands, up to 10MHz. The 

first comparison performed has given useful information reported in [42]. 

Another point that was investigated was the effect of long cable connected to the switchgear. The 

pilot switchgear used for the test was originally setup as standalone, that is, no cables were connected. 

But it is expected that long cables add a large DC capacitance, and it is well known that the capacitive 

measurement principle sensitivity decreases as the overall system capacitance increases. For this 

reason, the investigation, reported in [42], was carried out even to investigate this aspect.  

Partial discharges are indeed measured through the instantaneous voltage changes (thereafter 

referred to as pulses) they produce on the medium-voltage busbar. The amplitude ΔU of the pulses 

depends on the capacitance of the system Csys and on the apparent partial discharge amplitude qPD 

through the simple relation 𝑞𝑃𝐷 = 𝐶𝑠𝑦𝑠  ∙  ∆𝑈.  The larger the system capacitance, the smaller the 

detectable signal in relation to the PD pulses.  

A real installation may feature a big capacitance value, which would reduce the system sensitivity. 

Medium-voltage switchgear is typically connected to a feeder that can connect to cables with a length 

of several hundred meters or even few kilometres. Under DC or low frequency conditions those cables 

have a large capacitance per unit length, typically few hundreds picofarad per meters. To illustrate 

the effect on the measurement sensitivity, three capacitors with a capacitance of 3.3nF each, have 

been connected in parallel to a twisted-pair giving an overall additional DC capacitive load of about 

10nF to mimic the capacitance of long cables. 

As can be seen in Figure 2.60, the insertion of the capacitors causes a reduction in the PDs 

amplitude in the case of the conventional capacitive-based measurement system. The reduction in 

measured PD amplitude is found to be less severe for the TEV system, as shown in Figure 2.61. 
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Figure 2.60. Comparison of the PD Pattern without (left) and with (right) additional capacitors for the 

conventional PD system 

 

  

Figure 2.61. Comparison of the PD Pattern without (left) and with (right) additional capacitors for the TEV 

sensor 

 

The reduction in measured PD amplitude is found to be less severe for the TEV system, as shown 

in Figure 2.61. The TEV system measures the radiated signal produced by the PDs. The sensitivity 

of the TEV system depends therefore only on the environmental electromagnetic characteristics and 

is not affected that strongly by the capacitive characteristics of the system. By the end, the capacitive 

behaviour of a pure capacitor does not reflect the effect of a cable at high frequencies. Due to their 

long length, cables must be represented as a transmission line. For this reason, a simulation with a 

model that included the cable was performed and reported in [42]. 
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2.3.2 Development of the TEV-based PD Measurement System  

These preliminary investigations allowed to better understand the behaviour of TEV sensor in a 

real industrial application and to confirm that a PD measurement system can be developed and 

optimized by considering TEV sensors.  

For these reasons, the research activity carried out is continued with the purpose of optimizing and 

increasing the performances of the TEV sensor-based measurement system. The idea was to adapt 

the sensor circuit to match it with the PD measurement system developed by Diasol S.r.l. A scheme 

of this PD measurement system is shown in Figure 2.62 

 

Figure 2.62. PD measurement system based on TEV sensor 

To optimize the entire system two steps are necessary: 

• Increasing the performances of the TEV sensor. 

• Optimizing the filter stage of the SolPre device. 

 

As the previous chapters explain, the TEV sensor output depends on its geometrical characteristics. 

Since the total dimensions of the sensor should be in an acceptable range, it has been assumed that a 

good compromise should be a sensor detector comparable to the TEV_40 presented before. By fixing 

the dimensions of the definitive industrial TEV sensor, it is possible to calculate approximately the 

capacitance of the sensor considering the hypothesis that it can be considered as a flat and parallel 

faces capacitor.  

Considering that the surface of the detector part of the sensor will be painted in order to add the 

insulating layer comparable as PET material, the thickness and relative permittivity can be defined 

and integrated in the equation (2.27). 

 

 

  

𝐶𝑇𝐸𝑉 = 𝜀0 𝜀𝑟  
𝑆

𝑑
= 8.85 ∙  10−12  ∙ 3 ∙  

0.001256 

100 ∙  10−6
≈ 330 𝑝𝐹 

 
(2.27) 
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It is possible, then, to consider the follow equivalent circuit, shown in Figure 2.63, of the sensor 

where the CTEV is the capacitance of the sensor while the CD is the divider capacitance added at the 

output of CTEV.  

 

Figure 2.63. Equivalent circuit of the TEV sensor 

The resistor R represents the resistance of the metal box that contains the PD source, from the 

point where the TEV sensor is connected to the ground. It is possible to consider that, since the PDs 

are very fast pulses, most parts of the signal should flow through the TEV sensor (CTEV). 

The definitive TEV sensor developed is shown in Figure 2.64 

  

Figure 2.64. The definitive TEV sensor built 

Another point that should be analysed is the external shield of the TEV sensor. The TEV detector 

part is contained in a metallic box with an insulation part that separates the two components. The 

metal box is a good solution since it can function as shield for the background radiated noise. Despite 

of this consideration, it is possible to consider the representation of the external shield and the 

implementation on the equivalent circuit as represented in Figure 2.66 by considering the zoom shown 

in Figure 2.65. 

 

Figure 2.65. TEV sensor shield and detector 
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Figure 2.66. TEV sensor shield circuit representation 

From the equivalent circuit it is clear that, if the CSHIELD is connected to the ground, it goes in 

parallel with the CD so the equivalent capacitance increases. Since the goal of the capacitance CD is 

to make a capacitive divider with the CTEV, to maximize the output voltage, the CD value should be 

as low as possible, so it is necessary that the CSHIELD results not connected to the ground. For this 

reason, it has been chosen to implement as connector an isolated RG-58/BNC: in this way, the metal 

shield is not connected to the ground of the measuring circuit. To confirm this, some laboratory PD 

measures have been performed with a simple set up shown in Figure 2.8. 

 

Figure 2.67.  Adopted test circuit set-up for the shield ground connection of the TEV sensor  

The test set-up was composed of the following components: 

• A programmable arbitrary function generator: for the performed tests, only a sinusoidal 50 

Hz voltage waveform was adopted. 

• A linear valve amplifier (AWADIT) with a gain of 1000 (60dB). 

• The twisted pair inside the oven, represented with the capacitor CK. 

• A voltage probe. 

• The TEV sensor, attached to the oven by means of magnetics, with a high pass filter of 10kHz 

to filter the power supply waveform and part of the background noise. The output of the filter 

was directly connected to the SolDaq (digital data acquisition unit). 
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The obtained PD Patterns are shown in Figure 2.68 Figure 2.69 

  

Figure 2.68.  PD Pattern obtained with the TEV 

shield isolated from the ground 

Figure 2.69.  PD Pattern obtained with the TEV 

shield isolated grounded 

By a first visual analysis of the PD pattern acquired, it is possible to see how the amplitude of the 

PDs in the case of the grounded shield, Figure 2.69, is lower than in the other case, Figure 2.68.  

It is possible to confirm this by checking the derived quantities that can be calculated from the PD 

patterns reported in Table 8. 

Table 8. Derived quantities from the PD Patterns 

PD Pattern relevant to the TEV sensor 

with the grounded shield 

PD Pattern relevant to the TEV 

sensor with the not grounded shield 

Q mean Tot        1125.57 Q mean Tot        694.23 

Mean Noise Level 664.06 Mean Noise Level 449.22 

    

S/N Ratio 1.69 S/N Ratio 1.54 

    

By comparing the S/N ratios, even if the differences are not so evident, it is possible to confirm 

that the external shield should not be connected to the ground of the measurement system.  

To optimize the PD measurement system based on the developed TEV sensor, a deeper analysis 

of the filtering stage has been performed. To start this activity, the PD signal and the background 

noise detected from the TEV sensor analysis were performed previously in laboratory in order to 

prepare different filtering stages that can be applied in the field test campaign.   

To carry out these investigations, the test circuit set-up is shown in Figure 2.70. 

 

Figure 2.70. PD signal and noise detected from the TEV sensor laboratory analysis 
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The results of this investigation are shown in Figure 2.71, for what concerns a PD pulse captured 

from the TEV sensors and, in Figure 2.72, the background noise detected.  

 

Figure 2.71. PD signal detected from the TEV sensor 

 

Figure 2.72. Noise detected from the TEV sensor 

Analysing the images collected, it is possible to note how it is not so easy to define the signal and 

the noise frequencies. It could be assumed that the PD signal can have a frequency bandwidth higher 

than 18-20MHz, while the noise is in a frequency range below 3-5 MHz. Starting from this 

information, it is possible to study the best filtering stage configuration: it has been chosen to focus 

the investigation on a band pass filter with a frequency bandwith between 3 and 24 MHz and a high 

pass filter with a cut frequency of 25 MHz. Before the circuital implementation of the filters, different 

software simulations were performed focusing on the 3-24MHz band pass filter since for the 25MHz 

high pass filter a commercial one has been adopted.  

The components adopted for the circuit simulation are those necessary to simulate the TEV sensor 

as explained before, the filter and the equivalent circuit of the input of the oscilloscope as evidenced 

in Figure 2.73. 
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Figure 2.73. 3-24 MHz band pass filter software simulation 

 

Gain = -7,78 dB, Frequency = 9,14 MHz 

 

Gain = -10,81 dB, Frequency = 3,32 MHz 
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Gain = -10,88 dB, Frequency = 25,91 MHz 

 

Figure 2.74. Results of the 3-24 MHz band pass filter simulation 

As explained before, the complete PD measurement system is composed by different electronic 

devices. One of these is the SolPre that is the component that filters and amplifies the PD signals. In 

order to make easier the possibility of changing the filter stage, the SolPre filter has been removed 

and the filters have been implemented in other external boxes as shown in Figure 2.75. 

The PD measurement system, shown in this picture, represents the one that was implemented for 

the field test campaign, performed for the industrial validation, as explained below.  

 
Figure 2.75. PD measurement system based on TEV sensor developed for the field test campaign 
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To check the behaviour of the simulated filter, a laboratory test has been performed by adopting 

the test circuit shown in Figure 2.76. 

 

Figure 2.76. Laboratory PD measurement system tests 

The collected PD patterns, by using a unity SolPre amplifier gain, are shown in Figure 2.77, when 

no filter was adopted and in  Figure 2.78 whit the implementation of the developed filter. With the 

PD pattern, even the total mean charge value, the noise level and so the signal to noise ratio are 

reported.  

  

Figure 2.77. PD Patterns collected from the PD 

measurement system without any filter 

Figure 2.78. PD Patterns collected from the PD 

measurement system with 3-24 MHz filter 

Q mean Tot [mV] = 82.93       Q mean Tot [mV] = 146.98       

Mean Noise Level [mV] = 42.97 Mean Noise Level [mV] = 66.405 

S/N Ratio = 1.93 S/N Ratio = 2.21 

 

The PD patterns collected without filter, in Figure 2.77, and with the filter stage, in Figure 2.78,  

show how the S/N ratio is higher by using the filter even if the difference is not so evident. Moreover, 

it is necessary to underline how the laboratory is a place with a background noise level lower than in 

an industrial field, so, by considering the on-field test campaign, the filter stage became one of the 

most important components of the PD measurement system.  
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2.3.3 Industrial Field Tests of the TEV-based PD Measurement System 

Developed 

To verify and validate the TEV sensor-based PD measurement system on a real industrial 

application, a second field test campaign has been performed by installing it on the ABB medium 

voltage switchgear shown before in Figure 2.46. To carry out this investigation, a comparison with 

the TEV sensor-based PD measurement system and an IEC 60270 standard compliant one was 

conducted. To acquire the PDs data, a measurement system composed by two measurement branches 

was installed on the AIMVS introduced in section 2.3.1. Inside the B Unit, the specimen and the TEV 

sensor were placed: the specimen was connected to the high voltage and to the ground as shown in 

Figure 2.79 and the TEV sensor was attached to the wall of the AIMVS with integrated magnetic 

(Figure 2.80). Within the unit C, an IEC 60270 compliant PD measurement system, SolPDonline 

(Figure 2.81), was installed in order to have a reference for the results obtained by the TEV sensor. 

The last unit, an universal metering unit, was used to feed the AIMVS by means the voltage 

transformers (VTs) located inside it. For the test, only one phase was used. 

  

Figure 2.79. Specimen connected to the power supply 

inside the Unit B 

Figure 2.80. TEV sensor installed on the switchgear 

 

 

Figure 2.81. IEC 60270 standard compliant 

measurement branch installed inside the switchgear 
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As shown in the scheme of the circuit reported in Figure 2.82, to regulate the voltage level inside 

the AIMVS, a variable autotransformer was used, fed by an insulating transformer connected to the 

building power plant. The voltage, set at 1.12 kV, has been measured by means of the coupling 

capacitor and quadripole integrated in the device named SolCu (Figure 2.81). 

 

Figure 2.82. Test set-up circuit 

 

The PDs measurement system was composed of different elements, evidenced in the scheme in 

Figure 2.82, that allow to obtain the PD patterns from the two different systems thanks to an ad-hoc 

software that manages all the systems automatically. The IEC 60270 compliant measurement branch 

was composed by the integrated coupling capacitor and quadripole, SolCu, and a variable gain 

amplifier named SolPreLF. The TEV sensor measurement branch was made out of the TEV sensor, 

and the filter, connected to the variable gain amplifier SolPre. After some preliminary tests, it was 

chosen to introduce a 25MHz high pass filter that gave better results instead of the 3-24MHz band 

pass analysed in the previous section. The calibration processes, that allow to know the values of the 

PDs with pC measurement unit instead of mV, has been performed for the IEC60270 standard 

compliant branch obtaining a calibration constant of 3.16 pC/mV. To compare all the results together, 

they will be presented with mV measurement units. The two measurement branches were joined to a 

switch, SolSwitch, controlled by the PC and the SolTestTime software. To control the gains of the 

amplifiers, the output of the SolSwitch was linked to the SolCon controller. At last, a data acquisition 

unit named SolDaq, was used to convert the processed analogue signal to a digital one from PDs and 

connected by USB port to the PC. The software has been set in order to acquire automatically on each 

measurement branches the PD patterns every 12 hours with an acquisition time of 5 seconds. The test 

has been stopped after around 250 hours.  

The comparison of the two measurement systems has been done in two different steps. First, a 

visual evaluation of the difference in the obtained PD pattern was performed. Then, in order to 

confirm what the visual check suggests, a deeper analysis of some derived quantities, calculated from 

the post processing process of the PD pattern, was done. To understand if the information obtained 

from the measurement system based on the TEV sensor is comparable with the one obtained from the 

standard compliant, the obtained PD patterns were compared. In Figure 2.83 are shown the PD 

patterns acquired in the first part of the lifetime, at the end and in the middle as example.   



University of Genoa – CMTEST Laboratory 

- 95 - 

 

Time 

hh:mm:ss 

IEC60270 standard compliant 

measurement branch 

TEV sensor-based measurement 

branch 

00:00:00 

  

84:00:00 

  

168:00:00 

 

 

 

Figure 2.83. Comparison of the acquired PD Patterns with the two measurement systems. On the left are shown the 

PD Patterns acquired with the IEC60270 standard compliant measurement branch. Those reported on the right have 

been obtained with the SolTev sensor-based measurement branch. 

 

Starting from the visual analysis of the PD patterns shape, it is possible to see how both 

measurement systems give comparable results except for the only amplitude of the captured PDs.  

It is important to remember that the two measurement systems detect signals in two different ways: 

the standard compliant branch detects conducted signals while the TEV sensor detects irradiated ones. 

The different nature of the detected signals from the two measurement systems, can be the reason of 

the different PDs amplitude acquired. 

  



University of Genoa – CMTEST Laboratory 

- 96 - 

In order to perform a deeper comparison, some different derived quantities, obtained from the post 

processing computation of the PD patterns, have been analysed. The investigation has been performed 

on the PDs number, N+, the mean charge, Qmean
+, the charge per cycle, Qc

+ and the PDs power, 

Power+ relevant to the positive polarity discharges since the negative quantities gave the same trend. 

The equations (2.28), (2.29) and (2.30) define these derived quantities where 𝑞𝑖
+ is the apparent 

positive charge value, 𝑁𝑖
+ is the number of the positive discharge, 𝑡𝑎𝑐𝑞 is the acquisition time set 

equal to 5s, 𝑓 is the power supply frequency and 𝑢 is the applied voltage. 

These computed data have been plotted in Figure 2.84, in Figure 2.85, in Figure 2.86 and in Figure 

2.87 during the degradation time. The blue points are relevant to the data obtained from the IEC60270 

standard compliant measurement branch; those in red are relevant to the TEV sensor branch. 

 

 

 

Number of positive polarity PDs trend Mean charge of positive polarity PDs trend 

  

Figure 2.84. The N+ trend over time, the blue points are 

acquired with the IEC 60270 standard compliant 

measurement branch; in red those obtained from the 

TEV-based measurement system. 

Figure 2.85. The Qmean+ trend over time, the blue 

points are acquired with the IEC60270 standard 

compliant measurement branch; in red those obtained 

from the TEV-based measurement system. 

 

  

𝑄𝑚𝑒𝑎𝑛+ =
∑ 𝑞𝑖

+
𝑖

𝑡𝑎𝑐𝑞
 [𝑚𝑉/𝑠]  

(2.28) 

𝑄𝑐+ =
∑ 𝑁𝑖

+𝑞𝑖
+

𝑖

𝑡𝑎𝑐𝑞𝑓
 [𝑚𝑉]  

(2.29) 

𝑃𝑜𝑤𝑒𝑟+ =
∑ 𝑢𝑖

+𝑞𝑖
+

𝑖

𝑡𝑎𝑐𝑞
 [𝑚𝑉2/𝑠]  

(2.30) 
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Charge per cycle of positive polarity PDs trend Power of positive polarity PDs trend 

  

Figure 2.86.  The Qc+ trend over time, the blue points 

are acquired with the IEC60270 standard compliant 

measurement branch; in red those obtained from the 

TEV-based measurement system. 

Figure 2.87. The Power+ trend over time, the blue points 

are acquired with the IEC60270 standard compliant 

measurement branch; in red those obtained from the 

TEV-based measurement system. 

 

Analysing the trends of the presented derived quantities, it is possible to note how the only 

difference obtained from the two measurement branches is in the amplitude. This confirms what the 

visual analysis of the PD pattern evidenced. The two measurement systems allow to obtain the same 

PDs evolution during the degradation time with a different amplitude level.  

Except for the mean charge in Figure 2.85, the trend of the other derived quantities presents an 

evident variation during the degradation time of the specimen.  

From the Figure 2.85, relative to the trend of the positive mean charge, it is possible to note how 

the trend of this quantity has only a little variation when the others have an evident one. Since this 

derived quantity is a mean calculation and the PDs with higher amplitude are less than those with low 

amplitude, it is possible to see how the trend of this quantity is quite constant.    

By observing the PD pattern collected during the interval time where the derived quantities have 

this variation, it has been noted that the PD activity increased as shown in Figure 2.88. The reported 

PD patterns are those obtained with the IEC 60270 standard compliant measurement branch since the 

same behaviour has been seen even for the TEV sensor branch.  
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84:00:00 132:00:00 

  

168:00:00 192:00:00 

Figure 2.88. PD Pattern acquired with the IEC60270 standard compliant measurement branch, during the 

interval time where the derived quantities change their trend. 

 

Since the tests were carried out in a non-controlled ambient, the relative humidity can influence 

the PD activity as reported in previous studies [43], [44]. In fact, especially in the case of surface 

discharge, the environmental condition can strongly influence the surface conductivity of the material 

leading to a different evolution behaviour of the PDs [43], [44]. 

During the test, the values of the relative humidity were not collected. In order to make a simple 

analysis, it is possible to use the historical data registered on internet on a specialized website.  

To investigate if the relative humidity (RH) has influenced the PD activity, one of the measurement 

results every 24 hours was considered with the correlated derived quantities computed before. In 

Table 9 are reported these data, obtained from the IEC 60270 standard compliant measurement system 

and the value of the relative humidity of that day register in the please where the tests were carried 

out. 
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Table 9. Derived quantities and RH% data 

Measure ID N+ Q mean+ QC
+ Power+ Rh % 

2 18616 20.14 1500.00 3.58E-04 49 

4 8134 17.97 584.81 1.66E-04 53 

6 2340 15.34 143.67 4.05E-05 69 

8 2019 20.69 167.09 4.27E-05 78 

10 2013 21.09 169.62 4.30E-05 94 

12 22205 29.91 2658.23 5.92E-04 38 

14 30022 26.94 3234.18 6.55E-04 26 

16 2043 18.25 149.37 3.99E-05 70 

18 2256 19.78 178.48 5.06E-05 75 

20 2035 12.501 101.90 2.48E-05 63 

22 1710 12.86 87.97 2.97E-05 73 

The reported data in Table 9 have been plotted in Figure 2.89, in Figure 2.90, in Figure 2.91 and in 

Figure 2.92 in relation with the relative humidity.  

Number of positive polarity PDs trend Mean charge of positive polarity PDs trend 

  

Figure 2.89.  The N+ Vs the RH% Figure 2.90. The Qmean+ Vs the RH% 
 

Charge per cycle of positive polarity PDs trend Power of positive polarity PDs trend 

  

 

Figure 2.91.  The Qc+ Vs RH% Figure 2.92. The Power+  Vs RH% 
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Considering the trend of the PDs number, Figure 2.89, the positive charge per cycle, Figure 2.91, 

and the positive PDs Power, Figure 2.92, it is possible to note a linear behaviour increasing the relative 

humidity until around 55%. When the RH increases over this value, the derived quantities of the PD 

activity tend to stabilize and to remain constant. 

As for the trend of the mean charge respect the degradation time reported in Figure 2.90, this 

derived quantity (Q mean) tends to remain quite constant by varying the relative humidity as shown 

in Figure 2.90. These relations confirm that the changes in the trend of the derived quantities presented 

in Figure 2.84, in Figure 2.85, in Figure 2.86 and in Figure 2.87, were caused by changes in the 

ambient condition that influences the PDs activity.   

 

By concluding, to validate the TEV-based PD measurement system, developed during the research 

activity performed, an industrial field test campaign has been carried out.  

The aim of this industrial tests was to compare the PD activity monitoring results acquired from 

the TEV-based measurement system and an IEC 60270 standard compliant one.  

The first visual check performed by seeing the collected PD pattern suggested how both PD 

measurement systems give comparable results with the exception of the signal amplitude detected 

from the TEV-based one.  

Despite this, even the deeper investigation of the derived quantities, obtained from the post 

processing process of the PD patterns, confirmed how the optimized PDs measurement system based 

on a TEV sensor can be implemented instead of a standard compliant one whenever a non-invasive 

installation is necessary for the device under test like, for example, on-line PD monitoring. 
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3 High Frequency Current Transformer Sensors 

One of the most implemented sensors for non-invasive PD measurement is the High Frequency 

Current Transformer (HFCT). HFCT sensors are widely used for PD detection and their application 

for the location and identification of PD sources is very effective [5].  

The HFCT usually consists of a wound, toroidal, ferrite core which is placed around an unscreened 

cable conductor or earth sheath to inductively detect PD [45]. The HFCT often has a split-core design, 

making it easy to install and suitable for retrofit installations as non-invasive PD measurement 

systems. Moreover, the HFCT sensors are portable, cost effective and non-intruding sensors and they 

are often used in practical measurement [6].  

The aim of the following sections is to report the research activity performed on this kind of sensors 

in order to investigate the HFCT characteristics and to optimize a HFCT-based PD measurement 

system.  

In particular, after a simple theory introduction, different magnetic core materials were 

experimentally tested to analyse their behaviour in relationship to the frequency bandwidth and the 

signal output amplitude. The best HFCT sensor configuration was found by changing the number of 

the output wire turns and considering the different ferrite materials. 

Considering an online PD measurement application, some tests were carried out to investigate the 

effect on the PD measurement of the HFCT magnetic core saturation. Since the saturation of the 

sensor lead to a PD signal reduction, a saturation current limit of the HFCT sensor was defined. This 

information allows to identify the HFCT sensor adapt to the rated current of the electrical equipment 

under test. 

The performed analysis, led to develop and to optimize a HFCT-based PD measurement system 

adopted during a research activity performed at the RWTH Aachen University. The goal of the 

investigation was to analyse the electrical treeing phenomena on XLPE insulated HVDC cables with 

different voltage waveforms. The collected results suggest how both the voltage amplitude and 

frequency influence the evolution shape of the treeing by effecting the lifetime of the samples.  
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3.1 Theory and Design of HFCT Sensors 

3.1.1 Inductive Sensors: Principle of Operation 

The High Frequency Current Transformer (HFCT) sensor can be classified as inductive sensor 

since its principle of operation is the same of a conventional current transformer.  

When a coil is placed in a time-variant magnetic field, it is possible to use the Faraday-Neumann-

Lenz law to highlight the bond between the time-variant magnetic flux φ and the electromotive force 

induced in the coil: 

The magnetic flux φ can be calculated in scalar form as: 

• �⃗� : magnetic induction [T] 

• A: surface crossed by magnetic flux [𝑚2] 

• 𝑑𝑎⃗⃗ ⃗⃗  : normal vector to surface 

• α: angle between �⃗�  and 𝑑𝑎⃗⃗ ⃗⃗   [degree] 

 

Figure 3.1. Magnetic flux calculation 

  

Figure 3.2. Magnetic field generated by a conductor 

driven by current 

 

Figure 3.2 shows how a cable crossed by current generates a magnetic field around it. In particular, 

a circular cable generates a circular magnetic field �⃗⃗� . �⃗�  is directed according to the tangent to the 

magnetic field, perpendicular to the radius of the circumference r. 

Considering a circular conductor, the relationship between B and H is given by equation (3.3). 

 

• μa: absolute permeability of the medium; 

• r: radius; 

• B: magnetic indution; 

• H: magnetic field. 

𝑒 = −
𝑑𝜙

𝑑𝑡
 [𝑉] 

 
(3.1) 

𝜙 = ∫ �⃗�  𝑐𝑜𝑠𝛼 𝑑𝑎⃗⃗ ⃗⃗  
𝐴

 [𝑊𝑏] 
 

(3.2) 

𝐵 = 𝜇𝑎𝐻 =
𝜇𝑎𝐼

2𝜋𝑟
 [𝑇] 

 
(3.3) 
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If identical N coils are positioned around a conductor, all at the same distance and all perpendicular 

a r (∝=90°), the total magnetic flux φtot enclosed by the winding is given by the equation (3.4)  

The variation in the time of the current is reflected in the temporal law of the magnetic flux. By 

replacing in the equation of Faraday-Neumann-Lenz: 

If the geometric parameters do not vary in time, we define the mutual inductance M21 of a coil of 

an induction sensor: 

The M21 mutual inductance is one of the key parameters for determining the electrical behaviour 

of an induction sensor. 

This results in the fem induced to the winding heads: 

The relatively low sensitivity of a sensor with an air coil and the problems related to its 

miniaturization can be partially overcome using a ferromagnetic core. 

Considering the vacuum, it is possible to state that: 

(μ0 = 4π 10-7 H/m) 

And in presence of a material with a relative permeability 

Since the ferromagnetic material has a relative permeability bigger than 1, the performance of the 

sensors can be increased considering ferromagnetic core.  

Considering these materials, it is well known that the function of the magnetic induction B in 

relationship with the magnetic field H is not linear but describes a close loop, called hysteresis loop. 

This function presents the following properties: 

• the cycle area is proportional to a type of material loss. 

• the shape of the cycle determines the possible applications of the ferromagnetic material in 

question. 

The ferromagnetic materials are generally classified as soft or hard considering the characteristics 

of the hysteresis loop and for this reason they are chosen for the different applications.  
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3.1.2 HFCT: Description and Design 

As the theoretical background suggested, the ferromagnetic material behaviour is strongly 

dependent on the frequency of the magnetic field applied.  

The PDs, since they can be summarized as current pulses, generate signals with a very high 

frequency bandwidth so the sensors should be able to detect them in a rage from tens of kHz to tens 

of MHz.  

Thanks to this characteristic, HFCT sensor can be implemented in measurement system IEC 60270 

[8] compliant, considering the standard bandwidth 50 kHz - 1 MHz, or in High frequency 

measurement systems. The latter are generally used in presence of high noise level such as on-line 

PD measurement or in industrial application.  

It is possible to summarize the characteristics of a HFCT sensor for the PDs measurement: 

• High sensitivity to the PD pulses. 

• High Signal to Noise Ratio (SNR). 

• Wide working frequency bandwidth.   

To satisfy these attributes, the HFCT sensor uses as ferromagnetic material the ferrite. The ferrite 

core is realized with ceramic transition metal compounds bonded with oxygen; it has strong 

ferromagnetic properties and high electrical resistivity. The low coercivity value allows the reversal 

of the direction of magnetization without dissipating a large amount of energy because of hysteresis 

losses, while the high resistivity limits the circulation of parasitic currents in the core. This leads to 

obtain lower losses at high frequency than the other ferromagnetic material. 

The ferrite core used for the electromagnetics applications contain iron oxides combined with 

nickel, zinc and/or manganese compounds. These materials have a small coercive magnetic field, and 

they are called soft ferriti, while on the contrary, the hard ferriti, that are implies to realize permanent 

magnet, have high coercive magnetic field. 

Nowadays, the soft ferriti are typically based on: 

• Manganese-Zinc (MnZn) Ferrite: higher permeability and saturation level; 

• Nickel-Zinc (NiZn) Ferrite: higher resistivity (suitable for frequencies higher than 1 MHz). 

The material of the Ferrite core influences the characteristics of the component especially 

considering the frequency; for this reason, it is important to select the best material for each 

application.  

 

Figure 3.3. Example of magnetic curves of some different ferrite magnetic cores 
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The HFCT sensors are increasingly used to PD measurement for high voltage equipment. In fact, 

thanks to their characteristics, this kind of sensors lead to perform non-invasive measurements with 

a good SNR. The HFCT converts the PD current pulses that flow in the insulating material to voltage 

signals that the measurement system can acquire. This is the same behaviour of a conventional 

measuring impedance but with the advantage that the HFCT leads to maintain the galvanic insulation 

from the high voltage equipment and so a non-invasive installation.  

A simplified representation is shown in Figure 3.3.  

 

 

Figure 3.4. Typical configuration of a HFCT sensor 

Considering Figure 3.4, the HFCT is composed by the ferrite core and an insulated cable would 

on the core with a load impedance RL; in this way, it is possible to obtain a measurable voltage. 

Typically, the primary circuit has only one turn (Np=1) while the secondary circuit has a higher 

number of turns Ns: varying the secondary turns and the load impedance it is possible to change the 

measurable voltage (Uo) and decrease the parasitic capacitance that influences the higher frequency 

signals.  

Depending on the geometrical characteristic of the ferrite core, the HFCT sensors can be divided 

into two groups: 

• Toroidal HFCT: the ferrite core has a toroidal shape, and it is not possible to open it.  

• Clamp HFCT: the ferrite core is divided into two parts that can be installed without any 

invasive procedure for the electrical equipment under test.  

To investigate the behaviour and to develop the design of the HFCT sensor it is possible to use 

equivalent circuits [46] or simplified models to optimize its parameters [47]. 

An investigation reported in [48] reports on a finite-element analysis (FEA) methodology that can 

be employed to optimize HFCT performance. The simulation computes the frequency response of the 

sensor in the range 0.3–50 MHz for various HFCT geometric and material parameters, specifically 

the number of winding turns, spacer thickness, aperture size, and core material. 

The results of this investigation suggest how most of the material properties do not change 

significantly over the frequency range covered by the simulation. An exception, however, is the 

permeability of the ferrite core of the sensor. The relative magnetic permeability changes with 

frequency and plays an important part in the behaviour of the sensor. For this reason, in the laboratory 

test reported bellow, different ferrite core material will be tested. 
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Considering the effect of the windings turns the [48] suggest that, as with any other current 

transformer, the current output of the sensor (IS) is inversely proportional to the number of sensor 

winding turns (NS): 

𝐼𝑆 = 𝐼𝑃
𝑁𝑃

𝑁𝑆
 (3.10) 

where IP is the current in the centre conductor and NP = 1. Consequently, the number of winding 

turns is one of the parameters that greatly affects the performance of the sensor. The proposed results 

in the paper suggest that, as expected, sensitivity increases as the number of turns decreases. At the 

same time, the bandwidth of the sensor increases. A reduced number of turns widens the effective 

operating frequency range of the sensor and extends it towards higher frequencies. Conversely, 

increasing the number of turns allows the sensor to operate at lower frequencies, but with reduced 

sensitivity.  

Another interesting point, evidenced in the paper [48], is the effect of gaps in the ferrite core as in 

the case of the clamp HFCT.  

The introduction of gaps in the ferrite core of the HFCT is a technique frequently used to increase 

the saturation limit and allow the transformer to operate at higher current levels. The gap increases 

the reluctance of the core which in turn reduces the amount of flux flowing for a given current level. 

The gap can consist of air or any other material immune to saturation (nylon in the case of the HFCT). 

Although essential for avoiding saturation, adding a gap in a transformer core produces a reduction 

in the effective core permeability. Predictably, the sensor sensitivity drops as the thickness of the 

spacer increases. This drop, however, is not constant across the frequency range and hence the 

bandwidth of the sensor changes.  

All these aspects have been investigated during laboratory test performed in order to achieve the 

better performances of the HFCT sensors. 
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3.2 HFCT Sensors - Laboratory Tests 

The purpose of the performed laboratory tests was to investigate the behaviour of the HFCT sensor 

considering different ferrite core material, different number of winding turns and the effect of the 

magnetic core saturation on the PD signal. In the following two chapters two different tests will be 

presented: the first one with the aim to identify the best sensor configuration considering different 

ferrite core material and different number of winding turns. The second one, with the purpose to 

analyse the effect of the saturation on PD signals.  

3.2.1 HFCT sensors classification 

The purpose of this chapter is to find the better HFCT configuration considering different ferrite 

core material and a different number of turns to reach the best Signal to Noise Ratio. To perform this 

investigation, an automatic test circuit has been realized in order to obtain the frequency bandwidth 

of the sensors in relationship to the turns number and the different ferrite core material.  

The block scheme of the circuit is shown in Figure 3.5 while in Figure 3.6 are shown the photos 

of the test circuit used. 

 

Figure 3.5. Test circuit block scheme 

 

Figure 3.6.  Test circuit used for the classification of the HFCT sensors 

The presented circuit leads to perform the test in a short time since the waveform generator and 

the oscilloscope are controlled by an ad-hoc software developed for this purpose.   

A simple circuit description is here reported. The implemented voltage waveform generator was 

controlled by the computer. In this way, it can give a sinusoidal voltage waveform with different 

frequencies. The data have been acquired by means of a digital oscilloscope itself controlled by the 

software on the PC. The software, developed by Diasol S.r.l., once it has been set, it controls the 
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waveform generator and the oscilloscope in order to obtain the bandwidth graphs of the HFCT sensor 

configuration considered.  In Figure 3.7 the software setting menu is shown.  

By setting all the software parameters, the results give for each frequency step the voltages levels, 

generated by the generator (VIN) and at the output of the HFCT (VOUT), and the magnitude calculated 

as equation (3.10). 

 

Figure 3.7. Software setting menu 

To avoid capacitive couplings, the primary turn was kept as centred as possible respect the ferrite 

core.  

From the data, one graph for each ferrite core material and turn number, was plotted and from this 

the bandwidth has been extrapolated. The test range frequency has been chosen from 10 Hz to 40 

MHz (the maximum limit of the voltage waveform generator) with a step that allows to obtain a good 

definition of the curves. The winding turns of the secondary circuit of the sensor were set at 50, 20, 

10, 7 and 3 in order to have a good range of data. The ferrite core material chosen for this investigation 

were nine: seven toroidal and two clamp type. The characteristics of the different cores are here 

summarized in Table 8 considering as reference for the dimensions shown in Figure 3.8. 

 
 

 

Figure 3.8. Dimensions of ferrite core; torodial at the left and clamp at the right 

 

  

𝐺 = 20𝑙𝑜𝑔10

𝑉𝑂𝑈𝑇
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(3.10) 
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Table 10. Ferrite core characteristics 

ID 
Dimensions [mm] ID 

Material 

Permeability 

µi @ 25 °C Φext / A Φin / B C h 

Toroidal HFCT 

T1 41.8 26.2 - 12.5 N87 2200 (± 25%) 

T2 102 62.8 - 5 N87 2200 (± 25%) 

T3 140 103 - 25 N30 4300 (± 25%) 

T4 102 62.8 - 15 T38 10000 (± 30%) 

T5 140 103 - 25 T37 6500 (± 25%) 

T6 41.8 26.2 - 12.5 T65 5200 (± 30%) 

T7 102 62.8 - 15 T65 5200 (± 30%) 

Clamp HFCT 

C1 93 76 16 28 N95 3000 (± 25%) 

C2 126 91 20 28 N87 2200 (± 25%) 

Considering these ferrite cores, the winding has been performed for each with a different number 

of turns as explained before. In the following figures some example of the HFCT under test are shown.  

   

A B C 

Figure 3.9. Toroidal HFCT with different winding turns: A: 50 turns, B: 10 turns and C: 3 turns. 

 

   

A B C 

Figure 3.10. Clamp HFCT with different winding turns: A: 50 turns, B: 10 turns and C: 3 turns. 
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3.2.2 Toroidal HFCT sensors classification -Test Results and Analyses 

The results summarized in the following tables indicate the cut frequency values, lower and higher, 

and the magnitude of the flat part of the curves. These data have been derived from the obtained 

graphs collected during the test per each condition. As example, here are reported the graphs obtained 

from the toroidal HFCT T1 for 50, 10 and 3 turns.  

  

Figure 3.11. Bandwidth plot of T1 HFCT with 50 turns Figure 3.12. Bandwidth plot of T1 HFCT with 10 turns 

 

Figure 3.13. Bandwidth plot of T1 HFCT with 3 turns 

Table 11. Results of the toroidal HFCT T1 

Toroidal HFCT - T1 

Turns ID Material Lower cut frequency [kHz] Higher cut frequency [MHz] Magnitude [dB] 

50 N87 2 13 -32 

20 N87 20 18 -25 

10 N87 70 35 -20 

7 N87 100 33 -17 

3 N87 300 26 -13 
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Table 12. Results of the toroidal HFCT T2 

Toroidal HFCT – T2 

Turns ID Material Lower cut frequency [kHz] Higher cut frequency [MHz] Magnitude [dB] 

50 N87 3 8 -30 

20 N87 20 14 -25 

10 N87 80 22 -19 

7 N87 100 9 -17 

3 N87 300 8 -13 

Table 13. Results of the toroidal HFCT T3 

Toroidal HFCT – T3 

Turns ID Material Lower cut frequency [kHz] Higher cut frequency [MHz] Magnitude [dB] 

50 N30 1 3 -31 

20 N30 7 13 -25 

10 N30 20 26 -20 

7 N30 60 9 -16 

3 N30 90 9 -13 

Table 14. Results of the toroidal HFCT T4 

Toroidal HFCT – T4 

Turns ID Material Lower cut frequency [kHz] Higher cut frequency [MHz] Magnitude [dB] 

50 T38 1 6 -31 

20 T38 7 15 -25 

10 T38 20 18 -20 

7 T38 40 8 -17 

3 T38 90 7 -13 

Table 15. Results of the toroidal HFCT T5 

Toroidal HFCT – T5 

Turns ID Material Lower cut frequency [kHz] Higher cut frequency [MHz] Magnitude [dB] 

50 T37 1 1 -32 

20 T37 6 5 -25 

10 T37 20 12 -20 

7 T37 30 6 -17 

3 T37 80 5 -14 
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Table 16. Results of the toroidal HFCT T6 

Toroidal HFCT – T6 

Turns ID Material Lower cut frequency [kHz] Higher cut frequency [MHz] Magnitude [dB] 

50 T65 1 14 -32 

20 T65 8 18 -25 

10 T65 20 25 -20 

7 T65 50 18 -17 

3 T65 100 17 -13 

Table 17. Results of the toroidal HFCT T7 

Toroidal HFCT – T7 

Turns ID Material Lower cut frequency [kHz] Higher cut frequency [MHz] Magnitude [dB] 

50 T65 1 4 -32 

20 T65 8 9 -25 

10 T65 30 23 -20 

7 T65 60 22 -17 

3 T65 100 9 -13 

To better analyse the results collected in the previous tables, the following graphs are shown where 

the lower cut frequency, Figure 3.14, the higher cut frequency, Figure 3.15, and the magnitude of the 

output signal,  Figure 3.16, are presented in relationship with the turns number.  

 

Figure 3.14. The trend of the lower cut frequency values and the number of turns for each toroidal HFCT 
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Figure 3.15. The trend of the higher cut frequency values and the number of turns for each toroidal HFCT 

 

 

Figure 3.16. The trend of the magnitude values and the number of turns for each toroidal HFCT 
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This performed analysis led to better understand how the different core material and the number 

of turns can influence the behaviour of the HFCT sensor in term of frequency bandwidth and the 

amplitude of the signal that can be measured.  

From the obtained results it is possible to state the following points: 

• Considering all the material and all the configuration tested: the frequency bandwidth 

changes significantly by changing the number of the turns applied as secondary circuit while 

the material does not considerably change the performance of the sensor.  

• Analysis of the lower cut frequency trend in relationship with the turns number: the graph 

reported in Figure 3.14 shows how the lower cut frequency strongly depends on the number 

of the turns of the secondary circuit. In particular, increasing the turns the lower cut frequency 

tends to decrease. Even the different material affects these parameters, in fact, by fixing the 

number of the turns it is possible to see how the frequency values change by changing the 

different ferrite core materials.  

• Analysis of the higher cut frequency trend in relationship with the turns number: the lower 

cut frequency increases until a maximum obtained in the range of seven and ten turns. 

Increasing the turns number, the cut frequency value decreases.  

• Analysis of the magnitude in relationship with the turns number: by observing Figure 3.16 it 

is possible to see how the magnitude of the output signal tends to decrease increasing the turns 

number.  

 

By concluding this analysis, it is possible to identify the Toroidal core T1 as the ferrite core that 

has the better performances for the PD measurement. 
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3.2.3 Clamp HFCT sensors classification - Test Results and Analysis 

The results summarized in the following tables indicate the cut frequency values, lower and higher, 

and the magnitude of the flat part of the curves 

These data have been derived from the obtained graphs collected during the test per each 

conditions.  

Table 18. Results of the clamp HFCT C1 

Clamp HFCT – C1 

Turns ID Material Lower cut frequency [kHz] Higher cut frequency [MHz] Magnitude [dB] 

50 N95 1 8 -31 

20 N95 8 11 -25 

10 N95 90 10 -20 

7 N95 200 13 -17 

3 N95 400 15 -14 

 

Table 19. Results of the clamp HFCT C2 

Clamp HFCT – C2 

Turns ID Material Lower cut frequency [kHz] Higher cut frequency [MHz] Magnitude [dB] 

50 N87 1 3 -31 

20 N87 20 8 -25 

10 N87 80 8 -25 

7 N87 100 8 -17 

3 N87 300 9 -13 

In the case of the clamp HFCT, it is possible to identify the ferrite core Clamp core C1 as the best 

material for the PD measurement.  

Thanks to the geometrical morphology of these sensors, it is possible to analyse how the presence 

of an air gap in the ferrite core influences the bandwidth and the magnitude of the output signal.  

The obtained results suggest that the presence of the air gap led to obtain a reduction of around 4 

dB for each centimetre of air gap considering the bandwidth. Furthermore, increasing the air gap the 

bandwidth tends to reduce its range.  

As example, here are shown tests performed on clamp core C2 to analyse the behaviour of the 

ferrite core characteristics considering 3 turns and without air gap, Figure 3.17, or 2 and 3 cm air gap, 

Figure 3.18 and Figure 3.19. 
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Figure 3.17. Bandwidth plot of C2 HFCT with 3 

turns, without air gap 
Figure 3.18. Bandwidth plot of C2 HFCT with 3 

turns, with 2cm air gap 

 

Figure 3.19. Bandwidth plot of C2 HFCT with 3 turns, with 3cm air gap 
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3.2.4 HFCT Sensors Classification - Saturation Current Limit 

It is well known that a ferromagnetic material has a maximum level of magnetic induction field B 

that can be reached when it is subjected to a magnetic field H: above this level of saturation, if the 

magnetic field H increases, the induction B remains quite constant. It is possible to identify the 

saturation part of the hysteresis loop evidenced in the Figure 3.20. 

 

Figure 3.20. Saturation of ferromagnetic material 

From the theory, reported below, it is possible to see how the saturation effect depends on the 

geometrical dimensions of the magnetic core and on the permeability of the material.  

ℝ is the reluctance of the magnetic core expressed as the equation (3.12) 

where: 

• μ: Permeability of the material 
• 𝜙: Magnetic flux 

• B: Magnetic induction field 

• l: mean length of the magnetic core 

• S: Magnetic core section 

• ℝ: Reluctance 

• 𝑁: Number of turns 

• 𝐼: Current 

Considering only one turn, in correspondence of the maximum magnetic induction field, without 

air gap it is possible to obtain the equation (3.14) 

While, considering the air gap it has to include the permeability of the air 𝜇0, and the air gap length 𝑙𝑡:  

𝜙 = 𝐵 ∗ 𝑆 =
𝑁𝐼

ℝ
 

 
(3.11) 

ℝ =
𝑙

𝜇 ∗ 𝑆
 

 
(3.12) 

𝐵 ∗ 𝑆 =
𝜇 ∗ 𝑆

𝑙
𝑁𝐼 

 
(3.13) 

𝐼𝑚𝑎𝑥 = 𝐵𝑚𝑎𝑥

𝑙

𝜇
 

 
(3.14) 
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Concluding, the maximum current that can be reached in correspondence of the maximum 

magnetic induction field can be calculated considering the equation (3.16) 

By comparing the equation (3.14) and the equation (3.16) it is possible to see how the maximum 

current that it is possible to reach considering the maximum magnetic induction field is higher if an 

air gap is present.  

These simplified analysis can be useful to understand the behaviour of the different ferrite cores 

that were tested. 

In fact, since this phenomenon can affect the PD measurement, a laboratory investigation was 

performed. To simulate the real behaviour of the sensors applied to a high voltage electrical 

component, the different ferrite cores were subjected to a high 50 Hz current on the primary circuit. 

The ferrite cores were set with the same turn number configuration, 3 turns, since it represents the 

best configuration of the HFCT sensors as reported in the previous chapter. 

To perform this investigation, the following circuit, shown in Figure 3.21 has been mounted.  

 

Figure 3.21. Test set-up circuit implemented for the High current tests 

In Figure 3.22 and in Figure 3.23 are shown the devices used for the high current tests. 

  

Figure 3.22. Variable autotransformer and 

oscilloscope implemented for the high current tests 

Figure 3.23. High current transformer, HFCT and 

multimeters implemented for the high current tests 

ℝ =
𝑙

𝜇 ∗ 𝑆
+ 2

𝑙𝑡
𝜇0 ∗ 𝑆

 
 

(3.15) 

𝐼𝑚𝑎𝑥𝑡
= 𝐵𝑚𝑎𝑥(

𝑙

𝜇
+

2𝑙𝑡
𝜇0
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(3.16) 
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In the circuit the following devices were implemented:  

• A Mono-phase transformer:  

o Power: 36 kVA 

o Power factor: 1 

o Frequency 50Hz 

o Primary Voltage: 220 V 

o Secondary Voltage: 6 V 

• Variable autotransformer: 

o Power: 7 kVA 

o Primary Voltage: 220 V 

o Secondary Voltage: 0 – 220 V 

o Current: 32 A 

o Frequency: 45 – 60 Hz 

• Two Multi-meters for the primary and secondary voltages 

• A 200 A current clamp connected to the oscilloscope to measure the primary current 

 

Once the test set-up was prepared, the ferrite cores have been implemented with tree turns as 

secondary circuit. The output of the HFCT sensors was connected to the oscilloscope. The tests were 

performed by increasing the primary 50 Hz current of the HFCT to verify the output signal of the 

sensor to verify their behaviour in presence of a high primary current. The test results are reported in 

the following chapter. 
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3.2.5 HFCT sensors classification - Saturation Current Limit - Test Results 

and Analyses 

The performed tests show how a high primary current on the HFCT sensor can cause saturation 

effect on the output signal. As example, in Figure 3.24, Figure 3.25 and Figure 3.26 the output signals 

collected from an HFCT with different levels of primary current are shown.  

 

Figure 3.24. Saturation HFCT tests: without saturation 

at the output of the sensor 

 

Figure 3.25. Saturation HFCT tests: in presence of the 

initial stage of saturation at the output of the sensor 

 

Figure 3.26. Saturation HFCT tests: in presence of  

saturation at the output of the sensor 

These effects were seen for all the ferrite core classified before at different primary current levels. 

An interesting current value is represented by the saturation current limit that represents the 

maximum primary current value that does not cause any distortion in the output of the HFCT sensor. 

The collected results for the toroidal HFCT sensors are reported in Table 20. 
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Table 20. Saturation effect - Results of the Toroidal HFCT  

ID Saturation Current Limit [A] 

T1 4 

T2 11 

T3 16 

T4 10 

T5 13 

T6 4 

T7 11 

A first analysis can be performed considering the results collected for the toroidal ferrite core. 

Similar behaviours, as shown in the previous figures, were obtained for all the HFCT sensors but with 

different saturation current limit values.  

The dimensional characteristics of the ferrite cores, reported in Table 21, and the collected values 

of the saturation current limit, were plotted in the graph shown in Figure 3.27.  

Table 21. Ferrite core geometrical dimensions 

ID 

Dimensions [mm] 
ID 

Material Φext Φin h 
Average 

length 

Toroidal HFCT 

T1 41.8 26.2 12.5 106.81 N87 

T2 102 62.8 5 258.87 N87 

T3 140 103 25 381.70 N30 

T4 102 62.8 15 258.87 T38 

T5 140 103 25 381.70 T37 

T6 41.8 26.2 12.5 106.81 T65 

T7 102 62.8 15 258.87 T65 

 

Figure 3.27. Relationship between the saturation current limit and the ferrite core mean length 
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It is possible to see how the saturation effect depends on the geometrical dimensions of the 

magnetic core and on the material. In fact, increasing the value of the mean ferromagnetic core length, 

the saturation current limit values increase. Considering the same dimensions, even the material plays 

a role on the saturation effect but less evident.  

Considering the clamp ferrite core, it is important to consider even the effect of the air gap that 

could be present since, as the equation (3.16) suggested, the air gap could increase the saturation 

current limit.  

To verify this behaviour, the two clamp ferrite cores have been tested as the toroidal ones by 

varying the length of the air gap by inserting an insulating material of around 1mm thickness as shown 

in Figure 3.28.  

 

Figure 3.28. Clamp HFCT sensor with 1mm of air gap 

Table 22. Saturation effect - Results of the clamp HFCT with and without air gap 

ID 

Saturation Current Limit 

without air gap 

[A] 

Saturation Current Limit 

with 1 mm air gap 

[A] 

C1 20 290 

C2 22 275 

 

By observing the results reported in Table 22, it is possible to see how the air gap can increase the 

performance of the HFCT sensor considering the effect of the saturation of the output signal. 

The collected current limit values can be very useful in terms of classification of the HFCT sensors 

since if the saturation effect acts some changes in the PD measurement, in this way it is possible to 

identify the best sensors that can be installed depending on the characteristics of the electrical 

equipment under test. 
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3.2.6 HFCT sensors - Saturation Effects on PD Measurement 

Once investigated the effect of a high current input at the HFCT sensor output, the investigation 

of the effect on the PD measurement of the saturation effect is necessary. In fact, the saturation current 

could change the output of the PD measurement. For this reason, considering on-line PD 

measurement application with HFCT, it can be necessary to identify the maximum industrial (50 or 

60 Hz) current that the sensor can support without any changes on the PD measurement output.  

To start this investigation, to add a PD signal, a second circuit was added to the one used for the 

saturation current limit analysis performed. The circuit adopted is shown in Figure 3.29. 

 

 
 

Figure 3.29. Test Set-up circuit implemented for the investigation 

of the saturation current on the PD measurement. Evidenced in 

red the part of the circuit that introduce the calibrator PD pulses 

Figure 3.30. Component used for the 

investigation 

The circuit represented in black is the same circuit adopted for the saturation current limit 

investigation reported in Figure 3.21. To add a PD signal, generated from a PD pulses calibrator IEC 

60270 standard compliant [8], the circuit evidenced in red was implemented and in Figure 3.30 is 

shown the component used.  

In particular, a PD measurement branch composed by a coupling capacitor, Ck, a measuring 

impedance Zm and a PD calibrator were adopted. In this way, the calibration PD pulses can flow 

through the red circuit, and they can be detected by the HFCT sensor.  

The tests have been carried out by applying the calibration pulses to the HFCT sensor in two 

different ways: 

• by triggering the pulses with the high current circuit generator (in this way the pulses will be 

in a fixed position considering as reference the generated high current waveform); 

• without any trigger signal as reference to try to acquire the pulses in different positions 

considering the reference high current waveform. This condition is useful since it is possible 

to simulate the real PDs situation where  are distributed along the reference waveform and to 

see what happens considering the saturation. 

For both conditions, the high current, generated by the black circuit, was regulated in order to have 

no saturation of the HFCT magnetic core and to have an evident saturation. The tests were carried 

out considering the toroidal HFCT sensor T1 and the Clamp HFCT sensor C1 without air gap, with 

1mm and 2mm air gap.  
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A second and more realistic investigation about the behaviour of the sensors in presence of a high 

current at the input terminal has been performed by changing the calibrator with a real PD source. 

The adopted test circuit was modified as shown in Figure 3.31.  

 

 
 

Figure 3.31. Test Set-up circuit implemented for the investigation 

of the saturation current on the PD measurement. Evidenced in 

green the part of the circuit that introduce the PDs 

Figure 3.32. Component used for the 

investigation 

 

As before, the circuit represented in black is the same circuit adopted for the saturation current 

limit investigation reported in Figure 3.21. To add the PDs signal, generated from a surface PDs 

source, the circuit evidenced in green was implemented and in Figure 3.32 is shown the component 

used. In particular, to generate high voltage at the PD source terminal, a voltage transformer with 60 

VA of rated power and 100/20000 V/V as voltage ratio, supplied by an insulating transformer and a 

variable autotransformer, have been adopted.  

For this investigation the PD signal acquired by the HFCT sensor was filtered by a 25 MHz high 

pass filter connected to the input of the oscilloscope in order to filter the low frequency of the 

reference voltage to better see the PD activity.  

Even for this second test session, only the toroidal T1 and clamp C1 HFCT sensors were 

implemented for three different saturation currents: without saturation; at the current limit saturation 

and with complete magnetic core saturation or without and with 1mm air gap.  

 

 

  



University of Genoa – CMTEST Laboratory 

- 125 - 

3.2.7 HFCT sensors - Saturation Effect on PD Measurement - Test Results 

and Analyses. 

To start the tests, the acquisition of the PD pulses has been performed in order to see the shape of 

the pulses without the high current. The reported result was acquired with the C1 HFCT as example 

and they are reported in Figure 3.33 and Figure 3.34.  

  

Figure 3.33. PD pulses from the calibrator 

 

Figure 3.34. Zoom of a calibrator PD pulse 

The images collected from the oscilloscope for the HFCT sensor T1 and C1 are here shown. 
 

Effect of saturation on PD measurement with the torodial HFCT sensor T1 

 

Figure 3.35. Triggered PD calibrator pulses, and no 

saturation 

 

Figure 3.36. Triggered PD calibrator pulses and 

saturation 

 

Figure 3.37. No triggered PD calibrator pulses and saturation 
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Effect of saturation on PD measurement with the clamp HFCT sensor C1 without air gap 

 

Figure 3.38. Triggered PD calibrator pulses and no 

saturation 

 

Figure 3.39. Triggered PD calibrator pulses and 

saturation 

 

Figure 3.40. No triggered PD calibrator pulses and saturation 

 

Effect of saturation on PD measurement with the clamp HFCT sensor C1 with 1 mm air gap 

 

Figure 3.41. Triggered PD calibrator pulses and no 

saturation 

 

Figure 3.42. Triggered PD calibrator pulses and 

saturation 
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Effect of saturation on PD measurement with the clamp HFCT sensor C1 with 2 mm air gap 

 

Figure 3.43. Triggered PD calibrator pulses and no 

saturation 

 

Figure 3.44. Triggered PD calibrator pulses and 

saturation 
 

By observing the collected results, it is possible to state how the saturation of the HFCT sensor 

magnetic strongly affects the PD measurement. The peaks amplitude of the PD pulses, generated by 

the calibrator, is lower when the saturation of the magnetic core is present. This behaviour can be 

noted by comparing Figure 3.38 and Figure 3.39, Figure 3.41 and Figure 3.42, Figure 3.43 and Figure 

3.44. By observing the results collected from the Figure 3.35 and Figure 3.36, the differences are less 

evident; this is probably due to the capacitive phenomena since the HFCT sensor T1 is the smallest 

sensor of those tested. Otherwise, by analysing what happens if the pulses are not triggered, it is 

possible to state that: 

• If the magnetic core is not in saturation condition, the amplitude of the peaks is the same 

independently from the reference waveform position. 

• If the magnetic core is in saturation condition the amplitude of the peaks depends on their 

position considering the waveform reference. Figure 3.36, Figure 3.37 and Figure 3.39, Figure 

3.40, show how, if the peaks are present in the flat part of the saturated waveform, they are 

smaller than when they are in correspondence of the positive and negative semi period 

“peaks”. This phenomenon is due to the fact that the flat part of the saturated waveform 

matches the flat part of the hysteresis loop that represents the saturation part, while the two 

thin semi periods match the rise and fall part of the loop. In Figure 3.45, a simplified picture 

is shown in order to clearly explain these aspects. 

 

Figure 3.45. Hysteresis loop and the different part where it is possible to detect PDs 

• Considering the test performed with the clamp sensor C1, it is possible to see how, without 

air gap, the behaviour is similar to the one  obtained with the toroidal ones, as shown in Figure 

3.38, Figure 3.39 and Figure 3.40. When the air gap is introduced, in order to increase the 

saturation current limit, it is possible to see, in Figure 3.41, Figure 3.42 and in Figure 3.43, 

Figure 3.44 that the PD peaks are less sensitive to the saturation since even with high level of 

magnetic core saturation, the peaks have a lower reduction in comparison with the previous 

tests.  
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The second test performed, by introducing a real PDs generator, gave the same results in 

relationship with the saturation of the sensor magnetic core. The presence of the high pass filter 

changes a bit the shape of the PD pulses, but the information that is possible to obtain from this 

investigation does not change. In Figure 3.46 and Figure 3.47 the filtered pulses are shown.  

 

Figure 3.46. Filtered PD pulses from the calibrator 

 

Figure 3.47. Zoom of a filtered PD pulses generated 

from the calibrator 

The following results are relative, as before, to the HFCT sensors T1 and C1, tested with different 

saturation current levels detailed for each result. To better see the saturation situation, even the current 

output acquisitions of the sensor are shown.  

Effect of saturation on PD measurement with the toroidal HFCT sensor T1  

No magnetic core saturation 

Input HFCT sensor current: 2 A  

  

Figure 3.48. Effect of saturation on PD measurement with the toroidal HFCT sensor T1 without saturation 
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Effect of saturation on PD measurement with the toroidal HFCT sensor T1  

Current saturation limit 

Input HFCT sensor current: 4 A  

  

Figure 3.49. Effect of saturation on PD measurement with the toroidal HFCT sensor T1 at the current 

saturation limit 

 

Effect of saturation on PD measurement with the toroidal HFCT sensor T1  

With compleate magnetic core saturation  

Input HFCT sensor current: 90 A  

  

Figure 3.50. Effect of saturation on PD measurement with the toroidal HFCT sensor T1 with complete 

saturation of the sensor magnetic core 
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Effect of saturation on PD measurement with the clamp HFCT sensor C1  

Without Air gap 

No magnetic core saturation 

Input HFCT sensor current: 14 A  

  

Figure 3.51. Effect of saturation on PD measurement with the clamp HFCT sensor C1 without air gap and 

without saturation 

 

Effect of saturation on PD measurement with the clamp HFCT sensor C1  

Without Air gap 

Current saturation limit 

Input HFCT sensor current: 20 A  

 
  

Figure 3.52. Effect of saturation on PD measurement with the clamp HFCT sensor C1 without air gap and at 

the current saturation limit  
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Effect of saturation on PD measurement with the clamp HFCT sensor C1  

Without Air gap 

With complete magnetic core saturation  

Input HFCT sensor current: 420 A  

  

Figure 3.53. Effect of saturation on PD measurement with the clamp HFCT sensor C1 without air gap and 

with complete saturation of the magnetic core  

 

Effect of saturation on PD measurement with the clamp HFCT sensor C1  

With 1 mm Air gap 

No magnetic core saturation 

Input HFCT sensor current: 20 A  

  

Figure 3.54. Effect of saturation on PD measurement with the clamp HFCT sensor C1 with 1mm air gap and 

without saturation 
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Effect of saturation on PD measurement with the clamp HFCT sensor C1  

With 1mm Air gap 

Current saturation limit 

Input HFCT sensor current: 290 A  

  

Figure 3.55. Effect of saturation on PD measurement with the clamp HFCT sensor C1 with 1mm air gap and 

at the current saturation limit  

 

Effect of saturation on PD measurement with the clamp HFCT sensor C1  

With 1mm Air gap 

With complete magnetic core saturation  

Input HFCT sensor current: 600 A  

  

Figure 3.56. Effect of saturation on PD measurement with the clamp HFCT sensor C1 with 1mm air gap and 

with complete saturation of the magnetic core  

The obtained results with the toroidal T1 HFCT sensor suggest, even in the case of real PDs, that 

the saturation of the sensor magnetic core reduce significantly the amplitude of the detected peaks as 

shown in Figure 3.48, Figure 3.49 and Figure 3.50.  

In the case of the clamp HFCT C1, with air gap, it is possible to note how even for high saturation 

levels, the PD activity remain close to the situation seen without the saturation condition as reported 

in Figure 3.54, Figure 3.55 and Figure 3.56. PDs start to reduce amplitude for higher saturation current 

level.  
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To complete this analysis, it is possible to summarize in Table 23 the peak-to-peak values of the 

PDs. These values are variable and depend a lot on the instant time of the acquisition: the results 

shown are those that better represent the behaviour seen during the tests. The intention of this table 

is to highlight and clarify the comments above. 

 

Table 23. Summarized results 

Sensor  No magnetic 

core saturation 

Saturation current 

limit 

With complete 

magnetic core 

saturation 

T1 Saturation 50 Hz 

current level [A] 

2 4 90 

PDs amplitude peak 

to peak [mV] 

475 456 71,8 

C1 

No Air gap 

Saturation 50 Hz 

current level [A] 

14 20 420 

PDs amplitude peak 

to peak [mV] 

1120 1120 276 

C1 

1 mm Air gap 

Saturation 50 Hz 

current level [A] 

20 280 600 

PDs amplitude peak 

to peak [mV] 

1050 1010 631 

 

By concluding, the performed tests can give useful information about the behaviour of the HFCT 

sensors and their applications.  

It is possible to state that the industrial frequency current, 50 or 60 Hz, that may flow through the 

electrical component under test, considering for example an on-line PD monitoring campaign 

measurement, can lead to the saturation of the magnetic core of the HFCT sensor. This phenomenon 

reduces the capability of the sensor to measurement the PD pulses since the amplitude of these tends 

to decrease when the core saturation is present. 

Moreover, the results suggest that introducing an air gap, in the case of clamp sensors, the 

saturation current level increases while the PD measurement does not change significantly. 

For this reason, it is necessary to define the saturation current limit for each sensor. Considering 

on-line PD measurement, where the device under test works at the rated condition during the PD 

acquisition, the saturation current limit value should be higher than the rated current of the device 

tested; in this way, the HFCT sensor works in a no saturation condition leading to obtain the better 

PD detection. 
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3.3 HFCT Sensors - Application: Electrical Treeing Investigation 

The investigations performed and reported in the previous chapters allowed to characterize the 

HFCT sensors to better identify the best configuration and their limit.  

As application of this kind of sensors, in the following chapters is reported the implementation and 

the optimization of a HFCT-based PD measurement system adopted during a study performed at the 

RWTH Aachen University with an Erasmus PhD exchange program. In particular, a period of about 

seven months has been spent at the high voltage laboratory of the Institute of High Voltage Equipment 

and Grids, Digitalization and Energy Economics (IAEW) of the Aachen University in Germany, 

where several research activities have been carried out aimed at deepening the phenomenon of the 

electrical treeing in HVDC cable insulation. The optimizations and the most important results 

collected are here reported 

In recent years, there is a high research interest in the field of the HVDC power transmission 

system and one of the first reasons could be found by considering the large increases of the renewable 

energy generation. 

As reported in [49], wind power is the world's fastest growing electricity generation technology, 

because wind power is a renewable energy resource of a high technical standard. The aim should be 

to replace conventional power stations supplied by fossil fuel with power plants based on renewable 

energy in the future. The increase of onshore wind power generation in Germany has reached the 

maximum because there are only a few areas left to build wind power plants on the mainland. The 

offshore wind power generation is the future in the area of renewable power generation. The 

installation of the first German offshore wind farms is already permitted since a long time, however, 

all technical questions are not solved yet. One important task that has still to be solved is the power 

transmission from the wind farm to the mainland. The preferred concept for power transmission from 

the offshore wind farm is the High Voltage Direct Current (HVDC) transmission, which is the best 

solution for long distances of power transmission. The losses of the HVDC transmission line are 

quoted as about 3 % per 1000 km. The losses of the converter station are about 1.5 % of the nominal 

transmission power [50]. Furthermore, the HVDC allows the entire offshore wind farm to operate at 

a variable frequency, which can give some benefit in energy storage [51]. 

This paper [49] continues by affirming that, nowadays there are several HVDC transmission lines 

operating throughout the world. The main function for HVDC-systems is the transmission of energy 

over long distances and the connection of two AC grids with different frequencies. If the transmission 

line is realized by submarine or underground cable, as it is supposed to be offshore, the breakeven 

distance is much less than overhead transmission. It is not practical to consider AC cable systems for 

distances longer than 80 km but DC cable transmission systems are projected which lengths in the 

hundreds of kilometres and even distances of 1000 km or greater have been considered feasible [51]. 

Another advantage of HVDC is the possibility of stabilization decentralized electric power grids. 

Some widespread AC power system networks operate at stability limits well below the thermal 

capacity of their transmission conductors. HVDC transmission can be used to transfer the energy to 

regions where the energy is consumed [52]. This way, lots of of the existing grids will be reduced 

[49].  

There are two major kinds of the HVDC systems technology: The first one based on Line-

Commutate Converter (LCC) and the second one based on Voltage Source Converter (VSC). The 

high flexibility of the VSC based system allows for them to have a fast growth. This technology is 

adaptable to the use of Cross-Linked-Polyethylene-Extruded (XLPE) cables thanks to its 

characteristics that allow to reverse the power flow maintaining the same polarity of the DC voltage 

[53].  
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The XLPE insulation is nowadays the major insulating system used for this application. In fact, it 

has a low dielectric permittivity, a low loss factor and a high dielectric strength combined with good 

mechanical and thermal characteristics. But one of the major problems is the electrical treeing (ET) 

phenomena [54] and the space charge accumulation.  

Moreover, during fault situations within high voltage direct current (HVDC) links, transient 

overvoltages can occur due to propagating travelling waves and reflections at the cable joints or 

transfer points to overhead lines. These transient overvoltages with frequency components of several 

kHz may incept electrical trees inside the cable insulation [55]. When the electrical trees are incepted, 

during the normal operation at DC voltage for example [56], they continue growing until the total 

breakdown of the insulating system. The relationship between DC, high frequency (HF) stresses and 

the electrical treeing has not been fully investigated. 

There are different opinions on the relationship between applied voltage and frequency and the 

growth of the electrical trees. Most of the papers presented in the literature state that increasing the 

frequency leads to an accelerated tree growth mainly due to a higher partial discharge (PD) activity, 

and therefore, a reduced time to breakdown [57], [58]. Since there are also publications that make 

other observations [59]–[62], a deeper investigation seems necessary.  

For these reasons, a research project has been developed, in collaboration with the colleagues of the 

IAEW institute, to investigate the evolution of the electrical treeing under different voltage 

conditions. After a first period dedicated to familiarizing with the laboratory and with the 

instrumentations, different tests have been performed to find the best test set-up configuration and to 

find the best way to prepare the samples to test. 

Preliminary tests were performed with the definitive set-up developed and the samples prepared. 

Since the results gave interesting information, to conclude this research period, more tests have been 

performed with different test voltages conditions in order to confirm the results obtained from the 

preliminary tests. 
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3.3.1 Development of the Measurement System, Test Set-Up and First 

Preliminary Tests 

The investigation is focused on the study of the electrical treeing phenomenon by applying voltage 

waveforms with different characteristics with different frequencies and amplitudes. Since it could be 

interesting comparing the results with a reference condition, even 50 Hz tests were performed. This 

section will be dedicated to the description and the optimization performed to the test set-up and PDs 

measurement set-up, divided into two parts: the first part dedicated to the 50 Hz test circuit set-up 

(Low frequency circuit), the second one to the High Frequency (HF) circuit. 

Low Frequency Circuit Test Set-Up and PD Measurement 

As reference for the test results, a 50 Hz circuit, called LF circuit, was prepared as shown in Figure 

3.57. 

 

Figure 3.57. Low Frequency circuit test set-up 

The adopted circuit was composed by the component here reported: 

• A three-phase insulating transformer with 400V/400V ratio connected to the laboratory power 

supply. 

• A step-down transformer with 400V/220V ratio used to take only a mono-phase power supply 

for the test circuit. 

• A variable autotransformer to control the voltage amplitude. 

• A step-up transformer with 220V/100000V ratio. 

• A limiting resistance of 3 MΩ used to control the short circuit current when the device under 

test gets the breakdown. 

• A voltage divider to measurement the voltage amplitude applied to the sample. 
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Figure 3.58. LF circuit and the PD measurement system 

To carry put the PD measurement, the same measurement system adopted for the HF circuit was 

used even for the LF circuit in order to have comparable results. The optimization of this measurement 

system has been made during the development of the HF circuit reported in the following section 

with the detail of the adopted components. The scheme of the measurement circuit is shown in Figure 

3.59. 

 

Figure 3.59. LF circuit and the PD measurement system 
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High Frequency Circuit Test Set-Up and PD Measurement 

To perform high voltage and high frequency tests, the IAEW laboratory of the RWTH Aachen 

University is equipped with a circuit based on a Tesla transformer developed during the research 

activity explained in the paper [63]. This circuit was used to perform breakdown voltage test, which 

are tests with a short duration. The purpose of the electrical treeing investigation needs to carry out 

long term ageing test. For this reason, some preliminary tests were performed to control the circuit 

behaviour during long term tests and some little implementations were added like a cooling system 

ventilator to reduce the heating due to the high current of the primary circuit. The scheme of the 

circuit is shown in Figure 3.60. 

 

Figure 3.60. High Frequency circuit test set-up 

 One advantage of adopting an air coupled transformer, that has no magnetic core, is that no 

saturation or magnetic losses take place [64]. Besides, due to the air coupling, the transferable power 

is low. This circuit is based on the fact that by adding capacitors in parallel to the primary and 

secondary windings, a coupled resonance circuit is built up. In this way, the setup provides high 

output voltages, when the primary and secondary circuits are in resonance. In this case, the reactive 

power remains in the resonance circuit and only losses of the circuits have to be transmitted from 

primary to secondary side via the air coupled transformer. The requirements on the test bench 

developed in [63] are derived from the standard for power frequencies. A rms voltage of more than 

50 kV has to be achieved at the device under test. The resonance frequency should be in between 1 

and 10 kHz and the amplitude of higher harmonics should be low in order to avoid influences on the 

breakdown, which are initiated by higher frequencies than the basic frequency. 

The setup, shown in Figure 3.60, consists of the air coupled Tesla transformer T, which is part of 

two resonant circuits. The frequency f of both resonance circuits is defined by the Thomson's formula 

by equation (3.17), which includes the resonance capacity C and the resonance inductivity L [65]. 

The primary and secondary inductivity LP and LS are given by the air coupled transformer. This 

way, the frequency can be varied by changing the primary and secondary capacity CP and CS. The 

losses of the resonance circuits will be recharged by a DC source, which consists of a H bridge 

rectifier, D1- D4, with a capacitor CG, and a semi conductive switch. The switch for such a resonance 

circuit is typically made of a spark gap or a mechanical switch can be used. While the spark gap is 

triggered randomly, the mechanical switches are not suitable when switching in the kHz range. 

𝑓 =  
1

2𝜋√𝐿𝐶
  

(3.17) 
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Therefore, an insulated gate bipolar transistor (IGBT) is used as a switch. The IGBT is turned on for 

several microseconds each period to charge the capacitor of the primary circuit. The charge current 

is limited by the Resistor RL with 2.3 Ω value. Furthermore, the fast recovery diode DFR avoids an 

energy flow from the resonant circuits into the DC supply. The Resistor RM in the charge circuit serves 

as a current measuring device for the overcurrent protection and the turn off during breakdown. 

On the secondary side, the device under test (DUT) is connected in parallel with CS. The output 

voltage of the test bench is measured by a mixed ohmic capacitive divider. The capacity of the 

secondary resonant circuit is given by CS, CD and the stray capacitances of the setup including the 

stray capacitances of the transformer’s coil.  

To reach rms output voltages higher than 50 kV, a resonance circuit has to be developed with a 

low damping δ in order to reduce the losses of the resonant circuit. The damping of a parallel 

resonance circuit is defined by the inductivity L, the resonance frequency f0 and the resistance of the 

inductivity RL by equation (3.18) [66]. 

 

Low damping is reached when the resonance frequency of the inductance is in the range of the test 

frequency. The transformers secondary side is built up with two different taps to vary the secondary 

inductance and reach high quality factors. The whole inductor consists of 4208 turns and its 

inductance is 3.7 H. The coil and the capacitances of the secondary circuit, which is approximately 

107.8 pF, have a resonance frequency of 8 kHz. The second tap is at 2888 turns and can be used for 

frequencies up to 10 kHz. The primary coil consists of 15 turns and the inductance is 391 µH. An 

overview on the values of the primary and secondary resonance circuit is shown in Table 24. 

Table 24. Values of the resonance circuit 

Element Value 

Inductance of Lp 391 µH 

Resistance of Ls 840 Ω (1 kHz) – 909 Ω (10 kHz) 

Inductance of Ls 3.7 H 

Capacitance of 

secondary circuit 
107,8 pF 

Transmission 

ratio 
280,5/192,5 

In order to investigate the evolution of the electrical treeing, PD measurement has been performed. 

To start the optimization of the measurement system, a first measurement was carried out to check 

the noise level and the behaviour of the circuit. This first test was run with a conventional PD 

measurement system IEC 60270 [8] standard compliant based on a quadripole as measuring 

impedance. This measurement set-up was not implemented for the definitive tests for two reasons: 

• The capacitance of the measuring impedance influences the resonance frequency of the 

circuit. 

• Due to the presence of the commutation of the IGBT, the noise level measured with this 

system is too high to perform a signifying PD measurement. For this reason, the measurement 

system optimization is necessary. 

δ =  
𝑅𝐿

𝑓0 2 𝐿
  

(3.18) 
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By concluding, to carry out PD measurement, an optimized PD measurement system is necessary 

and, in order to do not give any influences on the resonance circuit, as detector an HFCT sensor was 

implemented.  

The measurement system, developed in collaboration with Diasol S.r.l. company, is shown in 

Figure 3.61. 

 

Figure 3.61. PD measurement System 

It is based on: 

• HFCT sensor: High frequency current transformer sensor developed and based on the 

investigation reported in the previous chapter. 

• SolPre: it is the filtering and amplifying stage component. The optimization of the system is 

based on the analysis of the filtering stage in order to obtain the best signal-to-noise (S/N) 

ratio.  

• SolCon: it is a control unit that gives the power supply to the SolPre and the command to the 

variation of the amplifier gain.  

• SolDaq: it is the digital data acquisition board. 

• Computer with an ad-hoc software. 

The optimization of the measurement system is concentrated on the optimization of the best S/N 

ratio by changing the filter stage of the SolPre. To do this, a first acquisition of the noise captured 

from the HFCT sensor and the PD measurement system was performed and shown in Figure 3.62, 

with the control box of the circuit (and the IGBT) switched off, and in Figure 3.63, Figure 3.64,  with 

the control box switched on.  

 

Figure 3.62. Background noise detected from the PD measurement system with the control box switched off 
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Figure 3.63. Background noise detected from the PD measurement system with the control box switched on. 

 

Figure 3.64. Detail of the background noise detected from the PD measurement system with the control box on. 

From the acquired pictures, Figure 3.62 and Figure 3.63, it is possible to note how the IGBT 

commutations generate a high level (around 3 times higher) of background noise that must be 

reduced. To investigate the frequency of the higher peaks, a detail of the noise was acquired in Figure 

3.64 and it is possible to see how this value is around 9 MHz. This frequency should be the same even 

increasing the output voltage amplitude of the resonance system. To verify this, two voltage steps 

were tested and the detail of the noise was captured in Figure 3.65, for 1kV voltage output, and in 

Figure 3.66 for 2 kV.  

 
Figure 3.65. Detail of the background noise detected from the PD measurement system with the control box 

switched on and with 1 kV output voltage amplitude. 
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Figure 3.66. Detail of the background noise detected from the PD measurement system with the control box 

switched on and with 2 kV output voltage amplitude. 

By comparing Figure 3.65 and Figure 3.66, it is possible to see how the noise amplitude increases 

but the frequency remains in the rage of the 8 - 9 MHz. It is possible to try to filter this noise by 

optimizing the filtering stage of the SolPre. To start this optimization process, different simulations 

were performed. The different bandwidth filters were chosen by considering the noise frequency and 

the electronic component available as here reported: 

• Band Pass filter: 14 ÷ 95 MHz 

• 2° order High Pass filter: 10 MHz 

• 2° order High Pass filter: 23 MHz 

• 2° order High Pass filter: 45 MHz 

• 2° order High Pass filter: 77 MHz 

To choose the best filter solution, the following tests have been performed. Considering the entire 

test set-up HF circuit, even with a test sample, a PD pulses calibrator was connected in parallel with 

the sample and set to generate peaks of 100 pC. In this way, it is possible to measurement the 

calibrator peaks in mV with the PD measurement system. Then, removing the calibrator, the output 

voltage amplitude was set to 5 kV and it was possible to measurement the amplitude of the 

background noise level. 

In this way, the S/N ratios were calculated and, by comparing these values, it was possible to 

identify the best optimization of the PD measurement system.  

In the following section, the results of this analysis are reported.  
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PD measurement system filter stage optimization 

Band Pass flter:14 ÷ 95 MHz 

  

Figure 3.67. Amplitude of the calibrator PD pulse   Figure 3.68. Amplitude of the noise at 5 kV   

Signal amplitude ≈ 667 mV Noise amplitude ≈ 133 mV 

S/N ratio ≈ 5.0 
 

PD measurement system filter stage optimization 

2° Order High Pass flter: 10 MHz 

  

Figure 3.69. Amplitude of the calibrator PD pulse   Figure 3.70. Amplitude of the noise at 5 kV   

Signal amplitude ≈ 1333 mV Noise amplitude ≈ 330 mV 

S/N ratio ≈ 4.0 
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PD measurement system filter stage optimization 

2° Order High Pass flter: 23 MHz 

  

Figure 3.71. Amplitude of the calibrator PD pulse   Figure 3.72. Amplitude of the noise at 5 kV   

Signal amplitude ≈ 1333 mV Noise amplitude ≈ 200 mV 

S/N ratio ≈ 6.7 

 

PD measurement system filter stage optimization 

2° Order High Pass flter: 45 MHz 

  

Figure 3.73. Amplitude of the calibrator PD pulse   Figure 3.74. Amplitude of the noise at 5 kV   

Signal amplitude ≈ 932 mV Noise amplitude ≈ 100 mV 

S/N ratio ≈ 9.3 

  



University of Genoa – CMTEST Laboratory 

- 145 - 

PD measurement system filter stage optimization 

2° Order High Pass flter: 77 MHz 

  

Figure 3.75. Amplitude of the calibrator PD pulse   Figure 3.76. Amplitude of the noise at 5 kV   

Signal amplitude ≈ 466 mV Noise amplitude ≈ 80 mV 

S/N ratio ≈ 5.8 

In the Table 25, the S/N ratio calculated are reported. It is possible to see how the best optimization 

of the PD measurement system is represented by the implementation of a High pass filter with a 

frequency cut of around 45 MHz.  

Table 25. Summarized results for the S/N ratio 

Filter characteristics S/N ratio 

Band Pass filter: 14 ÷ 95 MHz 5.0 

2° order High Pass filter: 10 MHz 4.0 

2° order High Pass filter: 23 MHz 6.7 

2° order High Pass filter: 45 MHz 9.3 

2° order High Pass filter: 77 MHz 5.8 

By concluding, the adopted test set-up circuit and PD measurement system for the high frequency 

test is shown in Figure 3.77. 
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Figure 3.77. HF circuit and the PD measurement system 

Despite of the measurement system optimization, the IGBT generates noise peaks that can not be 

completely filtered. Tanks to the fact that these peaks are present at fixed position in relationship to 

the reference voltage, it is possible to erase them during the post processing process. An example of 

an acquired PD pattern with and without IGBT noise peaks is shown in Figure 3.78. 

 

  

Figure 3.78. Example of an acquired PD Pattern with and without (after post processing process) IGBT noise 

peaks 
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3.3.2 Samples and Tests Procedures 

The aim of the investigation is to better understand the evolution of the electrical treeing with 

different voltage waveform considering, as samples, a test configuration as close as possible to the 

real cable insulating system. For this reason, samples were prepared starting from a commercial 

320 kV DC cable, shown in Figure 3.79. The cable, isolated with cross-linked polyethylene, was cut 

in slices of 10 mm thickness; the outer diameter was peeled, removing the outer semiconductor, and 

reaching a diameter of 100 mm. The conductor was taken off and the inner semiconductor was peeled 

in order to obtain a uniform surface. As ground electrode, a cylindrical aluminium electrode, with an 

external diameter of 60 mm, was used instead of the conductor of the cable. As high voltage electrode, 

an Ogura needle was slowly inserted into the sample by using an ad hoc sample holder shown in 

Figure 3.80.  

The used needles were divided into two groups: the first group, used to prepare samples for a 

preliminary investigation, had a tip radius of 1 µm and a length of 60mm; the second group, 

implemented for the definitive tests had a tip radius of 5 µm and a length of 60mm. All the samples 

were made with a gap between the needle tip and the ground electrode of 3 mm. To obtain this sample 

set-up, some preliminary adjustments of the correct gap distance were performed controlling it with 

a digital microscope. During the tests, to prevent surface discharger or flashover, the samples were 

immersed in mineral oil as shown in Figure 3.81. To prevent any oil infiltration along the surface of 

the needle inside the material, that could influence the test results, the needle was locked with silicon. 

The use of a commercial cable to obtain the test samples implies that it is not possible to insert the 

needle without the possibility of a crack or of causing mechanical stress at the needle tip. Anyway, a 

performed study suggested how these aspects would influence the tree initiation but would have little 

or no effect on the growth of the tree [62]. 

  

Figure 3.79. 320 kV XLPE commercial DC cable 

used for the samples 
Figure 3.80 The sample holder implemented to 

realize the samples 

 

Figure 3.81. Sample immersed in mineral oil and connected to the circuit: The needle was connected to the high 

voltage; the inside cylindrical electrode was connected to the ground 
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The tests were divided into two different investigations: 

• A preliminary investigation with a small number of samples performed to have a first view of 

the results.   

• A second investigation with more samples and different voltage conditions aimed to confirm 

the preliminary test results given. 

Both test campaigns were carried out by defining different voltage amplitude with two frequencies: 

50 Hz and 2.2 kHz. 

The 2.2 kHz frequency derived by the fact that, after some preliminary tests, with the available 

capacitance, the minimum frequency that could be reached with the HF circuit, was around 2kHz. As 

mentioned before, since the resonant frequency of the HF circuit also depends on the parasitic 

capacitances, the frequency 2.2 kHz could be achieved with the chosen setup and the samples used. 

For both circuits, the voltage amplitude was raised continuously until the defined test voltage level 

was reached. These voltage levels were chosen since they were higher than the partial discharge 

inception voltage; in this way, the ageing mechanism is mainly related to the PDs. The tests were 

carried out until the total breakdown of the sample. 
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3.3.3 Preliminary Test with the Defined Test Set-Up and Samples 

To start the electrical treeing study, a preliminary test campaign has been carried out in order to 

obtain a first set of results that can give a first view of the phenomenon. This investigation allowed 

to publish a conference paper presented during the Electrical Insulation Conference (EIC) 2021 and 

here summarized [67]. 

This preliminary study was performed with only one voltage level amplitude for both circuits, LF 

and HF, set at 9 kV. Three samples for each voltage configuration were tested. 

The collected results, reported in Table 26, represent the times to breakdown, or lifetimes, started 

by considering the appearance of the first PDs.  

Table 26. Summarized results for the S/N ratio 

 Lifetime [hh:mm:ss] 

 9kV, 50Hz 9kV, 2.2kHz 

Sample 1 00:30:30  

Sample 2 00:41:16  

Sample 3 00:41:09  

Sample 4  03:00:00* 

Sample 5  06:37:03 

Sample 6  06:26:38 

* Test was manually stopped after that time 
Considering the lifetimes given in Table 26, it is possible to note that the times to breakdown are 

longer at higher frequencies than at 50 Hz. The time presented for the Sample 4, is not the time to 

breakdown since the test was stopped after the reported time.  Since the Sample 4 was the first sample 

performed with the HF circuit, the long time obtained until the stop of the test seemed not reasonable 

because it is generally accepted that, increasing the frequency of the power supply, leads to a faster 

degradation of the material and a shorter time to breakdown [57], [58]. For this reason, the Sample 4 

test has been stopped after that time in order to check the material degradation with a digital 

microscope and the PD measurement performed. 

During the degradation process, the PD patterns were collected, and they are shown in Figure 3.82, 

for both test circuits LF and HF. The reported PD patterns were acquired near to the beginning, during 

the degradation and close to the end of the lifetime considering the time to breakdown of the sample. 
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 LF Circuit 

9kV, 50 Hz 

HF Circuit 

9kV, 2.2kHz 

A 

  

B 

  

C 

  

Figure 3.82. PD Pattern relevant to the LF and HF circuits in different stages during the degradation: A at the 

start, B during the degradation and C close to the end of life. All PD Patterns have ±200mV as end of y-scale and 

from 0 to 360 ° as x-scale 
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Concentrating on Sample 4, in Figure 3.83 an example of a PD Pattern collected during the 

degradation of the Sample 4 is shown and it is possible to see how the shape presents some PDs with 

low amplitude that could be associated to surface PDs, PDs inside a void or poor needle tip adhesion 

[68], [69]. 

 

Figure 3.83. PD Pattern collected during the degradation of the Sample 4 

To better investigate these results, a visual check with a digital microscope was performed and, to 

have a comparison of the obtained trees shape, even the samples tested with the LF circuit were 

checked with the microscope and an example is shown in Figure 3.84 while, the picture obtained for 

Sample 4, is presented Figure 3.85. These figures show how the two tree shapes are different. For the 

samples tested with the 50Hz voltage, branch type trees were obtained instead of a bush type tree 

which was obtained for Sample 4. Two more samples, Sample 5 and 6, were tested with the HF 

circuit, until the total breakdown. As the long time to breakdown, the PD activity and the picture 

obtained from the microscope suggested, even for those two samples the Bush type trees have been 

obtained. An example of a picture collected from one of these two samples is shown in Figure 3.86. 

  
Figure 3.84. Picture of a branch-type tree captured 

with a digital microscope of one sample tested with LF 

circuit until the total breakdown 

Figure 3.85. Picture of the bush-type tree captured 

with a digital microscope of Sample 4 tested with HF 

circuit 

 
Figure 3.86. PD Picture of the bush-type tree captured with a digital microscope of Sample 5 tested with HF 

circuit until the total breakdown 
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Moreover, by qualitatively analyzing the PD pattern shown in Figure 3.82, it is possible to see how 

the shape of these graphs are different for the two different test circuits. This can confirm the different 

mechanism of evolution of the two different tree shapes. 

The performed preliminary tests have shown that the frequency plays an important role on the 

shape of the obtained tree and consequently on the time to breakdown. 
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3.3.4 Definitive Test with the Defined Test Set-Up and Samples 

The performed preliminary tests have shown how the electrical treeing shape depends on both 

voltage and frequency of the power supply. The aim of this second investigation was to carry out 

more tests with different voltage amplitude levels in order to see if the preliminary results can be 

confirmed.  

For both test set-ups, LF and HF, three different voltage amplitudes have been applied: 9 kV, 

12 kV and 15 kV. The voltage amplitude was raised continuously until the defined voltage level and 

the tests were carried out until the total breakdown of the sample except for some tests performed 

with the HF circuit that were manually stopped. In fact, the HF circuit had not a backup protection 

system so the test could be performed only with a supervisor. 

A first analysis has been performed comparing the time to breakdown obtained. The results are 

shown in Table 27. Some results are reported with the mark “>” which means that the tests were 

manually stopped. To compare the results acquired from both circuits, they were managed in order to 

show the number of cycles instead of the test time. In this way, it is possible to compare a quantity 

that are the same for both applied frequencies. The test time, expressed in term of number of cycles 

are plotted in a histogram shown in Figure 3.87: the blue bars represent the tests performed with the 

50 Hz, the orange ones those with the 2200 Hz voltage waveform. To indicate the tests manually 

stopped, black arrows are implemented in the graphs. 

Table 27. Time to breakdown or test time values collected 

Sample 

ID 
Applied Voltage 

[kV] 

Applied Frequency 

[Hz] 

Time to Breakdown 

[hh:mm:ss] 

Number of 

cycles 

LF1 9 50 05:06:15 918750 

LF2 9 50 04:26:00 798000 

LF3 9 50 02:19:22 418100 

LF4 12 50 15:42:15 2826750 

LF5 12 50 07:53:46 1421300 

LF6 12 50 10:49:13 1947650 

LF7 15 50 20:35:59 3707950 

LF8 15 50 11:01:01 1983050 

LF9 15 50 11:25:56 2057800 

HF1 9 2200 06:59:49 55415800 

HF2 9 2200 07:37:58 60451600 

HF3 9 2200 07:51:16 62207200 

HF4 12 2200 > 09:32:44 > 75600800 

HF5 12 2200 > 07:30:00 > 59400000 

HF6 12 2200 > 07:31:20 > 59576000 

HF7 15 2200 > 07:20:00 > 58080000 

HF8 15 2200 > 06:12:34 > 49178800 

HF9 15 2200 > 09:23:00 > 74316000 
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Figure 3.87. The Number of Cycles of the sample tested. The black arrows indicate the tests that were manually 

stopped 

These first results suggest that the frequency influences the test time, confirming what the 

preliminary results have shown.  

In general, increasing the frequency means increasing the stresses and the PD repetition rate [70], 

[71]. This means that the time to breakdown of the tests performed with the HF circuit is expected to 

be shorter than those obtained with the LF circuit. Considering the number of cycles that it is possible 

to count before the breakdown they should be comparable considering the LF and HF circuit, or lower 

in case of the HF circuit. So, the number of cycles for lower frequency and higher frequency, shown 

in the histogram in Figure 3.87, should be comparable.  

Despite these observations, the collected results show that for the lower voltage level, 9 kV, the 

number of cycles obtained with the HF circuit are much higher than those obtained with 50 Hz. Also, 

for the other voltage levels, even if the tests using the HF circuit have been manually stopped before 

the breakdown, it is possible to confirm this behaviour. In fact, even for the two higher voltage levels, 

12 kV and 15 kV, the number of cycles is much higher in the case of the 2200 Hz instead of 50 Hz. 

To better understand the behaviour of the tests, photos obtained from a digital microscope after 

the tests are collected and, one per each test condition, are here shown in Figure 3.88.  
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Applied 

Voltage 

[kV] 

50 Hz 2200 Hz 

9 

  

12 

  

15 

  

Figure 3.88. Collected photos after the electrical treeing tests performed at different voltage and frequency 

values. Figures a, b, c, e are relative to tests that reached the breakdown. Figures d and f were manually stopped. 

By observing the pictures, it is possible to see how both the frequency and the voltage amplitude 

play a role on the trees evolution.  

Other studies performed [62], [72] explained that the voltage level influences the tree’s shape 

evolution. The tree’s shape, typically branch or bush type, influences the material degradation and 

the electrical field distribution as well as the time to breakdown [56], [57]. 

As the voltage, the results show, also the frequency influences the shape of the trees. The higher 

frequency leads to obtain a bush type tree instead of the branch type obtained with 50Hz in the case 

of the lower voltage. Increasing the voltage level, even the trees obtained with the LF circuit are bush 

type and, increasing the frequency, the shape tends to create multiple bush trees as shown in case “f” 

of the  Figure 3.88. These results confirm that tree shapes are both frequency and voltage dependent 

[62] with the same kind of tree occurring at a lower voltage at higher frequency as in the case of 

higher voltage but with lower frequency. In fact, it is possible to observe a bush type tree considering 

9 kV and 2.2 kHz or 12 kV and 50 Hz for example.  

a b 

c d 

e f 
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Other examinations have been performed by making tests per each configuration stopped after 4 

hours and by comparing the shape of the obtained trees. The results are here shown in Figure 3.89. 

Voltage 

[kV] 

50 Hz 2200 Hz 

9 

  

12 

  

15 

  

Figure 3.89. Photos collected after 4 hours test. 

The purpose of this last test was to try to check if there are some evident differences in the growth 

and in the length of the tree considering even the time values collected before. 

In the case of the 9 kV at 50 Hz, the sample has reached the breakdown before the 4 hours of the 

test.  

The obtained photos show how it is not possible, for the collected results, to find a relationship 

between the test conditions, voltage and frequency, and the time to breakdown since the growth is 

not linear through the time in the case of bush type tree [73]. In fact, after the initiation of the trees, 

the growth rate can be fast in the case of the branch type trees while it decreases for those that are 

bush type. In this case, more filament corrosion channels will grow out from the initial structure 

changing the shape of the tree. The behaviour of the tree growth after the initial branching structure 

is closely related to the material morphology, the residual mechanical stress, and the distribution of 

micropores as reported in [73] but, the results here presented suggests that even the frequency can 

affect the tree growth mechanism. 
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During the performed tests, the PD activity has been monitored to see if even this phenomenon is 

influenced by the applied frequency and by the different tree shapes.  

In Figure 3.90, Figure 3.91 and Figure 3.92, shown below, some PD Pattern, acquired during the 

tests, are presented as example for the different conditions in three different moments: during the first 

minutes after the PD inception, in the middle of the test and close to the end.  

 LF Circuit 

9 kV, 50 Hz 

HF Circuit 

9 kV, 2.2kHz 

A 

  

B 

  

C 

  

Figure 3.90. PD Pattern collected during the degradation (at the start of the test, A, in the middle, B, and close to 

the end of the test, C) of the samples in the case of 9 kV as voltage amplitude and at 50 Hz and 2200 Hz 
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 LF Circuit 

12 kV, 50 Hz 

HF Circuit 

12 kV, 2.2kHz 

A 

  

B 

  

C 

  

Figure 3.91. PD Pattern collected during the degradation (at the start of the test, A, in the middle, B, and close to 

the end of the test, C) of the samples in the case of 12 kV as voltage amplitude and at 50 Hz and 2200 Hz 
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 LF Circuit 

15 kV, 50 Hz 

HF Circuit 

15 kV, 2.2kHz 

A 

  

B 

  

C 

  

Figure 3.92. PD Pattern collected during the degradation (at the start of the test, A, in the middle, B, and close to 

the end of the test, C) of the samples in the case of 15 kV as voltage amplitude and at 50 Hz and 2200 Hz 
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It is possible to see that even the PD pattern shapes are different considering the two different 

frequencies.  

By comparing the collected PD pattern at the same voltage amplitude level, it is possible to see 

how the shapes are different if the higher or lower frequency is considered. During the HF test, in the 

case of the two higher voltage levels, 12 kV and 15 kV, the PD activity was not stable during the 

evolution of the tree. In fact, in some moments no PDs were present in the PD pattern graphs; this 

suggests that during the evolution of the bush type tree, there are some moments where no PDs erode 

the material while during 50 Hz tests, the PD activity was stable during the evolution of the tree.  

 

By concluding, this investigation and the preliminary one, have been performed to gain a better 

understanding of the growth of trees under different voltages and frequencies since in the literature 

there are different opinions, as reported before. In fact, it is generally accepted that increasing the 

frequency results in a reduction in the lifetime of the electrical component since the number of cycles 

that the insulating material can sustain is about always the same. The collected results suggest instead 

that, in the case of the electrical treeing, the number of cycles are bigger for the tests performed with 

the higher frequency instead of those obtained for the 50 Hz tests. The visual check, carried out with 

a digital microscope, evidenced how the voltage amplitude and the frequency influence the shape of 

the electrical trees. The test performed with the higher frequency leads to obtain trees with comparable 

shape, bush type, of those obtained with lower frequencies but with higher voltages. Even the PD 

patterns acquired confirm that the PD activity is influenced by the different tree shapes giving 

different PD pattern shapes.  
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4 Conclusion 

In this thesis, a summary of my research activity performed has been presented. The focus of this 

dissertation was to present the study, the develop and the optimization of two different non-invasive 

sensors for partial discharge measurement. These two kinds of sensors, based on non-electrical 

detection methods, were Transient Earth Voltage (TEV) and High Frequency Current Transformer 

(HFCT) sensors. The advantage of non-invasive PD measurement technique is mainly related to the 

fact that there is no need to interrupt the normal operating status of the electrical equipment that is 

monitored in terms of PD activity. On the contrary, an online PDs monitoring system needs different 

optimization and customization processes to reduce the high background noise level, present in 

industrial application, to increase the signal to noise level.  

Considering the TEV sensors investigation performed, the theory analysis led to identify how the 

geometrical dimensions of the sensor influence the signal sensor output. In particular, increasing the 

capacitance value of the sensor means increasing the amplitude output. To confirm this, different 

TEV sensors prototypes were built and tested in laboratory. The results suggest that increasing the 

detecting surface and reducing the insulation layer thick lead to obtain a higher sensor signal output. 

This trend is not linear: above a certain detecting surface, the output signal tends to remain quite 

constant showing an exponential trend. It is necessary to point out that the simplified theory reported, 

approximates the sensor as a plane and parallel faces capacitor, assuming therefore a uniform 

distribution of charge on the surface, condition that in the experimental results did not occur.  

After a first preliminary industrial test campaign, carried out to verify if the results collected by 

the TEV sensor can be comparable to those obtained from a standard compliant PD measurement 

system, the definitive TEV sensor was built, and the entire PD measurement system was optimized. 

The customization was performed on the filter stage in order to increase as much as possible the signal 

to noise ratio.  

To conclude this activity, an industrial validation of the developed PD measurement system was 

performed on a medium voltage switchgear. The partial discharge activity was monitored over time 

by comparing the PD patterns collected from the TEV-base system and an IEC 60270 standard 

complaint one. Since the outcomes gave comparable results, with the only exception of the signal 

amplitude, it is possible to state that an optimized PD measurement system based on TEV sensor can 

be implemented to perform PDs monitoring.  

The second part of this thesis reports the activity carried out on the High Frequency Current 

Transformer (HFCT) Sensors. A first classification of different materials and sensor characteristics 

was performed. In particular, it was important to identify how the different magnetic core material 

and the different secondary output number of turns influence the bandwidth of the sensor and the 

output signal. The investigation was continued by analysing the effect of a high current on the primary 

sensor side. In fact, considering online PDs monitoring applications, the sensors will be connected to 

the electrical equipment under test during its normal operation so typically in presence of a high-level 

current. Since this aspect can lead to the saturation of the sensor magnetic core by affecting the PD 

measurement, a saturation current limit was defined for each sensor. This value represents the 

maximum current that does not influence the PD signal output and, considering online application, 

represents an important sensor parameter for the industrial applications.  

The analysis of the HFCT sensors allowed to optimize a PD measurement system implemented 

during a research activity performed at the RWTH Aachen University, in Germany. The aim of the 

investigation carried out was to study the electrical treeing phenomenon on commercial HVDC cables 

by applying voltage waveforms with different amplitudes and frequencies.  
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Considering that when electrical interconnection needs to cover long distances, high voltage direct 

current technology becomes an economic option considering underground cables. Due to the long 

distances of the links, propagating travelling waves and reflections at the cable joints or transfer points 

to overhead lines during fault situations, can cause transient overvoltage that may incept electrical 

trees inside the cable insulation. It is generally accepted that increasing the frequency leads to an 

accelerated ageing process, and therefore, a reduced time to breakdown. But, considering electrical 

treeing evolution, there are different opinions, so a deeper investigation was necessary.  

The collected results have shown that increasing the frequency, the lifetime of the samples 

increase. The visual check performed by means of a digital microscope, has evidenced that the 

electrical treeing shape changes by changing the frequency of the voltage waveform. It is then 

possible to affirm that both voltage amplitude and frequency influence the electrical treeing evolution 

shape by affecting the time to breakdown of the performed tests. The PD measurement performed has 

confirmed the results collected since even the PD activity over time changes by changing the voltage 

waveform characteristics. To complete this investigation, further development can be carried out by 

introducing different frequency values in order to identify a range of voltage and frequency levels 

above which the electrical treeing shape change.  
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