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Abstract 

The diagnostic technique, polarization and depolarization current (PDC) is useful for 

insulation testing. It requires applying a DC step voltage to the test sample and measuring the 

current. To measure fast PDC phenomena a fast step is needed. One way of applying a fast 

high voltage step is to use power electronic switches. Series connection can be used to 

increase the voltage limit, but this result in unequal voltage sharing unless equipped with 

voltage balancing.   

In this work a high voltage vacuum reed switch is investigated as a simple and low-cost 

alternative to power electronic switches, handling up to 10 kV with a single device. The 

switch turn on and off behavior was studied.  It was found that the initial turn-on is good, in 

the range of nanoseconds, but there is a problem with the vacuum recovering its insulating 

properties at low currents before the contacts fully close. The required output voltage level is 

therefore obtained only after a further settling time that increases with increased input voltage 

and is much longer than the initial breakdown, e.g. 20    for the case of 4.5 kV input voltage.   

Other limitations of the fast high voltage PDC were also studied. The output voltage was 

measured across the test sample without adding an intentional resistor in the circuit. There 

were large oscillations for 1    but these oscillations are damped due to inherent resistance of 

the connecting leads, series resistance of the capacitors and resistance of the reed switch. A 

comparison is made between the measured and the simulated results using MATLAB to see 

the effect of parasitic inductance.  A damping resistor was added in the circuit and the output 

results were again compared. With the addition of the damping resistor, the number of 

oscillations were reduced and their time scale was limited to 0.1   . An analysis is made at 

the end which describes the limitation occurring in determining the high frequency 

component of PDC. The current during the step is many orders of magnitude higher than the 

polarization current even at 1   , so measurement of the current and protection of the 

apparatus is not trivial.  

Keywords: step voltage, polarization and depolarization current, vacuum reed switch.  
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AC  Alternating Current 

DC  Direct Current 

PDC  Polarization and Depolarization Current 

IGBT  Insulated Gate Bipolar Transistor 

MOSFET Metal Oxide Semiconductor Field Effect Transistor 

SCR  Silicon-controlled Rectifier 

GTO  Gate turn-off Thyristor 

HV  High Voltage 
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TD  Time Domain 
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Chapter 1 Introduction 

1.1 Background 

The potential benefits offered by the electrical energy have changed our way of living. These 

days every field of life such as industries, agricultural units, household activities, medical 

facilities and transportation etc. are dependent on electric energy. The development of every 

country is based upon continuous growth in these fields. The shortfall of the electric energy 

will act as a hindrance in the growth of any society. 

It was back in 1882 when the first power station was set active for public service [1]. As the 

earlier system was based on the direct current at low voltage, it offered few limited services. 

With the development of AC generator and transformer, it was in 1890 when AC supply starts 

replacing the old DC system. In order to make it useful for everyone it was required to 

efficiently transfer it over long distances to consumers. So based on it, electric power system 

can be divided into three main components as shown in Figure 1.1. 

Power System

Generation

3-phase

Transformer 
(Step up)

Transmission

Transformer 
(Step down)

Over head lines/ 
Power Cables

Distribution

House 
hold

Industries

Other loads

 

Figure 1.1: Components of power system 

The power system is based on three phase AC with operating frequency of 50 or 60 Hz. The 

generation of the electrical energy is done far away from the residential area. This energy is 

transmitted to the consumers through the transmission network. In order to transfer this 

electrical energy there is a need to increase the level of voltage. The voltage level can be 

increased, step up, by using a step up transformer. The purpose of increasing voltage is to 

minimize the losses over the transmission network therefore transformer serves as a 

connecting medium between generation and transmission network. The transformer is 

equipped with bushing in order to insulate the high voltage conductors.  

The transmission and distribution of electric energy is done via overhead lines and 

underground power cables. In large cities and populated areas the power cables are essential 

part of the grid. Any fault encountered in them will result in unscheduled power outage. On 

the distribution side voltage is lowered, by the use of the step down transformer, to a desired 
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level to make it suitable for consumers. Hence power cables and transformer are essential 

components of an electric grid. 

 

 

Figure 1.2: Cross-sectional view of transformer with bushings on left and power cables on right [2] 

It is the main function of the power system to maintain a degree of reliability and quality by 

proper monitoring of its equipments. Every electrical equipment such as transformer, power 

cables, capacitors, machines, and bushing etc. either directly or indirectly is dependent on 

electrical insulation in order to maintain desired path for the flow of electric current. The 

deviation of the current from the desired path will result in the drop of potential e.g. short 

circuit, which should be avoided. The insulating material is composed of gases, liquids or 

solids. These materials are mixed together to improve the strength of the insulating material. 

Any source of stress will change the chemical structure of these materials [3].  

The insulation must be able to withstand thermal, mechanical and electrical stresses. The 

sources of electrical stresses are: 

 Continuous voltage stress results due to lightning discharges, any fault in the system 

or fluctuations in the load. 

 Increase of moisture contents in the insulation. 

 Aging of insulation results in formation of voids which decreases the dielectric 

strength. 

 Formation of electrical trees 

These stresses may result in the insulation failure. Therefore it is necessary to monitor the 

operating condition of the insulation system. The high voltage DC is used for the testing of 

electrical equipments. The testing of power cables consumes large current on AC therefore 

DC proved to be more convenient and economical for cables testing [1].  
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DC can be obtained by using rectifier and three phase converters in case of AC to DC 

conversion or by using DC-DC converters. These topologies implements power electronic 

devices to give the required output. The power electronic switch used in these topologies is a 

source of limiting the output due to its voltage and current handling capability. In order to 

increase the voltage or current handling capability switches are connected in series or parallel 

respectively. The series connection of the switches results in unequal voltage sharing across 

them [4].  

The voltage limitation and unequal voltage sharing are the major problems in the practical 

implementation of the power electronics switches. Therefore the reed switch was used for fast 

high voltage step generation. The reed switch operates under the action of the magnetic field. 

The reed switch is an air sealed glass envelope having vacuum as an insulating medium. A 

single reed switch can handle switching voltage in kilo-volts range and also it is more 

economical compared to power electronic switches. Hence it is used to generate fast high 

voltage step for insulation testing. 

There are lots of diagnostic methods such as dielectric losses, capacitive measurement, partial 

discharges, return voltage measurement and polarization-depolarization currents which can be 

used for insulation monitoring [5]. In this project polarization-depolarization current method 

is discussed. 

To perform this test a constant DC step voltage is applied on a previously discharged test 

sample for some period of time. The test sample can be any electrical equipment. Due to the 

sudden application of the step voltage a current called polarization current will flow through 

the test sample. The polarization current is measured during this charging period by using 

special current measurement devices as the current during these measurements is very low in 

picoamps range. The polarization current consists of capacitive current, steady state 

conduction current and current due to polarization process. The polarization current gives an 

indication of the insulation condition [6].  

After the determination of polarization current, a negative step is applied by suddenly 

reducing the step (charging) voltage to zero and depolarization current is recorded. No 

conduction current is present in the depolarization current. The depolarization current 

measurements are based on comparison [5]. A comparison of the un-aged and aged test 

sample can be made to determine the characteristics of the aged test sample. The causes of the 

defects in aged test sample can be used to judge the quality of the insulation system. 

The amplitude of the depolarization current during long time goes in the order of picoamps 

and decaying time goes from minutes to hours. While for short time the amplitude of current 

is of order of amperes with microseconds decay time. One advantage of the short time current 

determination is the reduction in the amount of the time required to record the measurements. 

These days most of the research is going in this field. Recently, in July/August 2011, an 

article was published in IEEE Electrical Insulation Magazine in which much focus was put on 

short time (HF) determination of polarization and depolarization charge [5]. A new equation 

was put forward to link aged insulation degradation with depolarization current waveform. 
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One factor of this equation goes from negative value to positive value with the increasing age 

of the insulation. 

1.2 Aim of Project 

The specific objectives of this thesis are to 

 Investigate the problems encountered during series connection of IGBTs. 

 Design a simulated model close to the real generation circuit. 

 Generate fast high voltage step based on the existing laboratory setup. 

 Perform short time current measurement. 

1.3 Method 

 Power electronics circuits were studied using PSCAD [7]. 

 Problems encountered during series connection of IGBTS were studied along with 

their solutions. 

 The reed switch HBS-15 KVDC was selected for fast high voltage step voltage 

generation. 

 The calculation of the circuit parameters was done to determine an approximate of the 

circuit inductance. 

 The analytical model of the RLC circuit was made based on equations and simulations 

were performed on MATLAB [8] to study the time response of the RLC circuit. 

 For actuation of the reed switch, coil was made in the laboratory. 

 Different tests were performed in the laboratory which includes: determining 

breakdown voltage of the reed switch, application of the step voltage across the test 

sample with and without damping resistor and determining the switching behavior of 

the reed switch. 

Chapter 1 gives a brief outline and introduction of this thesis. Chapter 2 describes the voltage 

generation methods and explains the problems involved in the series connection of the IGBTs. 

Background of the polarization and depolarization current phenomenon is described in 

Chapter 3. Chapter 4 deals with the instrumentation and calculation of circuit elements. RLC 

model is discussed both analytically and in simulated form in Chapter 5. Chapter 6, Chapter 7 

and Chapter 8 are results, conclusion and recommendations for future work respectively. 
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Chapter 2 Generation of high voltage 

2.1 Introduction 

The electricity distribution was started from direct current at low voltage. At that time it was 

only restricted to highly localized areas for lighting purposes. Later on with the development 

of transformer a new era of electricity transmission and distribution was started in the form of 

alternating current AC. The AC voltage is stepped up to minimize the losses during 

transmission. DC voltage was only limited to scientific studies and testing purposes. By the 

end of 20th century, the arrival of home electronics reintroduced DC in an increasing number 

of applications [1] [9]. 

2.2 Methods of DC Generation 

These days most applications require DC voltage. The case of low or high voltage depends 

upon the size and rating of the instrument. The DC voltage can be generated by various 

methods but they can be classified into two types depending upon the input source. 

 AC to DC conversion 

 DC to DC conversion 

2.2.1 AC to DC conversion 

Background 

The first AC to DC conversion was performed by electro-mechanical means due to non-

existence of power electronics. In this phenomenon an AC motor is coupled with a DC 

generator i.e. converting the AC power into rotational energy and from rotational to DC 

power. The complexity of this method makes it inefficient and expensive as it requires huge 

maintenance. 

The AC to DC conversion was made economically feasible by power electronics starting from 

the plasma technology. The semiconductor added a new life to power electronics by 

increasing its reliability and efficiency. Nowadays, the rectification is performed using 

silicon-based devices [9]. 

Uncontrolled Rectification 

This is the most common method to obtain DC voltage. In this method rectification of AC is 

done using diodes. The simplest rectification - called half-wave rectification – is based on a 

single diode. The schematic is shown in Figure 2.1. Its advantage is its simplicity but the load 

is only fed during half time and the output contains unwanted harmonics. Due to its operation 

during half the time, the average value of the output voltage is almost half of the input 

voltage. 
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R

D
U

R

D1
U

D2

Half-wave

Full-wave
 

Figure 2.1: Different schemes of rectifiers 

In order to improve the power quality, there is another technique such as full-wave 

rectification in which at least two diodes are needed as shown in Figure 2.1. One diode 

conducts at a time depending upon the direction of current from load point of view. These 

rectifiers are also termed as uncontrolled rectifiers as the control of diodes depend upon input 

AC source not on the separate control circuit. 

The output of these rectifiers can be improved by proper combination of inductors and 

capacitors in the filtering units [9]. The three-phase power can also be converted to DC power 

based on the same principle in which full-wave rectifiers outputs, one per phase, are placed in 

parallel. 

Controlled Rectification 

The controlled rectification is based on the same principle as of uncontrolled rectification. In 

uncontrolled rectification diodes were used while in controlled rectification thyristors and 

transistors are used. The thyristors are improved form of diode. The thyristors provide control 

and can flow current in only one direction. Among diodes and thyristors, the transistors are 

the latest. They can be termed as fully controllable switches [9]. 
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2.2.2 DC to DC conversion 

Background 

DC-DC converters are used to step up or step down DC voltage or to obtain regulated DC 

voltage from unregulated DC source. Their role is more prominent in DC power supplies and 

in DC motor drive applications [4]. 

Linear converter 

In linear converter the constant output voltage can be maintained by continuously adjusting 

the voltage divider through variable resistor. The resistor and diode are in parallel. The linear 

converter is inefficient when the voltage drop and current is high. In this case the heat 

dissipation is the product of output current and voltage drop which increases with increasing 

drop. These converters are replaced by switched-mode converters [9]. 

Switched-mode converters 

The switched mode DC-DC converters convert one DC voltage level to another, by 

momentarily storing the input energy and then releasing the energy to the output at different 

level. The storing of energy is performed through magnetic field storage components 

(inductors or transformers) or electric field storage components (capacitors). In this case the 

efficiency, ranging from 75 to 98%, is far better than the linear converters [9]. 

2.3 Working Scenario 
The input is a Trek 20/30 kV DC voltage amplifier with slow rise time. To maintain a steady 

voltage in a very short time scale is the real task. For fast high voltage testing a steady DC 

source with fast rise time is required. Using the existing voltage amplifier in combination with 

power electronics components a fast and steady voltage source can be made.  

One way to achieve this is to connect a capacitor (source capacitor) in parallel to the voltage 

source. At first the source capacitor is charged to a voltage equal to the input voltage. Then 

the switch is turned on and fast high voltage step appears across the test sample. There are 

two requirements for the switch: it should be capable of handling higher voltage in kV range 

and also the switch must be fast i.e. turn on and turn off time should be very small in sub-

microseconds. 

For high power, high voltage and high current applications different semiconductor devices 

can be used. One possible solution is to use thyristors. They provide high blocking voltage 

along with high current but are not suitable for fast switching because their signal time is 

small. MOSFETs have lower blocking voltage and lower current capability but they are 

comparatively faster than thyristors. There is another device known as IGBT which combines 

the characteristics of MOSFET and bipolar transistors. IGBT are renowned for its fast 

switching. So a compromise has to be made between performance (voltage, current and 

power) and fast switching. IGBT serves as a perfect candidate to match the equation [10]. A 

comparison of different semiconductor switches is shown in Table 2.1. 
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Device Developed 
Blocking 

Voltage 
Turn on time Turn off time 

SCR 1957 8-10 kV 14    1200    

GTO 1980 5-8 kV 
10    (for 

1000A device) 

20-50    (for 

1000 A device) 

IGBT 1983 1.2-6.5 kV [11] 1    2    

 

Table 2.1: Comparison of different switches characteristics 

The required voltage rating (20 kV) is much higher than the blocking voltage of a single 

IGBT, it is necessary to connect IGBTs in series to fulfill the voltage requirement. The power 

loss analysis of IGBTs of different voltage rating has been made in [12]. It is observed that at 

higher frequency power losses in high voltage rated IGBT are higher than power losses in low 

voltage rated IGBT. The power losses are also observed by first connecting three 1.2 kV then 

two 3.3 kV and finally a single 6.5 kV IGBT in the circuit. The results shows that at low 

frequency power losses in lower voltage rated IGBT are higher. This is mainly due to the 

conduction losses. But as frequency is increased, the power losses in 6.5 kV IGBT becomes 

greater than three 1.2 kV rated IGBT. Hence significant amount of power can be saved by 

using higher rated IGBTs at lower frequencies and lower rated IGBTs at higher frequencies. 

The power loss is not the only deciding factor of the number of IGBT devices in the circuit. 

Other factors such as capital cost, maintenance cost, reliability issue and voltage balancing 

circuits also have to be considered [13].  

To match the input voltage five IGBTs each having blocking capability of 4.5 kV are 

connected in series. The proposed circuit is shown in Figure 2.2. 

 

Figure 2.2: Connection of voltage source with IGBT 
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2.4 Series Connection of IGBT 
The idea is to obtain high voltage in kV range and improve the rise time by fast switching. 

Since a single IGBT cannot meet the requirement of such high voltage therefore IGBTs must 

be connected in series to obtain high voltage/high power and fast (sub-microsecond) 

switching. Due to series connection the current flowing through them will be same. The 

blocking voltage of the series IGBTs unit will be much higher than the blocking voltage of the 

individual IGBT. To ensure safe operation the total voltage must be equally shared between 

them [14]. 

2.4.1 Operation problems in series connection 

In spite of many benefits there are several problems encountered due to series connection of 

IGBTs. All the switches must be triggered simultaneously at the same time. The voltage 

across each element must remain within allowable limits during on and off or in case of any 

abnormality in the converter. Special care must be taken during external faults i.e. protection 

failure, supplementary supply under-voltage etc. 

The single switch failure in the series connection needs to be handled carefully, to avoid 

damaging of the whole series stack of IGBTs. To ensure safe operation some extra IGBTs are 

added in the series stack than what are required to maintain the rated voltage [14]. This will 

increase the overall cost of the circuit including the maintenance cost as it will take more 

time. 

2.5 Unequal Voltage Sharing 

The devices must be protected from overvoltage or unequal voltage sharing across each 

element. This arises due to parameters (collector emitter capacitance, switching delays and 

leakage current) differentiation and delay time differences of the driving circuits. It is 

explained in Figure 2.3 and Figure 2.4. 

 

 

 

 

 

 

 

 

 

Figure 2.3: Three turned off series connected IGBTs [14] 
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During turn on and turn off, phase 1 and 3, there are lot of transients as shown in Figure 2.4 

while in the off state, phase 4, static divergent may lead to element failure due to voltage and 

power stress. To overcome these short-comings and to make sure that each element surpasses 

the transient and static divergent, some protection method must be designed [14]. 

 

Figure 2.4: Voltage distribution across series connected IGBTs [14] 

2.6 Voltage balancing techniques 

There are three main techniques or methods used to reduce the effect of voltage unbalancing 

in the circuit. 

 Passive snubber circuits 

 Active gate voltage control 

 Voltage clamping circuits  

An overview of the obtainable voltage balancing methods is shown in Figure 2.5. 

 

Figure 2.5: An overview for voltage balancing in series IGBT [15] 
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2.6.1 Passive Snubber Circuit 

The use of resistor-capacitor-diode (RCD) snubber is the most popular method for passive 

balancing. It is composed of two parts, 

 Resistor-capacitor-diode (RCD) forms a dynamic clamping circuit and is placed in 

parallel with each series element (IGBT). 

 Balance resistor (  ) is also used in parallel with each series element (IGBT) and it 

serves the purpose of static balancing. 

The circuit diagram of two series connected IGBTs with snubber circuit is shown in Figure 

2.6. During the turn-off process, the RCD circuit slows the rate of change in voltage (dv/dt) 

which suppresses the overvoltage transient. The diode D acts as a low impedance path during 

charging of capacitor C, while during discharging of C the rate of change of current (di/dt) 

will increase which is limited by resistor R. The selection criterion for R is that it is small 

enough to discharge the capacitor but not too small as not to be able to limit the current. The 

use of large value of capacitor effects the switching time of the device. 

 

Figure 2.6: RCD snubber circuit [15] 

 In the off-state IGBT is equivalent to a resistor (    ). The equivalent circuit of the off-state 

series connected IGBT with balance resistor is shown in Figure 2.7. In the off-state snubber 

capacitor behaves as open circuit so it is neglected. The lower the value of balance resistor the 

better is the voltage balancing. Normally    is 1/10 of the      [15] [16]. 
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Figure 2.7: Static Equivalent circuit [16] 

2.6.2 Active gate voltage control 

There are lots of techniques available for voltage balancing using active gate voltage control 

concept. Some of them will be described here. Detail for the remaining methods can be found 

in [15]. 

Gate signal delay control 

The transient and steady-state voltage unbalances are controlled by delaying the input gate 

signals in a controlled manner. The level of voltage unbalance will decide gate voltage and 

gate delay times in IGBTs. The gate delay control is illustrated in Figure 2.8. It is based on 

closed loop feedback method as discussed in [15]. 

 

Figure 2.8: Gate delay control in series IGBT [15] 

RCD Active gate control 

It is a reliable scheme for voltage balancing with simple gate side circuitry shown in Figure 

2.9. Static balancing is obtained by combination of resistor     and    . While    ,    ,    
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and     serves the purpose of transient voltage balancing. y is the order of IGBT in series. 

During the switching on transient if IGBT    conducts earlier than IGBT    the voltage of    

starts increasing and capacitor     is charged from zero to positive value. This will generate 

an additional turn on signal for IGBT    which will clamp over voltage by series combination 

of    and    . Now for the case of switching off transients assuming    is turned off earlier 

than   . This will increase the voltage    .     charges capacitor     which will generate 

turn on signal for    and will clamp the turn off transients equal to reference value [15] [16]. 

 

Figure 2.9: Implementation of RCD active gate control in series IGBT [16] 

Gate balancing core method 

In this method voltage is balanced by connecting all the gate wires of series connected IGBTs 

with magnetically coupled cores. The application principle is shown in Figure 2.10. 

 

Figure 2.10: Series connection of IGBT using gate core design [17] 
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If the gate drive unit of    is turned off earlier than    a voltage will appear across   .    

will be negative while     will be positive. As a result of this same current will flow through 

   and    resulting in balance operation. During turn on it will follow the same principle like 

turn off and thus ensure balance operation [17]. 

2.6.3 Voltage Clamping Methods 

Voltage clamping by zener diodes and capacitors 

The purpose of this circuit is to slow down the fastest transistor depending upon the need. In 

order to initiate turn off of an IGBT, voltage of driving circuit goes from positive to negative 

i.e.             . As a result of this discharge current,   , flows from the gate of IGBT 

towards the gate driving circuit. This will discharge gate-collector capacitance     and gate-

emitter capacitance     [18] as shown in Figure 2.11. 

 

Figure 2.11: Equivalent gate circuit [18] 

The feedback on the gate due to collector emitter voltage     via gate-collector capacitance 

    is termed as Miller effect. During Miller effect current    flows only through     to 

discharge it and gate-emitter voltage     decreases which narrows the MOS channel. As a 

result of this collector emitter voltage     starts increasing gradually. Rate of change of     is 

described by the equation, 

 
    

  
    

  
   

  
       

      
 (2.1) 

It is clear from the equation that the rate of     is strong function of Miller capacitance. The 

higher the Miller capacitance or lower the discharge current    the slower will be the rise in 

   . The strategy used to increase Miller capacitance to adjust the rise in     is proposed in 

Figure 2.12. 
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Figure 2.12: Voltage clamping and slope regulation circuit [18] 

      represents zener diode. The number of zener diodes depends upon the voltage rating of 

a single diode and also on the required level of the voltage to be clamped. A feedback current 

    will flow from collector through   ,   ,       and diode D to the gate in response to     

approaching threshold voltage level of        . The capacitor    charges, as it voltages 

increases from the avalanche voltage of   ,     will be transferred to    instead of   . The 

gate voltage will be, 

    
    

          (      )        (2.2) 

The more the feedback current the more will be gate voltage and a smaller discharge current 

  . This will widened the narrowed MOS channel to some extent. The overall effect of this 

will be the collector to emitter voltage will be ceased from going upward which results in 

clamping the voltage. This clamping continues until the level of voltage     falls below the 

sum of threshold voltages of all zener diodes      . Thus the voltage level of each IGBT in 

the series string is decided by the collective voltage of zener diodes [18]. 
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Chapter 3 Theoretical Background of PDC 

3.1 Dielectric Measurement 

Most insulation systems are made of one or more insulating materials thus forming a complex 

mesh of resistance and capacitance electrically. During the operation of the equipment the 

insulation system may be subjected to different kind of stresses. The magnitude of these 

stresses varies at different points in the system. These stresses change the chemical nature of 

the insulation [6]. 

In order to study the dynamic response of the insulating materials it is required to apply a time 

dependent signal and monitor time dependence of the response. In principle there is no 

limitation of the time dependent signal but for easy monitoring of the response it is desired to 

use the following standard signals for excitation as listed in Table 3.1. 

No. Time Dependent Signal Response 

1 Harmonic Function, sin(  ) Frequency Domain 

2 Delta function,  ( ) Time Domain 

3 Step Function, 1(t) Time Domain 

Table 3.1: List of signals and their corresponding response 

Signal 1 leads to frequency domain (FD) measurement while signal 2 and 3 corresponds to 

polarization current i(t) response in time domain (TD) [19]. 

3.2 Polarization 

The movement of positive and negative charges in a material under the influence of the 

electric field is termed as dielectric polarization. The polarization can be divided into the 

following types, 

 Electronic Polarization 

 Ionic Polarization 

 Interfacial Polarization 

 Dipolar Polarization 

3.2.1 Electronic Polarization 

It is concerned with the electrons in the atoms. This type of polarization is due to 

displacement of electrons surrounding the positive atomic cores caused by the electric field. It 

is a very fast process and is effective in every atom or molecule. It is effective up to optical 

frequencies [6] [20]. The phenomenon of the electron movement is shown in Figure 3.1 
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Figure 3.1: Electronic polarization [20] 

3.2.2 Ionic (or atomic/molecular) Polarization 

Ionic polarization is common in materials that contains ion forming molecules which are not 

affected by low electric fields. When a molecule is placed under the influence of an electric 

field two polarizations will occur within the molecule: one is the electronic polarization and 

other is resilient displacement of electrons and nuclei termed as ionic polarization as shown in 

Figure 3.2. This phenomenon occurs in polar substances frequency ranging to infra-red 

frequencies [6] [20].  

E
+ 

 

Figure 3.2: Ionic/Atomic polarization [20] 

3.2.3 Dipolar Polarization 

This type of polarization occurs in materials having molecules exhibiting permanent or 

induced dipole moment. When electric field is applied a linear relationship between 

polarization P and electric field E exists i.e. dipoles will be partially directed [6] [20]. It 

follows a frequency range of MHz or GHz. Dipole moment is explained in Figure 3.3 

E
+ 

 

Figure 3.3: Dipolar polarization [20] 
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3.2.4 Interfacial Polarization 

The insulation system having two or more different dielectric materials in their composition 

give rise to interfacial polarization. The example of such insulation system includes oil 

impregnated paper/cellulose, glass fiber in resin etc. Due to conductivities difference of the 

dielectric materials, movable positive and negative charges move towards the interface and 

forms dipoles under the influence of the electric field [6] [20] as shown in Figure 3.4. This is 

a very slow process and frequency range is power frequency and below. 

E
+ 

 

Figure 3.4: Interfacial polarization [20] 

Despite the above four polarizations there is another temperature dependent polarization in 

solids, which occurs between localized charge sites due to trapping and hopping of charge 

carriers [6]. This is a very slow process. 

3.3 Time Domain Measurement (TD) 
With reference to the time, TD measurement can be performed in two ways. In short time 

method, test material is filled in coaxial line and is subjected to step voltage. The reflection of 

the applied voltage is measured. This method is known as TD Reflectometry. The long time 

approach is more informative. First step voltage is applied and in response to this charging 

current is measured. Later on sudden short circuit is applied and discharging current is 

recorded. This phenomenon is shown in Figure 3.5 and Figure 3.6. 

 

Figure 3.5: Test circuit for current measurement 
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Figure 3.6: Principle of polarization and depolarization current 

In this process noise is considerable because current magnitude has wide dynamic range and 

the measurement includes wide range of frequencies. This process takes less time but offers 

less sensitivity compared to the best frequency domain instrumentation [19]. 

3.4 Polarization Method 
In polarization method a well discharged test sample is suddenly subjected to a step voltage 

   as shown in Figure 3.5 and Figure 3.6. In order to obtain good results charging voltage 

should be constant and free of ripples. The polarization/charging current is then recorded 

through the test sample by using electrometer according to  

     ( )       
  

  
    ( )   ( )  (3.1) 

   is the geometrical capacitance of the test object. The charging current can be divided into 

three parts: The first term     
  

  
 is steady conduction current which is due to intrinsic 

conductivity of the test object. The middle term is the pulse of current, having charge 

       ( ), due to the prompt capacitance.  ( ) (Delta function) is due to sudden 

application of step voltage at time   . Practically middle part cannot be recorded because fast 

polarization process generates current amplitude having large dynamic range. The last part, 

     ( ), is the current due to polarization after the application of voltage [6] [21]. 

3.5 Depolarization Method/ Dielectric Discharge 
In this method test sample is charged to a specific DC voltage. The test sample remains at that 

voltage for a specific time and is then discharged by short circuiting the test sample. When the 

test sample is short circuited, the voltage will be reduced to zero which according to 

superposition principle is referred as negative step voltage. The current is measured during 

discharging which is of opposite polarity compared to the polarization current. In 

depolarization current the DC conduction term present in the polarization current is neglected, 

assuming that the step voltage was applied for enough long time to complete the polarization 

process.  
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       ( )         ( )   (    )  (3.2) 

                                                   

This method offers advantages over the polarization method i.e. ease of implementation. In 

polarization a stable voltage source is required. Any small distortion in the step voltage will 

have an undesired impact on the output result. The other issue is the rise time which is 

difficult to control for voltage supply. During discharge, fall time can be easily controlled. 

Any overshoot or delay in the rise time of peak voltage may introduce unwanted results in the 

current waveform. In depolarization the rate of charge is not as significant to the accuracy of 

the measurement therefore lower power DC supply can be used for the depolarization method 

[6] [22]. 

3.6 Time Domain Instrumentation 
The important components of the setup used to record PDC are shown in Figure 3.7. 

Voltage 
Source Test 

sample

Switch

Protection 
circuit

Current 
Amplifier

Oscilloscope CPU

 

Figure 3.7: Schematic diagram of TD instrument 

 

3.6.1 Voltage Source 

One important feature a voltage source should possess is that magnitude of the voltage should 

be stable over the whole measurement period. In particularly 

 It should be ripple free. 

 Low internal Resistance R. 

In case internal resistance is high charging of capacitance    will be delayed [19]. In this 

thesis much emphasis is done on fast voltage step generation discussed in Chapter 6. The 

purpose of the fast step generation is to perform PDC measurement at high frequency. 

3.6.2 Switch  

A bounce free switch is necessary to perform accurate measurement as bounces results in 

repetitive pulses of voltage on the test sample. The response time of the switch should be fast 

in nanosecond to microsecond in order to perform high frequency measurement. 



 

22 

 

3.6.3 Current Amplifier 

The excitation of a good insulator at low frequency in millihertz range gives very small 

current in picoamps [21]. In order to measure these small currents, amplifiers are used [19] to 

measure the current and give its output as a voltage. The output is displayed on the 

oscilloscope attached to it. The voltage displayed on the oscilloscope is proportional to the 

measured current.  

3.6.4 Protection Circuit 

In time domain measurements, the current amplitude has wide dynamic range. The initial 

surge of current is due to the charging of high frequency capacitance    and this current is in 

range of ampere. In order to protect the measuring instruments from these surges it is 

necessary to add some protective component in the circuit which limits the voltage [19].  

3.7 Presentation of Data 

The polarization and depolarization current data obtained during the measurement requires 

special treatment to ensure their full meaning. A comparison of the polarization and 

depolarization current curve can be used to determine the degradation of the cable due to 

water tree formation. The polarization current increases with the aging time therefore the 

aging characteristic of the insulating material can be determined.  

The high frequency component of PDC also provides valuable information about the 

insulation properties. In high frequency method, measurements are recorded for only short 

period of time    and the output current waveforms are fitted with exponential equation. The 

data extracted from the constants of the exponential equation is used to determine the 

condition of the insulation system. By using the high frequency measurement a quick 

assessment of the insulation system can be made. It requires time in seconds whereas long 

time current measurement takes time from minutes to hour. If the insulation is composed of 

localized defects, then these defects could be corrected and the equipment can be brought 

back to working condition [5]. 
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Chapter 4 Instrumentation and Configuration of Circuit elements 

4.1 Current Measurement Techniques 

The current measurement is an important part of the time domain analysis. Based on these 

measurements some idea can be made about the test sample. The requirement of measuring 

small amount of current during time domain analysis enforces some limitations. 

 Current measuring instrument must have negligibly small amount of impedance 

because in such sensitive measurements extra impedance will result in less accuracy of 

the measured values. 

 A high-frequency bandwidth is also necessary because it is desired to record PDC 

values at high frequency. 

There are number of existing techniques available to perform current measurement. Some of 

them are described here. 

4.1.1 Resistive Shunts 

This is the simplest method of determining current in a circuit. It is based on Ohm‟s Law. A 

resistance of known value is inserted in the circuit whose current is to be determined. The 

voltage across this resistance is monitored which will give the current response of the circuit. 

The limitation in this method is that the value of resistance used for measuring current should 

be small enough in order to not alter the circuit operation. The other thing is the bandwidth 

limitation of the measurement which is due to the parasitic inductance of the resistance [23] 

[24]. This problem can be solved by using shunt having co-axial construction so that 

minimum inductance is achieved. It improves the bandwidth. 

The rise time response is limited by the bandwidth limitation. Small shunts can provide rise 

time in the range of sub-nanosecond. With the increase in energy absorption capability, results 

in the increase in size of a shunt element, will lengthen the rise time response of the shunt 

elements. So this makes the use of smaller shunts for fast operating devices and larger shunts 

for energy storage elements in which the current is in mega-ampere range [23]. 

The proposed way of measurement is to insert the shunt element physically in the circuit to be 

monitored. In order to obtain convenient results the circuit is grounded at one point and shunt 

should be placed straightaway nearby to that point. If the shunt is placed at any other point in 

the circuit then both ends of the shunt will be at higher voltage level compared to the ground 

level. So in order to determine the voltage response across the shunt, voltage difference across 

the two ends of the shunt should be calculated. But this will limit the accuracy of the 

measurement as the result will now be based on the difference of the two separate results [23]. 

4.1.2 Current Transformer 

The current transformer method is used to determine the current, based on the coupling 

between the primary and the secondary windings. The conductor whose current is to be 
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monitored serves as a primary winding and the secondary of the transformer is connected to 

some known impedance. The alternating current flowing through the primary induces 

magnetic field in it. The voltage of the secondary is monitored which is used to calculate the 

current in the secondary [24]. Later the secondary current is used to calculate the current 

through the primary winding based on the turn ratio. In ideal case the relation between no. of 

turns and current is given by, 

           

    

     
 (4.1) 

In order to increase the pulse width response of the current transformer, the cross sectional 

area of the core (primary) should also be increased. The leakage inductance and winding 

capacitance will increase with increase in the size of the core. This increase will put a limit on 

the faster response of the current transformer. Direct current cannot be measured by this 

method [23] [24]. 

4.1.3 Pearson Current Monitor 

Pearson current monitor are composed of ferromagnetic cores and are used for current 

monitoring. When using this instrument, a coaxial cable and an oscilloscope are required to 

get the output results. These instruments are isolated from the physical circuit which gives the 

flexibility of placing anywhere in the circuit. The conductor whose unknown current is to be 

determined is passed through the Pearson current monitor [24]. The oscilloscope will give the 

voltage which will be proportional to the unknown current. The required current can be 

determined by knowing the volts per ampere rating mentioned on the device. It can measure 

current from submilliamperes to thousands of amperes [25]. One model of this type is shown 

in Figure 4.1. 

 

Figure 4.1: Pearson current monitor 

4.1.4 Electrometer 

An electrometer is a refined form of DC multimeter. It can measure current, charge, voltage 

and resistance. Considering its high sensitivity and exceptional input characteristics makes it 

suitable to measures the above parameters far beyond the range of DC multimeter. It is 
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capable of measuring current as low as 1fA (      ). It has lower voltage burden than other 

conventional instruments. Inside, the electrometer is equipped with op-amp which is 

optimized for such low current measurements. The voltage across the feedback components 

provides the measured current [21]. 

 

Figure 4.2: Keithley 617 programmable electrometer 

4.1.5 Rogowski Coil 

It works on the principle that the change of current through the conductor induces voltage in 

the coil. Earlier its use was limited due to non-availability of integrator required at the output 

to produce the required current waveform but later with the development of operational 

amplifier its use was widened. It is an air-cored transformer rather iron core and hence has 

low inductance which improves its response towards fast transients. Its disadvantage is that it 

can only measure alternating current [24]. Later on two existing techniques, Rogowski coil 

and Hall probe, were combined to add DC response to the Rogowski coil [24]. 

4.2 Voltage Measuring Instruments 

In the lab the first task is to generate fast and high step voltage. There must be means of 

checking the required voltage level. DC multimeters can be used to measure the voltage but in 

order to get output on the screen and to analyze the results voltage probes are used. During the 

lab experiments three different voltage probes have been used. 

 Tek P6139A  

 Fluke 80k-40 

 PMK-14KVAC  
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4.2.1 Tek P6139A 

It is a low voltage probe suitable for 300 V DC. It has good bandwidth in the range of 500 

MHz [26]. It was used for initial testing of the generation circuit. 

4.2.2 Fluke 80k-40 

It has operating voltage of the range 1kV-40kV. Division ratio is 1000:1. Bandwidth of this 

probe is quite low (60 Hz) which creates problem for high frequency response [27]. As it was 

required to generate high voltage step in a very quick time   . This voltage probe match with 

the desired voltage level but due to its poor frequency response it was not of much help. 

4.2.3 PMK-14KVAC 

In order to meet the desired requirement another voltage probe was tried. It has bandwidth of 

100 MHz and peak DC pulse rating equal to 20 kV [28]. It has input impedance of 100 MΩ. 

This probe proved to be very useful during whole lab work. 

 

Figure 4.3: Voltage probes; Tek P6139A (Left), Fluke 80k-40 (Middle) and PMK-14KVAC (Right) 

The internal circuitry of the high voltage probe used is shown in Figure 4.4. For a perfect 

voltage divider RC combination of the high voltage (HV) part and RC combination of low 

voltage part (LV) including the capacitance of the cable must be matched. Some part of the 

PMK coaxial cable was damaged. About 20 cm of the cable was chopped and connections 

were made again. Due to chopping of the cable, the ratio of capacitance in the HV part 

increases compared to LV part and this extra capacitance will act as a differentiator.  
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Figure 4.4: Circuit diagram of high voltage probe, coaxial cable and oscilloscope; before chopping (left) and after 

chopping (right) 

4.3 Control of High Voltage Amplifier 
The voltage amplifier was controlled externally. The control signal is sent to the voltage 

amplifier to increase or decrease the output voltage of the amplifier. The control signal was 

sent by two ways. 

 Potentiometer 

 Signal Generator 

4.3.1 Potentiometer 

This method of controlling the voltage amplifier was adopted during initial phase of the 

experiments. The Figure 4.5 shows the basic external view of connections used for controlling 

the amplifier. 

DC

HVU (Trek 20,30)

20,30 kV

Control 
terminals

Output

C

Potentiometer
Pointer

Voltage 
Amplifier

 

Figure 4.5: Voltage Control circuit using potentiometer 
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The circuit consists of 10-15 V input, potentiometer and capacitor. Potentiometer resistance is 

varied by moving the pointer up and down. By varying the resistance output voltage from the 

voltage amplifier is also varied. 

4.3.2 Signal Generator 

After some initial experiments by using potentiometer the control was shifted to the signal 

generator. The signal generator used in the lab is Hewlett Packard 3245A universal source. In 

the experiments only dc sweep mode was used. An input from the signal generator to the 

voltage amplifier gives the required output from the amplifier. 

 

Figure 4.6: Hewlett Packard 3245A universal source 

4.4 Reed Switch 

The reed switch is an electrical device which operates under the action of magnetic field. It 

was invented in 1936 by W. B. Ellwood at Bell Telephone Laboratories [29]. It is composed 

of ferrous metal reeds as contacts in a hermetically sealed glass envelope. The quality of 

being air tight is termed as hermetically sealed. This quality of the reed switch protects it from 

atmospheric corrosion. They serve as a suitable candidate where other conventional switches 

could create a hazard due to tiny sparks. The vacuum acts as an insulating medium between 

the two reeds. The reed switch used during the lab experiment is HBS-15 KVDC from the 

COMUS Group. The contact material used in the switch is Tungsten. The 15 KV refers to the 

dielectric strength of the reed switch. The switching voltage is 10 kV AC/DC. A typical reed 

switch is shown in Figure 4.7. 
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Figure 4.7: HBS-15 KVDC reed switch 

4.4.1 Actuation 

The contacts of the reed switch comprise magnetic properties. The reed switch is activated by 

the application of magnetic field. There are two methods which can be used to activate the 

reed switch: either by using a permanent magnet or by placing the reed switch between the 

coil. There should be enough magnetic field to move the reeds. The reed switches come in the 

form of normally open or normally closed contacts. In a normally open contact the two reeds 

of the switch are separated from each other thus maintaining a thin gap between them while in 

normally closed contact the reeds are connected together [29] as shown in 2D model in Figure 

4.8.  

Normally Open Contact Normally Closed Contact

Glass EnvelopeContact Reeds Vacuum

 

Figure 4.8: 2D model of reed switch 

When the magnetic field is applied the two reeds of the switch come closer thus completing 

the electric circuit in case of normally open contact while for normally closed contact 

opposite applies i.e. the two reeds move away from each other after the application of the 

significant magnetic field [29]. The reed switch used during the experiment is normally open 

contact [30]. In a normally open contact when the magnetic field is removed, the stiffness of 

the reeds brings them back to their original position.  

4.4.2 Sensitivity 

This is one important quality of the reed switch; it requires specific amount of magnetic field 

to activate. It is measured in terms of pull-in and pull-out sensitivity. During the lab 

experiments the reed switch is activated by placing it between enameled copper wire wounded 

on plastic reel as shown in Figure 4.9. 
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Figure 4.9: Coil used for reed switch activation 

The sensitivity [29] is measured in Ampere-turns AT i.e. current multiplied by the number of 

turns. The available reed has pull-in sensitivity of 120-200 AT [30]. The reed switch is placed 

inside the plastic reel. The coil is energized by connecting the terminals to 9V batteries and 

the reed switch conducts with a little sound at the start. The details of the reed switch used 

during the experiment can be found in [30]. 

4.5 Oscilloscope 

The oscilloscope, Tektronix TDS 3052, is used for recording the measurement performed in 

the lab. It has bandwidth of 500 MHz and samples the data at the rate of 5 GS/s. It is linked 

with the computer through Ethernet. The output of the oscilloscope is plotted on the 

computer, in MATLAB, by using the code written by Dr. Nathaniel Taylor. 

4.6 Configuration of Circuit Elements 

4.6.1 Capacitance 

The equivalent circuit of a capacitor consists of three frequency-dependent elements 

(         ) and one DC constant (  ) as shown in Figure 4.10. 

 

Figure 4.10: Equivalent Circuit of Capacitor 
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The effective series resistance is directly proportional to the dissipation factor and inversely 

proportional to the capacitance. It can be reduced by using a capacitor having high 

capacitance or reducing the dissipation factor. The dissipation factor is related to the dielectric 

material between the plates of the capacitor [31]. The effective series inductance,    , 

corresponds to the sum of all inductive components in a capacitor. Considering only 

frequency dependent components, impedance can be expressed as 

       (         ) (4.2) 

                        
 

  
 

                        

      (     
 

  
) 

 | |  √(   )  (    
 

  
)  (4.3) 

The response of the frequency dependent elements of the capacitor is shown in Figure 4.11. 

As frequency increases     decreases while     increases. The increase in the inductance will 

make the oscillations large. 

 

Figure 4.11: Frequency response of the capacitor elements [31] 

Inductance of capacitor,    

The inductance of a two parallel plate capacitor having distance between plates d, width W 

and length l is as follows, 
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 (4.4) 

Where                                       
 ⁄  and   is the permeability of 

the dielectric material. The inductance,   , can be reduced by increasing the width W of plates 

and reducing the length l of the plates [32]. 

4.6.2 Wire loop 

The wires connecting different circuit elements also have some inductance. The wire can be 

shown in the form of loop including all elements of the circuit [33] as shown in Figure 4.12. 

a

2r

 

Figure 4.12: Circular wire loop 

                     

                     

      [  (
  

 
)      ] (4.5) 

The inductance of the loop of wire can be decreased either by reducing the length a of the 

wire or by increasing the radius of the wire r. The increase in radius has very small impact on 

reduction of inductance. The inductance is calculated using Eq. (4.5) for Case 2 and Case 3. 

For Case 2 without resistor, 

                                      

          

For Case 3 with resistor, 
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4.7 Damping 

The voltage generation circuit is a combination of wires, resistances, capacitors and other 

circuit elements. Each piece of wire has its own specific inductance. Inductance is the key to 

oscillations in the output voltage. With the addition of a capacitor in the circuit it behaves like 

an under damped resonance circuit. The output voltage likely consists of oscillations having 

peak value far greater than the input voltage.  

One way to reduce these oscillations is to reduce the inductance of the circuit. Inductance can 

be reduced by making small loop of the test circuit i.e. small loop of wires. But there is 

always a limit to reduce the size of loop. There must be proper distance between high voltage 

components. In any case there is always small amount of stray inductance which exists in the 

circuit. The other way to reduce oscillation is to add damping resistor in the circuit. There will 

be voltage drop across the resistor. The peak value of oscillation and number of oscillations 

will also decrease [33]. The resistor is added in series with the capacitor to obtain proper 

damping. 

4.8 Guidelines for High Voltage Work 

While working in high voltage lab it is important to follow the guidelines in order to avoid 

any un-pleasant result [35]. Some of these instructions are listed below. 

 Don‟t work alone in the lab as the presence of other person is necessary in case of 

emergency. 

 Before beginning the work always discharge the equipment twice. 

 Use the test equipment within the specified voltage and current rating. 

 The grounding rod must be used to ground both terminals of the high voltage 

capacitors. 

 There must be fair amount of distance between person and working area. 

 Don‟t enter the high voltage cage alone. 

 Know your equipment. 

 In excess of normal voltage rating, faults or switching transients results in voltage 

surges. 

 The circuit must be properly grounded before turning on the system. 

 Don‟t touch the voltage probe when it is live. 

 Don‟t wear any jewelry or other articles while working as it can accidently serve a 

conduction path for the current. 

 Never adopt any shortcuts as any shortcut may short your life. 

 Keep capacitors short-circuited when not in use. 
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t=0 

Chapter 5 RLC Response Circuit 

5.1 Analytical Method 
The output loop of the test setup used in the lab is composed of source capacitor    , reed 

switch, resistance R, circuit inductance L and test capacitor/sample    . The source capacitor 

acts as a constant step voltage source and is assumed ideal to study step response of RLC 

circuit. So its capacitance will play no role in determining the RLC response, rather it will 

behave as a constant voltage source having voltage    . The circuit diagram is shown in 

Figure 5.1. 

 

R L

i

 

Figure 5.1: Transient analysis of the series RLC circuit 

The switch behaves ideally and no delay during turn on. Initially switch is open so no current 

will flow through the circuit and initial voltage across capacitor will be zero. When the switch 

is turned on, assuming the switch to be perfectly conducting, the capacitor and inductor will 

limit the sudden rise in voltage or current respectively. Applying Kirchhoff‟s voltage across 

the circuit for    , 

         
  

  
     (5.1) 

As all the elements are in series current flowing through the circuit will be the same as the 

current through the capacitor [36] i.e. 

   
    

  
 

Putting this value of current in Eq.(5.1), 
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 (5.2) 

This is a second order differential equation. The solution to this equation is the sum of 

transient response     
( ) and steady state response      

( ) i.e. 

    ( )      
( )       

( ) (5.3) 

The transient response gradually dies out with time while the steady state response is the final 

value of    ( ). The transient response is not affected by excluding constant step voltage 

source component [36] from Eq. (5.2). Modified equation will be, 

   

 

     

   
 

 

 

    

  
 

   

  
   (5.4) 

The solution of first order circuits is of exponential form [36] so letting  

          (5.5) 

Here B and s are constants. Substituting Eq. (5.5) into Eq. (5.4) and solving the equation 

gives, 

    (   
 

 
  

 

  
)    

    
 

 
  

 

  
   (5.6) 

Eq. (5.6) is a quadratic equation which is used to determine the characteristics of the second 

order differential Eq. (5.4). Using quadratic equation formula and solving Eq. (5.6), 
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 (5.7) 

   
 

  
                   

 

√  
 (5.8) 

Here   is the damping factor and   is un-damped natural frequency. Eq. (5.7) can also be 

expressed as, 

         √     
  (5.9) 

As there are two roots of the equation so there will be two solutions [36] for     each having 

the same form as assumed earlier in Eq. (5.5) i.e. 
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The complete solution will be the sum of both, 

     
( )     

       
    (5.10) 

Further there are three different types of responses [36] depending upon the values of   and 

  . They are classified as, 

1. If     , it is termed as over damped response. 

2. If     , it is termed as critically damped response. 

3. If     , it is termed as under damped response. 

The component values used in the lab are R=115 Ω, L=1.55 for Case 2 and 3  H for Case 3 

and C=90 pF. The capacitance of the source capacitor and test sample (capacitor) is 1 nF and 

100 pF respectively. To make the simulations close to real measurements the capacitance is 

added and final capacitance is C=90 pF. Putting these values in Eq. (5.8) gives, 

            
  

 ⁄                            ⁄   

Comparing the values shows that this is under damped system. So further evaluating the Eq. 

(5.9) based on the result i.e.     , 

        √ (  
    )           

Where    √  
       is damping frequency and   √  . Putting these roots in Eq. 

(5.10) gives, 

    
( )     

(      )     
(      )  

    
( )      (   

        
     ) 

Using Euler‟s identities, 

                                                         

    
( )      (                                     ) 

    
( )      ((     )         (     )       ) 

The constants (     ) and  (     ) are replaced by constants    and    respectively. So 

the final equation for the transient response [1] will be, 

     
( )      (                 ) (5.11) 

So the first part of Eq. (5.3) is obtained. The second part is the steady state response of the 

system [36] which is the final value attained by    ( ). The final value in this case is the same 

as of the voltage source    . 
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( )   ( )      (5.12) 

Combining Eqs. (5.11) and (5.12) will give the complete response: 

    ( )          (                 ) (5.13) 

The constant    and    are determined from initial conditions [36]. As mentioned earlier, 

before closing of the switch there is no energy stored in the circuit elements so initial 

conditions will be, 

 ( )                          
    ( )

  
 

 ( )

 
          

   ( )    

Putting t=0 in Eq. (5.13) and using initial conditions gives, 

   ( )      (             )   

        

Taking derivative of Eq. (5.13) 

    

  
     (                      )       (                 ) 

At t=0, 

    ( )

  
            

   
   

  
 

Everything is now known and by putting the values in Eq. (5.13) will give the complete 

response at that time t. Since this is the voltage across the test capacitor, this voltage can be 

used to determine the current     through it. As we have, 

     
    

  
 

     (    (                      )       (                 )) 

As all the elements are in series the current through inductor and resistor will be the same as 

the current through the capacitor. 
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5.2 State Space Method 

The state space method describes the dynamics of the system by implementing first order 

differential equations along with internal variables called state variables and also comprising 

of algebraic equations in combination with the state variables that gives the required unknown 

output variables. The system state at any time t can be completely determined by using state 

variables which later can be used to determine the output variables. The amount of 

independent energy storage in the system determines the quantity of state variables. By using 

the knowledge of state variables at any time t, energy stored by each energy storage element 

can be identified at that particular time [37]. Modeling procedure based on state equation is 

summarized below, 

  ̇        (5.14) 

         (5.15) 

Eq. (5.14) is a state equation while Eq. (5.15) is output equation. The complete system model 

is describes by n set of state equations expressed in terms of matrices A and B and a set of 

desired output equations related to the state variables and input. Matrix C and D are 

dependent on the output variables of one‟s choice while matrix A and B describes the 

properties of the system [37]. 

5.2.1 Application of State Space Method on RLC circuit 

Consider the series RLC circuit shown in Figure 5.2. 

R L

i
C

 

Figure 5.2: Series RLC circuit 

In Eqs. (5.14) and (5.15) „x‟ is a vector of state variables, „u‟ is a vector of input and „y‟ is a 

vector of unknown variables to be determined. There are two independent energy storage 

elements in the circuit i.e. inductor and capacitor so there will be two state equations. 

Therefore state variables will be     and    . Applying KVL in Figure 5.2. 
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     (5.16) 

In Eq. (5.16)    is not a state variable. So it needs to be replaced. As all the elements are in 

series so current through resistor and capacitor will be the same as through inductor. 

Replacing    with    and rearranging the equation in the form of Eq. 5.14, 

 
   
  

 
   

 
 

   

 
 

   

 
 (5.17) 

The second state equation will be of from another storage element i.e. capacitor, 

    
    

  
 

Replacing    with    and rearranging the equation gives, 
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 (5.18) 

Writing Eqs. (5.17) and (5.18) in matrices form, 
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]       (5.19) 

Now modeling the output equation according to Eq. (5.15). By knowing the current through 

one element current through each element will be determined. 

             (5.20) 

Voltage across resistor and inductor is expressed as, 

            (5.21) 

                (5.22) 

Writing Eqs. (5.20), (5.21) and (5.22) in matrices form, 
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]       (5.23) 

5.2.2 Implementation using MATLAB 

Once the state equation Eq. (5.19) and output equation (5.23) are determined they are further 

implemented using MATLAB. The built in functions of MATLAB are used to implement 

these equations. The A, B, C and D matrices obtained from above are written in MATLAB as, 

      (       ) 

This function transforms the matrices into continuous-time state-space model of the form, 

  

  
   ( )    ( ) 

 ( )    ( )    ( ) 

In order to determine time response of the desired input signal another function is used its 

format is shown below, 

    (       ) 

This function plots the time response of linear time invariant model ‘SYS’ to the desired input 

signal defined in ‘U’ and ‘T’ defines the time interval. More detail about these functions can 

be found by typing ‘help ss’ and „help lsim‟ in the command window of MATLAB. 

5.2.3 Input signal for time response in MATLAB 

The time response of the RLC circuit at any desired input signal can be obtained by following 

the method discussed in previous section. In this section a constant input step signal of 

different amplitudes is generated in MATLAB. These signals are applied as input function of 

a linear time invariant system in order to get the response at that signal. In chapter 6 simulated 

and practical results of RLC circuit are compared based on these input signals. The signals of 

different amplitudes are shown in Figure 5.3. 
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Figure 5.3: Input signals of different amplitude for linear time invariant system 

5.3 LC Response 

The input loop of the test setup is composed of capacitor and inductor. The circuit diagram is 

shown in Figure 5.4. 
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Figure 5.4: LC circuit (input loop) 

The same method as used in RLC circuit can be used to determine its transient response. As 

    in this case so putting this value in Eq. (5.6) gives, 

    
 

  
   (5.24) 

The roots will be 
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Putting these roots from Eq. (5.25) in Eq. (5.10) 
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 (5.26) 

The complete response across source capacitor will be, 
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 (5.27) 
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The same method as discussed in RLC response can be used to determine the values of 

constants    and   . 
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Chapter 6 Experimental Setup and Analysis 

Generation of fast and steady voltage without oscillations has always been a tough task. With 

the continuous growth in different field of science several advancement as discussed in 

Chapter 2 have been made to obtain fast and steady voltage but still practically it is not 

possible to obtain ideal step response without any time delay. There is always small amount 

of delay in the output. This delay is either the turn on time of the switch or the time required 

to damp the output oscillations. In order to get accurate PDC measurements at high frequency 

a constant step voltage is applied on the test sample. This means that the voltage source which 

is to be used in the experiment must have fast rise time to reach its steady state value and also 

it must maintain constant output once it is stabilized. The limitations in the available voltage 

source and proposed methods with their results are discussed in detail.   

6.1 Case 0 
The existing system consists of a Trek 30 kV voltage amplifier. It is composed of power 

electronics circuitry and control loop which takes time in order of ms to reach the reference 

value. If a capacitor of 1 nF is connected as a load, the time scale in which constant voltage 

will be available is in ms which goes even worse if the load is of    range. The second 

voltage amplifier is Trek 20 kV and its response is rather slower than Trek 30 kV. The 

existing system along with switch and test sample is shown in Figure 6.1. 

Trek 20 kV/
Trek 30 kV

DC Source
(Existing System)

Test Sample, 
C

Switch

 

Figure 6.1: Existing DC generation system 

According to the specifications of the available amplifiers it seems difficult to record PDC at 

high frequency range. There is a need to extend the existing system by adding some extra 

components in order to get measurements at sharp voltage changes (high frequency). Some 

cases are presented along with their limitations and experimental results. 

6.2 Case 1 
If a capacitor is connected before the switch in Figure 6.1, parallel to the source, as is the case 

presented in section 6.3 the source voltage will fall when switch comes on. The voltage source 

will restore the voltage in         scale. So overcharging the capacitor could be a possible 

option. The overcharging method is based on the Eq. (6.1)  
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      (6.1) 

According to Eq. (6.1) the charge is directly proportional to the voltage and capacitance. 

Since the capacitance is constant here i.e. 1nF so the only varying factor is charge and voltage 

so when charge will be increased voltage will also increase. At first the source capacitor is 

charged to a higher voltage level compared to one required at the output. This is done by 

charging the input (source) capacitor by using Trek 30 kV to a greater voltage level, say 10 

kV while the required output voltage is less than 10 kV say 5 kV, and then disconnecting the 

source capacitor from the voltage amplifier. 

One important aspect regarding disconnection of the voltage amplifier is the discharging of 

the source capacitor. If the source capacitor is disconnected by just turning off the voltage 

amplifier, it will discharge the source capacitor due to its input impedance      . This 

problem can be solved by adding one more switch between the voltage amplifier and source 

capacitor. The circuit diagram is shown in Figure 6.2. 

DC

Switch 2

Source 
Capacitor

Test 
Sample

Switch 1

1 nF 100 pF

 

Figure 6.2: Voltage generation using case 1 

First switch 1 is turned on and source capacitor is charged then voltage source is disconnected 

from the source capacitor by turning off switch 1 and at the same time turning on switch 2. 

This overcharged capacitor will act as a voltage source for the test sample. The capacitance of 

the test sample is composed of high frequency component (prompt capacitance)    and long 

lasting capacitance due to the polarization of the dielectric medium. 

                ∫      ( )   
 

 

 

After turning on switch 2 source capacitor discharges by charging the test sample. After few 

oscillations voltage of both capacitors will settle at common voltage. The problem of this 

method is that significant changes in polarization in the capacitor, or leakage current, result in 

a changing voltage. The voltage measurement by the HV probe is not possible as the         

resistance will discharge the capacitor. For sufficiently large source capacitor this may be 

better than having supply‟s voltage changes in    time scale. The fast rise in step is much 

needed for short term polarization current determination rather than depolarization as 

mentioned in section 3.5.  
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6.3 Case 2 

In this case one switch and one capacitor are added in the existing system as shown in Figure 

6.3.  

DC

Switch

Source 
Capacitor

Test 
Sample1 nF 100 pF

 

Figure 6.3: Circuit diagram of voltage generation circuit case 2 

The input capacitor is connected across source termed as source capacitor, rating 1 nF, 25 kV 

solid dielectric material, so it can be used as a steady voltage source for the test sample. The 

test sample can be any insulation material e.g. bushing, stator insulation, paper insulation etc. 

During voltage generation experiments, the test sample is a capacitor of rating 100 pF and is 

composed of     gas as a dielectric medium. The reason for choosing this capacitor as a test 

sample is that of its capacitance is of the same magnitude as the sample which is to be used 

later for PDC measurement. The schematic diagram is shown in Figure 6.4. 

Signal 
Generator

DC

Control 
terminal
(1V/3kV)

DC Source

Source 
Capacitor

Reed 
Switch

Magnetizing 
Coil

9v Battery

Test Sample

Oscilloscope
Voltage 
Probe

Computer

Measurement System

Input Loop

Output Loop

 

Figure 6.4: Schematic diagram of case 2 

An essential requirement in case 1, 2 and case 3, discussed later, is that source capacitor must 

be much bigger than the test sample so that the voltage just after the step is very close to the 

intended voltage. The voltage amplifier is controlled externally by using a signal generator as 

shown in Figure 6.4. In order to obtain dc output from the amplifier, dc signal is applied from 

the signal generator to the voltage amplifier. A 1V dc input from signal generator will give 3 

kV output across the voltage amplifier. In order to increase the source output, magnitude of 

signal from signal generator is increased. 
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The reed switch is controlled by magnetizing the coil. Enameled copper wire is wound on a 

plastic role having an approximate no. of turns equal to 1000. The reed switch is placed 

within the coil so that it gets enough magnetic field. The coil is energized by using a 9 V 

battery. As battery is connected to the terminals of the coil, it gets energized and switch is 

turned on with a light sound. For the turn off, the coil is disconnected from the battery and the 

two reeds of the switch go back to their original positions and maintain a thin gap between 

them indicating that switch is off. 

The voltage is measured both across the source capacitor and the test sample by using a high 

voltage probe, PMK, and then recording the output using oscilloscope. The single trigger 

mode of the oscilloscope is used to record the voltage. The oscilloscope is set to the single 

trigger mode and selecting increasing or decreasing slope mode depending upon the point 

where voltage is to be measured. The oscilloscope is linked to the computer through Ethernet 

and outputs are plotted in MATLAB. 

The voltage amplifier is turned on and different magnitudes of control signals are applied 

from the signal generator to obtain different outputs across the source capacitor. Voltage is 

directly applied to the source capacitor. The source capacitor takes a time of        to 

approach its steady state value. The resistance in the circuit is the inherent resistance of the 

connecting leads, resistance of reed switch and equivalent series resistance of the capacitors. 

After few seconds reed switch is turned on by energizing the coil, and the output voltage is 

measured across the test sample.  

6.3.1 Output voltage across test sample/capacitor 

The waveforms are recorded by using the single trigger mode of the oscilloscope and setting 

trigger level with increasing slope. Comparison of different voltage waveform is shown in 

Figure 6.5. Two things worth noting in Figure 6.5 are the number of oscillations and peak 

value of these oscillations. As there was no intentional resistance present in the circuit, so the 

output contains mainly the effect of inductance and capacitance.  

 

Figure 6.5: Comparison of different voltages measured across test sample at 1   /div 
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Energy oscillates between inductor and capacitor for a short period of time       . Due to 

small amount of resistance present in the circuit, each time the current flows between 

capacitor and inductor, a little of this energy is lost in the resistor, so the oscillations are 

smaller each time. This drop in the value of current makes oscillations small each time. Even 

without the damping resistor, all waveforms attain specific steady voltage level after       . 

The second thing is the peak value of oscillations. The magnitude of first peak is quite large 

on average of almost 1.69 times of the input voltage as shown in Figure 6.5. 

In Figure 6.6 measured and simulated results are compared. Simulations are performed based 

on the method described in chapter 5. It is clear from Figure 6.6, if there is no resistance or 

the value of the resistance is very small then oscillations of large magnitude will appear at the 

output which was not the case in the measured voltage. Now putting resistance equal to 

R=     and inductance L=1.55    in the simulated model, the number of oscillations of 

simulated and measured results matches. Although the peaks of simulated result is little 

higher than measured values but the important thing is matching of their frequency. Both 

waveforms get steady at almost same time. 

 

Figure 6.6: Comparison of measured and simulated results at 1   /div 

The repetitive measurements were performed, at different voltage levels, to determine the 

accuracy in the measurement results. The measurements are taken at 4.5 kV, 7.5 kV, 8.26 kV, 

9.8 kV and 11.1 kV. Similar behaviour is observed in each voltage level so only 4.5 kV 

voltage waveforms are shown in Figure 6.7 while remaining measurements are shown in 

Appendix A. In different repetitive measurements output did not fall on same voltage level till 

     time. 
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Figure 6.7: Repetitive waveforms of 4.5 kV output across test sample at 1   /div 

To get a clear view of these starting oscillations, output is zoomed till       . In repetitive 

measurements it is clear that oscillations part is very similar in all but different “final” state. 

This can be explained by repetitive breakdown levels discussed in section 6.5 and voltage and 

current behaviour across capacitor as shown in Figure 6.8. In capacitor current leads the 

voltage. The current across the capacitor, at any specific time, is the product of the 

capacitance and rate of change of voltage at that point. When voltage across capacitor reaches 

its peak value, rate of change in voltage is zero at that point and current across capacitor 

becomes zero at that point. This point is indicated by dotted line in Figure 6.8. It means 

capacitor is fully charged at this point. In the same way when the voltage waveforms in Figure 

6.7 reaches peak value of their last oscillation, current across the capacitor will also be zero at 

that point, voltage becomes steady from their respective peak and capacitor gets charged at 

that point. The breakdown in the vacuum creates a conducting path electrically. 

 

Figure 6.8: Voltage and current waveform across capacitor 
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Earlier voltage response was studied at shorter time scale,       , of oscilloscope. Later on 

the time scale was increased,         , to see whether there is any significant change in the 

output results. Same voltage level of 4.5 kV is discussed in Figure 6.9 along with simulated 

waveform while rest of the waveforms are given in Appendix A. 

 

Figure 6.9: Repetitive waveforms of 4.5 kV output across test sample at 20   /div 

From Figure 6.7 it seems that voltage gets steady after        but in longer time scale this is 

not the case as is obvious in Figure 6.9. The simulated result in black will act as reference 

voltage level. In ideal case as shown by black waveform output gets steady after few 

oscillations at start. While in repetitive practical measurements, after few oscillations at the 

start, output maintains some specific level of voltage for few    and then finally it goes to 

reference level of voltage which in this case is 4.5 kV. So the final time or settling time to 

attain reference value lies between       to      . After performing more measurements it is 

observed that this final time or settling time also increases with increasing voltage. The same 

behaviour is observed in repetitive measurements taken at different voltages and is shown in 

Appendix A. The reason why there is a need of settling time to attain the reference value can 

be well described based on further sections of this chapter. 

6.3.2 Input voltage across source capacitor 

In order to see the effect of switch connection at source capacitor voltage, voltage probe is 

placed on source capacitor as indicated by dotted line in Figure 6.4. The oscilloscope is set to 

the single trigger mode with decreasing slope. The circuit diagram is same as shown in Figure 

6.3. The supplied input voltage, reference level, at the source capacitor is 4.5 kV. A 

comparison of source capacitor voltage and test sample before and after reed switch 

connection is shown in Figure 6.10. Both measurements were taken at different times due to 
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having only one probe that‟s not junk. Before turning on of the switch, from the time interval 

      to   s, source capacitor voltage is 4.5 kV while voltage across test sample is zero. 

 

Figure 6.10: Voltage across source capacitor and test sample during switching operation 

At   s reed switch is turned on. The test sample, which was initially de-energized, becomes 

parallel to the source capacitor. As a result of this voltage drop occurs across the source 

capacitor. There is a drop of 42% in the first peak but after        this drop reduces to 6.67%. 

This voltage drop is due to the fact that the test sample which was initially at zero voltage 

level starts charging from the source capacitor. It is clear in Figure 6.10, when the voltage of 

source capacitor goes in negative direction then the voltage of test sample goes in positive 

direction vice versa. The charging of the test sample results in discharging of the source 

capacitor. After turn on of switch, source current will be divided between the source and the 

test sample. Due to reduction of voltage at source capacitor it will draw more charge from the 

DC source and will maintain the required voltage across it. This voltage recovering takes time 

varying from       to       depending upon the reference level of voltage. The plots are 

recorded by using oscilloscope at 1   /div time scale.  

6.4 Reed Switch 

6.4.1 Breakdown Voltage Test 

This test is performed to check the voltage handling capability of the reed switch. The test 

was performed two times. In the first method voltage source is directly connected to one 

terminal of the switch and other terminal is grounded. In the second method a resistor of 115 

Ω is connected in series with the switch in order to limit the current and to prevent the switch 

from damage. During the breakdown test, reed switch is not placed between the magnetizing 

coil instead it was hung in the air. The circuit diagram is shown in Figure 6.11. 
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DC

115 ohm

switch

 

Figure 6.11: Test circuit for breakdown voltage test 

Voltage probe is connected to the high voltage side of the switch and the output is recorded on 

the oscilloscope. Different voltage levels were checked starting from 4.5 kV. After reaching 

10 kV increase of 1 kV is applied every time and after 15 kV increase of 0.5 kV was applied. 

The test setup is shown in Figure 6.12. Different voltage levels are listed in Table 6.1. 

Signal 

Generator, 

DC (V) 

1.5 2.5 3.33 3.67 4 4.33 4.67 5 5.167 

Voltage 

Source, 

DC (kV) 

4.5 7.54 10 11 12 13 14 15 15.5 

Signal 

Generator, 

DC (V) 

5.33 5.5 5.67 5.83 6 6.167 6.33 6.5 6.67 

Voltage 

Source, 

DC (kV) 

16 16.5 17 17.5 18 18.5 19 19.5 20 

 

Table 6.1: Different input voltages for testing of reed switch 

Resistor 
115 ohm

Reed 
Switch

Voltage 
Probe

 

Figure 6.12: Test setup for breakdown test 



 

54 

 

In both methods (with and without resistor) same voltages were applied and the results 

showed that reed switch was working properly till 19.5 kV. As the voltage is increased further 

to 20 kV reed switch breaks down with a sustained sparking sound and little black cloud 

appears on the glass tube near the connection point of the two reeds. The breakdown voltage 

curve was recorded and is shown in Figure 6.13. 

 

Figure 6.13: Breakdown voltage curve across reed switch 

In the first method (without resistor) the reed switch breaks down immediately as the voltage 

exceeds 19.5 kV while in the second method (with resistor) the switch withstands 20 kV for 

almost 1    and then breaks down. The switch breaks down very quickly in about 20 ns.  

6.5 Repetitive Breakdown Levels  

This test was performed to determine the turn on and turn off time of the reed switch. This can 

be done by measuring the current through the reed switch and determine the time it takes to 

conduct. To do so test setup comprising of voltage source, resistor, capacitor, reed switch, 

voltage probe and Pearson coil was set in the lab. Voltage probe is set to measure the voltage 

across 100 pF capacitor and Pearson coil is placed on the grounded side of the reed switch to 

measure the current. The measurement system is the same as shown in Figure 6.4. The circuit 

diagram and test setup are shown in Figure 6.14 and Figure 6.15 respectively. 

DC 173 kohm

100 pF
Switch

 

Figure 6.14: Circuit diagram for the repetitive breakdown test 
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The resistance of 173 kΩ is connected to protect the reed switch and to limit the current 

during turn on time of the reed switch. When switch will be shorted whole current will flow 

through the reed switch. The basic idea was to measure this current during turning on time 

using Pearson coil. Initially switch is in off position and the whole voltage appears across the 

capacitor. As switch and capacitor are in parallel, the voltage across the capacitor will be 

equal to the voltage across the switch. Now the switch is turned on and voltage waveforms are 

recorded as shown in Figure 6.16.  

 

Figure 6.15: Test setup for repetitive breakdowns 

Figure 6.16 shows different voltage waveform across capacitor recorded at short time scale by 

turning on the switch. When the switch is off whole voltage appears across it and after turning 

on the switch voltage goes to zero as expected. Observing the same phenomenon but for 

slightly longer time an interesting behaviour of the reed switch is observed. It is shown in 

Figure 6.17.  

Comparing Figure 6.17 and Figure 6.16 it is observed that voltage did not suddenly reduces to 

zero soon after the switch is turned on. Instead it increases again and attains a certain value 

before it finally goes to zero. So what apparently happened is that when the switch is turned 

on the two reeds of the switch are electrically conducting due to breakdown in the vacuum but 

mechanically there is still small gap between the reeds. The initial breakdown is only for a 

short time scale. The electrons required for current flow are not large enough to make it 

conducting for a long time. The switch again starts insulating and maintains voltage across it 

but this time lower voltage due to small gap between the reeds. During this period the two 

reeds sets a new breakdown level before they actually get shorted, as in Figure 6.17 after 

falling from 4.5 kV it sets a new breakdown level of around 1 kV and then finally it goes to 
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zero. Due to continuous ionization of the gas atoms more electrons are released to give rise to 

breakdown. 

 

Figure 6.16: Voltage across capacitor at different voltage levels at short time scale 

This phenomenon is explained further with the movement of reeds in Figure 6.18. Earlier 

when the switch is off it is handling whole 4.5 kV across it. When it is turned on the reeds 

move closer but they did not exactly touch each other to form a conducting path of zero 

voltage. Hence it sets a new break down level having an approximate value of 1 kV and 

finally it goes to zero.  

 

Figure 6.17: Repetitive breakdown levels at 4.5 kV 
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4.5 kV

~1 kV

0 V

 

Figure 6.18: Different position of the reed of the switch at 4.5 kV during turn on 

The same repetitive breakdown voltage level is observed at higher voltages too. The 

comparison of different voltages is shown in Figure 6.19. It is observed that each time the 

switch sets new breakdown levels and breakdown level varies depending upon the input 

voltage. The smallest voltage in Figure 6.19 is 4.5 kV so when the switch is turned on it sets 

one new breakdown level       before it completely turns on while at higher voltage at 10 

kV numbers of new breakdown levels increases to two i.e.         and        . The same 

behaviour is observed at 15 kV. 

 

Figure 6.19: Voltage across capacitor at different voltage levels at slightly long time scale 
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6.6 Case 3 

In case 2 there was no intentional resistor present in the circuit. There was some resistance of 

the connecting leads, leakage resistance of capacitors and resistance of the reed switch but this 

resistance was not enough to reduce large oscillations at the start with the first peak of about 

 1.7 times of input voltages. These big oscillations are not acceptable. In order to limit these 

oscillations, a resistor of 115 Ω is added in series with the test sample. The rest of the 

components are same as in Figure 6.4. The circuit diagram is shown in Figure 6.20. 

DC

Switch

Source 
Capacitor

Test 
Sample

Resistor
115 Ω 

100 pF1 nF

 

Figure 6.20: Circuit diagram of case 3 

It was tried to make the size of the loop as small as possible so that inductance effect is 

minimized. The test setup, only high voltage part, is shown in Figure 6.21. 

 

Figure 6.21: Test setup of case 3 

The test is performed at input voltage of 4.5 kV, 7.5 kV, 8.26 kV and 9.7 kV. Voltage across 

test sample is recorded in each case. Only results of 4.5 kV input voltage are discussed here, 
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the rest of the waveforms are given in Appendix A. The waveforms are recorded at 1   /div. 

The measured results are compared with the simulated results at two different values of 

resistances i.e. 115 Ω and 127 Ω as shown in Figure 6.22. With the addition of damping 

resistor the length of the loop also increases which increases the inductance compared to the 

Case 2 without resistance. In this case at L=3    the simulated waveform match with the 

measured result. The inductance calculation is done in 4.6. At R=115 Ω and R=127 Ω, the 

peak value of oscillation match with the measured result. The resistance R=127 Ω provides a 

little more damping compared to the R=115 Ω. 

 

 

Figure 6.22: Comparison of measured and simulated result at different value of resistances 

 

In Figure 6.23 measured and simulated results before and after addition of resistance are 

presented. It is clear from the measured results that oscillations are reduced to a large extent 

before and after addition of resistance indicated by green and red waveforms respectively. In 

both cases output is below the reference level of voltage in initial stage. This is due to the 

drop in voltage across source capacitor and the time taken by it to recover to the reference 

level. The second thing which is affecting is the repetitive breakdown phenomenon of the reed 

switch as discussed earlier. 
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Figure 6.23: Comparison of measured and simulated results with and without intentional R 

 

The above measurements were taken at short time scale. The measurements recorded at 

longer time scales are shown in Figure 6.24 and Figure 6.25. The behaviour of waveforms in 

Figure 6.24 is same as in Figure 6.9. It means in both cases the output reaches its reference 

level after a period of settling time which can be regarded as time required by the source 

capacitor to maintain its lost charge, after turning on of reed switch, plus the time required by 

the two reeds of the switch to make a firm connection.  

The purpose of Figure 6.25 is to get a clear idea that once voltage gets stabilized after      , 

in this case, there is no further change in voltage till the switch is disconnected. During the 

recording of the measurements the switch was magnetized for some tens of milliseconds, 

resulting in an “on” and “off”. So if we go for a longer time scale as was done in Figure 6.25 

the discharge curve of the test sample is obtained. When the switch is off, the path left for 

discharging of the test sample is through voltage probe. 
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Figure 6.24: Comparison of repetitive measurement and simulated results with resistor 

 

Figure 6.25: Repetitive measurements at 4.5 kV with R=115 ohm at 20 ms/div 
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The time constant in this case is      . The only resistance is of voltage probe i.e.       . 

   (        )  (          )        

           

RC is the time required to decrease to 36.8% of original value. While in order to decrease to 

99.9% of the original value the time required is 5*RC. In this case the time required to go 

from input voltage of 4500 V to 800 V is 47.74 ms which almost matches with the theoretical 

results as shown in Figure 6.26. 

 

Figure 6.26: Discharge curve of 100 pF test sample 

6.7 Summary 

In order to generate fast step voltage for the test sample modifications were made in the 

existing system as described in Case 1, Case 2 and Case 3. The Case 1 is based on 

overcharging concept with two switches and source capacitor. Due to large resistance of the 

HV probe the voltage of both source capacitor and test sample is damped very quickly. To 

maintain the voltage for longer time a large source capacitor is required. In other cases Case 2 

and Case 3 only one switch along with the source capacitor is used. The output voltage across 

the test sample contains large oscillations at the start which were later damped by adding a 

damping resistor. The output voltage in both cases requires some settling time to reach the 

reference value. This time is due to drop in the voltage of the source capacitor and repetitive 

breakdown behavior of the reed switch. 
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A capacitor is placed in parallel to the reed switch and voltage is recorded across the 

capacitor. When the reed switch is turned on due to the breakdown in the vacuum the switch 

starts conducting electrically for some   , voltage drops to zero, but mechanically the reeds 

are moving closer thus reducing the gap between them. After these initial   , the electrons in 

the vacuum are not large enough to continue the flow of current and the vacuum starts 

insulating again which results in building of voltage across the reed switch as shown in the 

waveform of Figure 6.17. Due to the mechanical motion of the reeds the gap was reduced, 

therefore the reed switch blocks lower voltage (1 kV) compared to the blocking voltage (4.5 

kV) in the off position. The lower blocking voltage level is maintained for some    and 

vacuum again breaks down shown in Figure 6.17. After second breakdown the voltage across 

the reed switch falls to zero in case of 4.5 kV but for higher voltage levels there are more 

break downs of different voltage levels until the reeds comes in contact with each other. This 

behavior of the reed switch is the dominating factor in the delay of the required output 

voltage. This delay in the fast high voltage step generation increases with increasing voltage 

as shown in Figure 6.27. The repetitive measurements were taken at different voltage levels. It 

seems that the reed switch performs better at lower voltage as it requires less settling time. 
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Figure 6.27: Delays in output voltage in Case 3 at different voltage levels 

6.8 Measurement of Current 

The fast step voltage generation setup discussed in previous sections is to be used as a step 

voltage source for PDC measurements. The aim is to measure PDC during short times. As 

discussed in Chapter 3, after the application of step voltage across test sample polarization or 

charging current is measured. The polarization current of a PVC sample was measured in the 

laboratory. The sample and electrode dimensions are as follows. 
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The capacitance of the sample will be approximately 60-80 pF because in calculating the 

capacitance we have to include the area of the electrode. The Keithley 247 supply was used as 

a source of input and the PVC sample was placed inside guarded electrode cell. The 

polarization current was recorded using Keithley 617 programmable electrometer. The 

external connections of the setup are shown Figure 6.28.  

Keithley 247 
supply

PVC sample

Keithley 617 
Electrometer

Computer

Guarded 
electrode cell

 

Figure 6.28: External connections of the test setup for PVC PDC measurement 

The polarization current was recorded for long time period. Figure 6.29 shows that there is an 

exponential decrease in the polarization current. The purpose is not to study the aging 

characteristics of the PVC sample but to determine the possibility of measuring the high 

frequency PDC by using test samples of capacitance ranging from 80-200 pF. So this is more 

concerned with the materialistic study in which we have very small samples of the test 

material rather than insulation diagnostics of large materials with higher capacitances. 

 

Figure 6.29: Polarization curve of the PVC sample 
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6.8.1 Problem in short time current determination and possible outcome 

The problem with long time current measurement is that they require minutes or even hours to 

give the results and have very low ampere. The device used to record the current is 

electrometer. The electrometer takes time in seconds to start measuring the desired current as 

was the case in Figure 6.29. It means another current measuring instrument is required which 

can measure current at lower time scale from 0-1 s.  

The possible solution is to use the resistive shunt method discussed in 4.1.1. The shunt 

resistance of 50 Ω with low or negligible inductance is added in series with the test sample 

near to the ground. The voltage across the shunt is recorded with the help of oscilloscope. 

With the known value of resistor and voltage waveform information about current can be 

obtained during short time scale. Then for longer time scale electrometer can be turned on. 

Figure 6.30 shows the proposed setup which can be used for PDC measurement. It was not 

possible to use this setup due to current limitation of the given test sample described later. 

This idea of current measurement is somewhat similar to the one proposed in [5].  

The voltage generation setup is same as described earlier. At first source capacitor is charged 

and then reed switch is turned on. The voltage across test sample will become steady in       

for the case of 4.5 kV and polarization current is measured by means of 50 Ω resistor. R1 can 

also be a reed switch. R1 is kept at position 1 till some ms and is then shifted to position 2 for 

longer current measurements using electrometer. The protection circuit is used to protect the 

electrometer from overvoltages. 

Voltage 
Amplifier

115 Ω 

50 Ω Keithley 617 
Electrometer

Protection 
Circuit

Tektronix 
TDS 3052 

Scope

Source 
Capacitor

Reed 
Switch

1
2

Test Sample

R1

 

Figure 6.30: Test setup for short and long term PDC measurement 

6.8.2 Limitation using resistive shunt method 

The current determination at shorter time scale proves to be quite useful as discussed in [5]. In 

these cases the test samples were mostly large industrial equipment‟s having bigger 

capacitance in nanofarad but most of the laboratory samples have capacitance of tens of 
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picofarad. So this small amount of capacitance proved to be a bigger hindrance for current 

determination.  

The first peak of the polarization current is the capacitive current and then it decays from the 

peak of the capacitive current. In [5] the high frequency current is in the range of mA. But in 

laboratory samples this current is 1000 times smaller than the current in [5]. An approximate 

current waveform is drawn based on the Figure 6.29 shown in Figure 6.31.  

The change of current between two decades is approximated and the same change of current 

is maintained for the earlier decades to get an idea of current in   . This change of current is 

based on     law i.e. we require as many decades of current as we need decades of time [19] 

shown in Eqs (6.2) and (6.3). 

       (6.2) 

 
  

  
 (  )        (6.3) 

It is observed that current in    time scale is in the range of    which seems difficult to be 

measured using resistive shunt method. 
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Figure 6.31: Original polarization curve of the PVC (left) and approximate current waveform for earlier time scale (right) 
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Chapter 7 Conclusion 

 

7.1 Significance of the results 

Different methods for the generation of fast step voltage using vacuum reed switch were 

investigated in this project. The purpose of fast step generation is to investigate high 

frequency component of PDC. The simulated and measured results across the test sample are 

compared. The result of the experiments shows that: 

 The reed switch is not a high speed step switch. 

 The repetitive breakdown of the vacuum contributes to the delay of voltage across the 

test sample. 

 The delay increases with increasing input voltage. Therefore the reed switch performs 

better at lower voltage. 

 The protection circuit is necessary to save the instrument from high frequency 

capacitive current. 

 Due to small capacitance of the test sample, the measurement of the short time current 

seems difficult as the magnitude of current was in    range in time scale of   . 

 

 

 

 

 

 

 

 



 

68 

 

 

 

 

 

 

  

 

 



 

69 

 

 

 

 

 

Chapter 8 Recommendation for future Work 

 

8.1 Generation of fast step using IGBT 

It will be interesting to generate fast DC step voltage using series combination of IGBTs. The 

IGBTs are also known for their fast turn on and off time. Their lifetime is also much higher 

than the reed switches. 

8.2 Measurement of HF PDC with bigger test samples 

The smaller capacitance of the laboratory samples was a major hindrance of HF current 

determination. The measurement of PDC of the test samples having higher capacitance [5] in 

nanofarad will give an idea of the accuracy of resistive shunt method. 

8.3 Addition of some control components 

If the existing source capacitance is replaced with a much bigger capacitance it can provide 

step voltage for longer time. Implementation of DAQ will ease the measuring system. More 

detail about the DAQ can be found in [38]. To perform long time and short time current 

measurement in a single run, control components are necessary to move the switch R1. 
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Appendix A 

 

Voltage waveform across test sample at 1 μs/div for Case 2 

 

Figure A-1: Repetitive waveforms of 7.5 kV output across test sample at 1 μs/div 

  

Figure A-2: Repetitive waveforms of 8.26 kV output across test sample at 1 μs/div 
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Figure A-3: Repetitive waveforms of 9.8 kV output across test sample at 1 μs/div 

 

Figure A-4: Repetitive waveforms of 11.1 kV output across test sample at 1 μs/div 
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Voltage waveform across test sample at 20 μs/div for Case 2 

 

Figure A-5: Repetitive waveforms of 7.5 kV output across test sample at 20 μs/div 

 

Figure A-6: Repetitive waveforms of 8.26 kV output across test sample at 20 μs/div 
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Figure A-7: Repetitive waveforms of 9.7 kV output across test sample at 20 μs/div 

Comparison of measured and simulated result for Case 3 

 

Figure A-8: Comparison of measured and simulated result at 7.5 kV with resistances 

 

0 20 40 60 80 100 120
-2

0

2

4

6

8

10

12

14

16

Time [s]

V
o
lt
a
g
e
 [

k
V

]

 

 

9.7 kv out at 20us rep1 ch1

9.7 kv out at 20us rep3 ch1

Simulated 9.7 kV out

0 0.5 1 1.5 2

0

2

4

6

8

10

Time [s]

V
o
lt
a
g
e
 [

k
V

]

 

 

Simulated V out at R=115 ohm

Simulated V out at R=115+12=127 ohm

Measured 7.54kv out 1us with R



 

78 

 

 

Figure A-9: Comparison of measured and simulated result at 8.26 kV with resistances 

 

Figure A-10: Comparison of measured and simulated result at 9.77 kV with resistances 
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