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Advancements in power electronics to higher power levels and faster switching times

allow new machine and systems designs, but also create higher stresses on electric

machinery insulation. High performance, pulse-width modulated (PWM) inverters are

now available for medium voltage drive systems, and are being considered by the U.S.

Navy as they move to the "all-electric" ship. If this process is to be successful, a

necessary component will be to understand the impact of partial discharge (PD)

generation on electric drive systems.

Out of the many PD influencing parameters, voltage level, voltage rise-time,

switching frequency, and temperature were chosen to be investigated with regards to their

influence on PD generation in a comprehensive research project in the Motor Systems

Research Facility (MSRF) at Oregon State University (OSU). The tests were performed

on representative propulsion coils employing two different 4160 V insulation systems

and were evaluated by both an optical and electrical PD detection method.

A highly flexible test configuration was developed, capable of adjusting each of the

four test parameters independently over a wide range of appropriate values. The

developed test program enabled the analysis of the influence of the parameters on the

generation of PD, as well as an evaluation of the test coils and PD instrumentation used.

It is concluded that, as expected, voltage level is the most significant parameter

affecting PD production. However, there is a surprising interdependence of rise-time and

pulse-width that requires further investigation. Multiple-cycling tests are seen as

appropriate to determine the effect of temperature.
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Based on the subjective nature of the findings from the test program an improved PD

instrument is proposed, which would increase the capabilities and objectivity of the PD

detection process.
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EVALUATION OF PARTIAL DISCHARGE IN INVERTER DRIVEN
MEDIUM VOLTAGE PROPULSION COILS

INTRODUCTION

Background

In line with their vision, the U.S. Navy is making preparatory studies for

remodeling their fleet in order to increase affordability and military capability.

Milestones towards this goal are the integrated power system, the "all-electric" ships,

and the electrically re-configurable ships [1]. The idea of the integrated power system

is to reduce the number of prime movers by the implementation of an electric grid that

supplies several electric drives for propulsion. With this, it is envisaged that fuel

savings and a reduction of maintenance can be achieved. Also because of its

distributed nature, the propulsion system is easily re-configurable and more reliable

by virtue of redundancy. In the case of the submarine, a replacement of the one

machine with its gears and long massive mechanical shaft by a distributed system of

four to six electric motors driving smaller propellers on both sides of the ship is

planned. The power generated, like before, in a turbine generator will be distributed to

the electric drives from the main electric grid within the ship. These electric

propulsion motors, running at low speeds and providing very high torques, have to be

capable of speed and direction changes at an output power requirement of about

15,000 to 20,000 hp each. This required motor performance is technically achievable

with medium voltage motors supplied by variable frequency drives. The medium

voltage power distribution levels being considered by the US. Navy include 4.16 kV

and 13.8 kV. However, as in all military applications, safety and reliability are major
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considerations. Thus, there is need for condition monitoring and lifetime prediction, to

ascertain the status of system components at all times, especially during service

operation.

During an initial study the U.S. Navy made the decision to employ an induction

motor drive system and ordered a prototype. Electric induction machines have mainly

two groups of failure: mechanical bearings and electrical insulation. Each contributes

around 30 to 40 % of all failure scenarios according to a survey by Electric Power

Research Institute (EPRI) and National Electrical Manufacturers Association

(NEMA) [21. The possible damage caused by both of these failure mechanisms, can

be catastrophic for surrounding human beings and infrastructure, and in addition can

lead to major down times. In a ship environment, especially in war situations this

could lead to catastrophic situations and losses.

Nowadays vibration measurements and analysis is a reliable straightforward

method to detect bearing problems and NEMA standards are widely accepted [3]. The

vibration amplitude is measured with acceleration sensors and analyzed by frequency

algorithms implemented in microcontrollers. The measured vibration spectrum is

analyzed and calculated values are compared with table values that state the

performance of the bearing. Trends and charts are applied to predict the remaining

lifetime. Overall, vibration detection is a well-developed method with widespread

acceptance by engineers and maintenance personnel.

The classical off-line non-operational approach to insulation testing is to measure

the insulation resistance and to perform surge tests of the windings during the

maintenance periods. These methods are defined in several IEEE and IEC standards

[4-6]. These off-line methods are not sufficient for this type of military application.
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The ideal situation would be to obtain on-line information about the insulation

condition while the motor is in operation. However, until recently there is no easy and

straightforward on-line method for insulation evaluation and prediction of the

remaining life. As an indication of the insulation status, partial discharge, from now

on referred to as PD, has been used for almost half a century. The PD phenomena was

first recognized on medium and high voltage sinusoidal excited generators, because of

the high electric field stress on the insulation system created by high voltages. Slowly

over a period of many years the PD detection method has been recognized and

improved. Since 2000 there is an IEEE trial use standard in place for the evaluation of

insulation conditions based on PD {7}. With the improvement of power semiconductor

switching devices, microcontroller technologies, adjustable speed drives (ASDs) were

introduced into power system applications in increasing numbers. Beside the many

advantages, the ASD technology has its drawbacks, especially on motor insulation

systems. Because of fast voltage rise-times, which lead to increased insulation stress

and increased PD, motor manufacturers and insulation material providers had to

adjust and improve their insulation material and technology [8-13j.

While PD has become an important motor diagnostic parameter, the measurement

and interpretation of PD signals on sinusoidal or pulse-width modulated (PWM)

excited machines is rather difficult and expert systems are needed. Nowadays many

PD publications are available, mainly on medium and high voltage sinusoidally

excited electric equipment and low voltage PWM excited machines. The combination

of medium voltage and ASD operated machines is rather new and therefore not many

publications are available yet. Many PD influencing factors are stated as well as the
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difficulty to generalize results and predictions over a wide range of applications.

Furthermore, learning systems for the individual system are often recommended.

This lack of knowledge led the U.S. Navy to fund a three-year research project to

gain confidence and obtain suggestions for motor and drive manufacturers with

regards to limiting the generation of PD.

The PD influencing parameters of voltage level, voltage rise-time, switching

frequency, and operation temperature were chosen to be investigated in this study.

The results are intended to be used to generate a protocol for the safe operation of the

electric drive for the motor manufacturer as well as for the drive manufacturer.

Furthermore a recommendation of necessary PD measurement instrumentation,

capable of insulation monitoring should be included in the final report. In addition the

U.S. Navy was interested in an evaluation of medium voltage coils from

representative manufacturers and two manufacturers agreed on the tenns and

specifications and sent ten inverter-duty coils each, while one manufacturer

additionally sent two non-inverter duty coils.

Literature Review

Insulation issues in electric machinery have existed since the invention of electric

machines. Insulation tests were developed to enable the assessment of the condition of

the insulation, during the manufacturing process as well as during the regularly

scheduled maintenance periods. Standards reflecting these insulation condition

measurements are established in IEEE and IEC documentation [4-6J. They describe

the measurement methods of the insulation resistance, explain the influence of surface
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condition, moisture, temperature, and magnitude and duration of the test potential,

and recommend minimum values of the insulation resistance. It has been shown that

the insulation failure is the second most frequent failure source of induction machines

[2]. Because of the catastrophic consequences, insulation failures have to be avoided.

With an increase in cost awareness, the industrial maintenance has changed from

fixed scheduled periods to a predictive and preventive maintenance philosophy. With

this the insulation conditions have to be measured while the machine is operating.

This is not possible with traditional equipment and techniques.. The use of PD as an

indication of insulation conditions has been used for over 40 years now. The PD

phenomenon was first recognized on medium and high voltage sinusoidally excited

generators and motors, which are traditionally the critical machines in plants and

facilities. Many publications show the use of PD as an indication of the insulation

condition however a straight forward prediction of the remaining lifetime cannot be

made [14-18]. It is mentioned in [19] that a general rule of thumb regarding the length

of time between detection of PD associated with a failure mechanism and insulation

failure in sinusoidally excited systems is: 10 years for 20 kV machines, 5 years for

13.9 kV, 2-3 years for 6 kV machines and several months for 4 kV. But it is also

mentioned that trending of the PD information is needed in order to make quality

maintenance decisions.

Over the years different instrumentation solutions have been proposed and

developed [19-24]. They are based on different physical detection principles, while

the main technologies are the electrical, the optical, and the radio signal. Today a

wide variety of sensors and methods are employed in off-line as well as on-line

insulation detection. These sensors are radio frequency current transducers (RFCT),



high voltage coupling capacitors, stator slot couplers (SSC), resistance temperature

detectors (RTDs), antennas, and ozone sniffers.

With the development of more powerful microcontrollers and faster power

electronic switches the pulse-width modulation (PWM) drive technology started to

penetrate the market in the 1980's. Because of the fast voltage rise-times that were

achievable since the beginning of the 1990's with the employment of fast switches

such as insulated gate bipolar transistors (IGBTs), overvoltages on motor tenninals

created a lot of insulation failures. Hence, lower voltage motors needed increased

maintenance attention. Insulation and motor manufacturers had to react and changed

their insulation system for inverter-operated motors. Many publications show results

of improved insulation materials and insulation techniques, and furthermore solutions

to avoid overvoltages such as filters and series reactors were proposed [8-131.

In addition many publications show parameters that influence the occurrence of

PD, and with this, the increased insulation stress. In [25-27] it is pointed out that a

faster voltage rise-time creates higher voltage stress and an increase in PD activity.

The complex phenomenon of the operational temperature is mentioned in [13, 28-30].

It is stated, that after an initial thermal cycle, where the PD inception level is

changing, a stable situation in regards to the PD inception level will be reached and

higher temperatures lead to an increased PD activity. The increase of insulation stress

experienced on the machine windings with cable length on PWM operated machinery

is mentioned in [31-32], where a terminal overvoltage is created by an impedance

mismatch and hence the risk of insulation failure is increased. The faster the voltage

rise-time and the longer the cable length the higher is the created terminal

overvoltage. Furthermore the increased stress with higher switching frequencies is
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discussed in [33], and the influence of humidity is shown in [34-35]. The PD

influencing parameters of most interest to the U.S. Navy were the operating

temperature, the voltage level, the voltage rise-time and the switching frequency, and

thus they were investigated during this research project.

After many years of evaluation and discussion, an IEEE standard 1434-2000 (trial

use) [7] for off- and on-line measurement and interpretation of PD was established.

This standard reflects the broad knowledge gathered on medium and high voltage

sinusoidally excited machines and the relatively new applications of ASD operated

machines. It recommends the measurement of PD as insulation condjtion assessment,

while it is lacking in straightforward interpretation methods or insulation life

predictions. It is pointed out that trends of PD measurements are recommended.

It has been mentioned that the combination of medium voltages and ASD

operations are not well covered in publications so far since it is a rather new

application area. Furthermore, there are attempts to quantize PD patterns in order to

localize their origin and assess the absolute insulation condition, which would be of

great interest to manufacturers and operators. But to date there is no on-line method

proposed to give this kind of information.

Outline of the Thesis

Following the Introduction, the idea of electric motor drives, the widely used

PWM switching technique with the resulting overvoltage on the machine terminals

and voltage distribution within the electric machine, as well as insulation systems and

materials are discussed in Chapter 1. In Chapter 2, the phenomena of PD as possible



insulation condition indication is introduced and specific terms are defined. This is

followed by the description of PD sources and parameters that influence the

occurrence of PD. Furthermore different PD measurement methods are discussed with

the main focus on the electrical and optical PD measurement methods. In Chapter 3

the development of an appropriate test set-up for the investigation of four chosen PD

influencing parameters will be discussed. In addition the results and conclusions of

initial tests and the development of the test protocol are shown. This is followed by

the presentation of test results and analysis in Chapter 4. Based on limitations of the

existing test equipment and conclusions of the analysis, Chapter 5 discusses the

recommended future work and suggests an improved PD instrument.



I. INSULATION STRESS CREATED BY INVERTERS

1.1. Electric Drives

The desired military propulsion application requires speed and direction changes

with relatively fast response times. Although the existing ship propulsion system is

capable of providing this performance, it is envisaged that, with the deployment of

electric motor drives, the overall performance could be significantly improved. In

Figure 1.1. this proposed system is shown, where a prime mover generator set

generates electricity, which is then distributed to the propulsion drives and the ship

service modules.

Main Power
Dislnbubon

Propulsion Motor Drive Generator
Motor

*ce
Power Conversion

Module

Figure 1.1: Electric system of planned "all-electric" ship [1]

A new approach of drive technology will be adopted, where the electrical input

parameters to an electric motor will be adjusted rather than following the old principle

of changing the mechanical output in order to achieve the necessary speed changes.

The two main advantages of this new approach are the increased system reliability
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combined with less maintenance and the improved overall system efficiency. A

summary is shown in Figure 1.2.

Electrical Adjustable
Speed Drive

Wide speed and torque range
higher system efficiency

less maintenance
decentralization of drive and motor possible

Mechanical Adjustable
Speed Drive

mechanical

Process

(iustrne$J

Wide speed and torque range
lower system efficiency

increased maintenance due to
mechanical components

Figure 1.2: Comparison of speed-changeable drive systems

Such an electric drive system contains an electric motor, which is supplied by a

power electronic converter and controlled by a microcontroller or digital signal

processor (DSP). This concept will be described later in more detail. The expectation

of improved overall performance is based on operational results of electric drives in

other industrial fields and the availability of a sufficient energy source, which is still a

limiting factor in other propulsion systems, like cars. The continuous improvements

of microcontroller and power electronic technology as well as the increasing need of

highly-efficient sophisticated process technology has broadened the use of electric

drives since the beginning of the 1980's. Major advantages of these speed-changing

electric drives are ease of control, fast response-times due to a smaller system inertia,

improved overall system efficiency, reduced maintenance, and possible localized

separation of motor and drive.
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A closer look into the advantages of ASDs justifies the decision to change the

propulsion to an "all-electric" system. The desired speed will simply be sent as a

digital signal from a high level control to the particular drive controller circuit. The

complex control algorithm within the drive calculates all the necessary adjustments of

applied voltage and frequency to the electric motor. Since no mechanical components

like valves, throttles, or gearboxes have to be used for the speed change, an extremely

fast response is achievable. The limiting factor of the speed change is the available

torque of the motor, which is limited by the maximum allowed current of the motor

and the power switch modules used. In addition the reduced inertia, achieved by the

replacement of gearbox and long transmission shaft, also helps to improve the system

response time. The overall system efficiency will be increased by the elimination of

gearboxes and the reduction of the number of prime movers, which leads to a better

fuel economy. The reduced maintenance is based on the reduced number of

mechanical devices and the improved self- monitoring capabilities of the components

and devices. Another important advantage is the decentralisation between drive and

motor, which not only increases the flexibilities of the ship design, but also opens the

possibility to instantaneous reconfiguration of the ship propulsion by simply

switching the supply structure of the different motors from their drives, in case of

failure or destruction.

For a propulsion system of this power rating with very low operating speed and

very high torque with a minimal torque ripple requirement, a high performance drive

is needed. The torque ripple has to be minimized in order to avoid ship vibration and

the occurrence of resonance frequencies of ship components and also to reduce the

acoustic signature to avoid detection. With an optimally configured drive system the
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desired performance can be achieved. Traditionally, DC motor drives were used for

high performance applications. Because of their inherent disadvantages the DC drives

are being replaced with AC drives which often have a cost advantage, require lower

maintenance, are smaller in size, and have higher reliability. The increased control

complexity of the AC drives is compensated by the use of continuously improved

capacity of microcontrollers. With the capabilities of AC drives nowadays, the

comparison of a DC to AC drive is in favor of the AC drive in regards to a higher

efficiency, better input power factor, lower inertia, less maintenance, increased

ruggedness, and better size and weight relationship [40-421. Given this, a decision

was needed between an induction machine and a synchronous machine. The

conventional synchronous machine requires slip rings and brushes, which leads to the

same disadvantage of increased maintenance and limited ruggedness. The alternative

design by using permanent magnets was not favored because of the high magnet

material price and the lack of long-term knowledge regarding the ruggedness.

Because of all these advantages, especially in the low speed range and the

widespread industrial acceptance, an induction motor drive operated from a PWM

voltage source inverter (PWM VSI) was preferred by the U.S. Navy. This type of

inverter was favored over a current source inverter (CSI) that is normally used in high

power applications, because CSIs have performance disadvantages in the low speed

range. Advantages of the PWM_VSI type, especially when operated at switching

frequencies up to 20 kHz, are the quiet and smooth operation even at the lowest

frequencies, the quiet operation of the inverter, almost no additional heating losses

through harmonics and the option of parallel operation of motors. A main

disadvantage is the high voltage rise-time, which can lead to high over voltages at the
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motor terminals, possible bearing currents, and electromagnetic interference (EMI). It

should be mentioned that the insulation stressing voltage peaks occur with a rate of

the switching frequency.

As shown in Figure 1.3 the most common version of a PWM-VSI contains a diode

rectifier front-end, a dc-link, and an inverter containing six switches with their

protection units and controls. The diode rectifier is used to rectify the three-phase line

voltage to a dc voltage that is essentially constant in magnitude.

RectUW DC t* Inverter

Figure 1.3: Common PWM-VSI topology

In Figure 1.4 and 1.5 respectively the prototype of the 19 MW induction machine

and the IGBT drive are shown. [1}

Figure 1.4: Prototype of the 19 MW motor Figure 1.5: Prototype of the IGBT drive
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1.2. PWM Switching Technology

In order to operate the induction motor over a wide speed range, the input

frequency, directly proportional to the operating speed, and the voltage need to be

adjusted accordingly. A typical voltage-frequency-characteristic, needed for optimal

performance, is shown in Figure 1.6. [36}

R

C

0)

1

0.

0

1.0

Frequency in pu.

Figure 1.6: Typical voltage-frequency-characteristic of an induction motor drive

In addition, for an efficient operation with limited torque oscillations, the

electrical input voltage to the motor created by the inverter, with its fixed DC link

voltage, has to be a close to a perfect sine wave. For this purpose, usually sinusoidal

PWM, shown in Figure 1.7, is used to create the gating signals for the inverter output

switches. A three-phase PWM waveform is generated by a comparison of three

sinusoidal control signals of the desired frequency arid adjusted in amplitude to a

triangular waveform of higher frequency. The result of the comparison forms the

basis for the gating of the power electronic switches. Two modulation indices are of

importance:



The amplitude modulation ratio ma, defined as

=
vcol

where

15

(1.1)

V,01 is the peak amplitude of the control signal

is the amplitude of the triangular signal, which is generally kept

constant.

The frequency modulation ratio mf, defmed as

where

, (1.2)

is the frequency of the triangular waveform and with this the

switching frequency

f1 is the desired fundamental frequency to the motor.

In Figure 1.7 c) the spectrum of the output voltage is shown. The frequency

modulation value mf is chosen to be a multiple of three to cancel the most dominant

harmonics. One significant drawback is that switching losses increase proportionally

with the switching frequency. In order to avoid the audible range, the switching

frequency should be selected to be less than 6 kHz or greater than 20 kHz [371.
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Figure 1.7: Three-phase PWM waveforms and harmonic spectrum [37]

The quality of the voltage generated by the PWM switching technology is

extremely improved by the ongoing developments of microcontrollers and especially

the achievable switching speeds and the very fast resulting rise-times. Nowadays,

IGBTs are used for almost all low and medium voltage drives, because of their

performance advantages, being simply controlled by a voltage gate signal and their
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fast switching times resulting in voltage rise-times of 0.1 jis. These fast switching

times are desired, since the switching losses can be minimized with faster turn-on and

off times. A performance comparison of high power application switching devices is

shown in Table 1.1. Note that BJT stands for bipolar junction transistor and GTO for

gate-turn-off thyristors.

Table 1.1:
Performance parameters of conrmonly used high power electronic devices

Device Gate Drive Maximum Max. Max.
Control Switching Current Voltage

Frequency in A in V
in kHz

BJT current 10 300 1200

GTO current 1 3000 4500

IGBT voltage 80 500 2000

Since in electric motors inductive elements dominate the characteristic, the current

waveform is practically low-passed filtered and a very close to sinusoidal current can

be achieved at high switching frequencies. This is the source for a very smooth output

torque with very limited torque ripple. The resulting motor current waveform is

shown in Figure 1.8.

(a)

Figure 1.8: PWM voltage waveform and current 1137]

I
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1.3. Overvoltages on Motor Terminals and Voltage Distribution
within the Windings

Because of the fast voltage rise-times (dV/dt) of up to 6 kV/is achievable with

IGBTs, new challenges are introduced to the drive technology, such as the over-

voltage on the motor terminals, that increases the insulation stress immensely, bearing

damage and failure due to bearing currents, and electromagnetic interference (EM!).

In older drives, slower switches like SCRs and BJTs were used, which have a

substantially slower rise-time (e.g. 5 jis). With this the mentioned negative effects

were not as pronounced.

Turn-on times of 0.1 us lead to frequencies of 40 MHz following the relation:

where

f is the resulting frequency in Hz

t is the turn-on time is s of the power switch.

(1.3)

This 40 MHz wave has an equivalent wavelength of 7.5 m following the relation:

f
where

2 is the wavelength in m

(1.4)

c is the velocity of light in rn/s

f is the wave frequency in Hz

Notice that in contrast the wavelength of a 60 Hz sinewave is about 5000 km,

consequently the cable length between motor and grid is small compared to the

wavelength. Electromagnetic theory refers to this as quasi-static fields and the cable
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can be modelled with lumped elements. For frequencies of 40 MHz and typical cable

lengths of 1 to 200 m the lumped element model has to be replaced by a distributed

element model, since the cable length is not small compared tO the wavelength. A

distributed element model for long motor cables is shown in Figure 1.9.

Inverter

Fig. 1.9: Representative transmission line model of long cable

Motor

With this, the effect of reflection and transmission has to be studied on the

terminal of the motor since this forms a junction of different characteristic

impedances. Following Kirchhoff's law the voltage on the terminal Vt must be the

sum of all voltages:

(1.5)

where

V+ is the voltage in V of a positively travelling wave

V- is the voltage in V of a negatively travelling wave.

The reflection coefficient is defined as:

VRLZo
(1.6)

V+ RL+Zo

z0=1fi (1.7)



where

RL is the load impedance in ,

Z0 is the characteristic impedance of the line in , calculated from its

inductance L and its capacitance C.

The mismatch of line and motor impedance at the motor terminals leads to a

reflection. Overvoltages occur due to the negatively travelling wave V-, which

depends on the impedance mismatch ofRL and Z0. One of the main influences on the

cable impedance is the cable length. For long cables, overvoltages as high as twice the

normal voltage have been reported. Furthermore, these overvoltage situations on the

terminals occur with switching frequency and cause motor and the inverter terminal

ringing due to reflection on both sides of the system. In Figure 1.10, example high

motor terminal voltages are shown.

ItDPpWd
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Figure 1.10: Overvoltage situation due to voltage reflection [31}

Another insulation stressing factor is the uneven voltage distribution within the

electric motor as a result of the high frequency created by the fast voltage rise-times.

As shown in [43] the first turns of a phase experience the highest voltage stress,
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unlike the 50/60 Hz applications, where an even voltage distribution can be found

throughout the turns of a phase. With this the insulation stress on the first turns of an

inverter driven motor is higher than fora sinusoidally operated machine.

There are different solutions proposed and available such as inverter output filter,

motor terminal fi]ter, new magnet wire insulation and series reactors. None of these

techniques were considered to be part of this research project with regards to PD

evaluations.

1.4. Insulation Systems

As mentioned before, an EPRI survey [2] on induction motor failures indicated

the importance of stator insulation as the second most common failure scenario. The

results of this survey are shown in Figure 1.11.

11

&

Figure 1 .11: Failure source for induction motors
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For rotating electric machinery of an operational voltage of 2.3 kV and higher,

form wound coils are usually employed. Because of the research specification to test

4.16 kV motor coils, only the insulation technique of form wound coils will be

discussed. The purpose of insulation is the separation of the surfaces of two materials

of different potential, which in the case of rotary electric machines, are the conductors

with high potential with respect to each other and to the grounded stator slots. In order

to maximize available space for conductors of the electrical circuits and steel of the

magnetic circuit, the insulation needs to be minimised.

The goal of motor and generator designers is to use as much copper and as little as

possible insulation material, while maximizing the power to weight ratio and

minimizing the used volume. This is a trade-off situation where thicker electrical

insulation leads to use of less copper and higher thermal stress while less insulation

leads to higher electrical insulation stress. The conductor stator slot can be

represented with a capacitor model where the relation of electric field stress and

distance is given as:

E=
d

where

E is the electric field strength,

V is the potential difference between conductor and slot,

d is the insulation thickness.

(1.8)

The electric breakdown strength of air is 3 kV/mm. In order to minimize the

insulation thickness, materials with higher dielectric constants are used. This is
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necessary since the applied voltage and the electric breakdown strength are fixed in

most applications.

Good electrical insulators are glass, mica paper, and mica flakes. In Table 1.2 the

dielectric constants of some good insulators are listed. But despite their excellent

electrical properties, their mechanical properties are not desirable, since they break

easily under vibration. By impregnation of these materials with organic compounds,

such as polyester, epoxy and asphalt, the mechanical resilience can be increased. The

primarily used material in electric machines is mica: electrically and thermally

durable but an extremely brittle substance, impregnated with organic resins, which are

impacted by electrical and thermal stresses.

Table 1.2: Dielectric constants of good insulation materials

Material Mi Er Max. 'r

Air 1 1

Mica 4 9

Glass 3.8 14.5

Epoxy Resin 3.4 3.7

Paper 1.5 3

As shown in Figure 1.12, the form wound coils usually have three insulation

components namely strand, turn, and ground wall insulation.

The purpose of the strand insulation is to separate the available conductor area to

increase the surface area and therefore to reduce the skin effect within the wires of

one turn. Since the usual voltage difference is less than 1 V between the strands, the

material can be very thin, but still insulating since strand-to-strand shorts, especially
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when arcing is involved, can lead to coil failure. Turn insulation is needed for multi-

turn coils. While the voltage drop between following turns, depending on the design,

is between 10 to 200 V in sinusoidal 50/60 Hz applications, it can be substantially

higher at PWM operated applications, especially at the first turns from the terminal.

Turn-to-turn failures lead to very high currents, which can damage the insulation to

ground. The materials commonly used are mica paper, glass, and dacron/glass. The

ground wall insulation prevents shorts between copper and the steel of the grounded

stator core. The thickness of the material depends on voltage rating and material

properties such as the rated volts/mm stress.

BRICK TYPE
COPJSTRUCTJO

EQUAL SIZE
STRAND

CONSTRUCTI

rURN INSULATLON
FOURTURN COIL
BGHT STRANDS

PER TURN

TRAND INSULATION

COPPER

GROUND INSULATION

Figure 1.12: Insulation technique of form wound coils [19]

Although manufacturing processes vary, one of the last steps is to impregnate or

press cure the coils in order to remove completely or minimize air voids. For this

impregnation process, vacuum pressure impregnation (VPI), global vacuum pressure

impregnation (global VPI) or resin loaded tapes can be used. In the VPI process,
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vacuum, temperature, and pressure are applied to single coils, while the whole stator

is placed in a VPI tank during the global \TPI process. Obviously, the global VPI

process can only be economically performed on smaller size motors. Resin loaded

tapes, which are mica tapes that were already impregnated with an epoxy resin are

used by some manufacturers. The tapes are applied to the coils, and then cured with

pressure and heat.

In order to make the electric stress throughout the insulation uniform, a voltage

stress control technique is employed for machines rated 6 kV and above. Two

materials are used, semi-conductive tapes/paints and grading tapes/paints. As shown

in Figure 1.13 the semi-conducting tape surrounds the coil that is placed into the slot

and prevents a voltage build-up between the stator iron and the coil surface that could

cause the breakdown of air. The grading tapes are usually silicon carbide based and

have a nonlinear resistive property. Their purpose is to reduce the electrical stress that

would appear at the slot end, since the grounded slot area and the endwinding area,

that is at conductor potential, would build a very high electric field due to the high

potential difference and the small distance between them.

SEMICON COATING

4yJ_1 I

Figure 1.13: Voltage stress control techniques [1 9J
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IEC 60505 (1999-12) defines various factors that influence the performance of

electrical insulation and which can lead to insulation failures during operation. Some

of these factors are thennal deterioration, electrical stress, mechanical stress, and

chemical stress. The electrical stresses in particular are voltage level, voltage rise-

time, and switching frequency. These stresses, individually or in combination, will

age the insulation system and in motors, may lead to delamination of the groundwall

insulation, abrasion of the semiconducting shield, loosening of the wedging system,

and other potential deterioration mechanisms [7]. Due to the fact that the insulation of

machines can deteriorate during operation, not only standards and techniques for the

off-line situation were needed, but also for the on-line situation. IEEE Standards 43,

56, and 95 are the guidelines for performing the off-line insulation tests. It should be

noted that tests under these standards can only be performed while the machine is not

operating and are consequently called off-line tests. However there is a strong need

for an on-line test capable of a lifetime prediction, which is recognized by a trial use

standard from the IEEE organization [7].
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2. PARTIAL DISCHARGE (PD)

2.1. PD as Insulation Assessment Technique

Traditional off-line insulation testing methods cannot be applied during the operation

of the electric machinery, since neither the recommended DC and AC overvoltages, nor

high voltage surge pulses can be applied to the machinery while connected to the rated

power supply. However an on-line insulation assessment of the electric machinery while

it is in operation is desired in some cases and probably needed in others especially in the

case of machines driven by power electronics. The complete insulation breakdown of a

machine in operation is followed by a large fault current. The question is, can the

insulation status prior to complete breakdown be predicted within the environment of the

operating electric machinery and can such information be used for protection, safety and

maintenance purposes? It was recognized that small discharges, over time increasing in

magnitude and occurrence frequency would occur prior to a complete insulation

breakdown. Today this phenomenon is referred to as partial discharge (PD).

Over the last four decades PD measurements have been conducted and have been

proven to be useful for assessing the condition of electric machinery. Today it is

recognized that acurate partial discharge (PD) analysis can serve as the foundation for

inserting improved reliability and performance into system and equipment designs,

predictive maintenance programs and compatibility and safety protocols. PD technology

can be applied to improve a variety of systems critical to industry, utility and military

applications including motors, generators, transmission and distribution lines/systems,

switchgear, cables, insulators, transformers etc., allowing problems to be identified prior



to failure. More recently, with the increased application of PWM operated ASDs and the

resulting increased insulation stress, PD measurement has been applied to drive

applications as well.

Corona is the ionization, or breakdown, of air when electric stresses (or voltage

differentials) at the surface of a conductor exceed a certain value. As this stress continues

to increase, PD occurs as an electrical pulse or discharge in a gas-filled void or on a

dielectric surface of a solid or liquid insulation system. This pulse, or discharge, can

partially bridge phase-to-ground insulation or phase-to-phase insulation in electrical

apparatus and cause insulation deterioration and breakdown (failure) of an insulation

system. PD also often accompanies other deterioration mechanisms caused by

mechanical vibration or abrasion, thermal overheating, bad contacts, surface

contamination or moisture etc. For these reasons, monitoring PD is an excellent method

of evaluating the condition of insulation, and it will often indicate other potential problem

areas.

The ultimate goal of successful on-line insulation assessment is to predict the

remaining insulation lifetime and the possible failure location. This information would

help in understanding the failure mechanisms and reasons, and could in consequence

dramatically reduce maintenance costs and increase the overall system reliability. At the

moment there are many different methods and instruments proposed and used, however

all of them have their drawbacks and cannot completely fulfil the high requirements of

lifetime prediction and failure localisation.
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2.2. PD Definitions

PD is defined in [7] as: "An electrical discharge that only partially bridges the

insulation between conductors. A transient gaseous ionization occurs in an insulation

system when the electric stress exceeds a critical value, and this ionization produces

partial discharges." Furthermore, [7] defines corona as: "visible partial discharges (PDs)

in gases adjacent to a conductor". These partial discharges can be of continuous or

random nature. The PD inception level is defined in [7] as "lowest voltage at which

continuous partial discharges (PDs) above some stated magnitude (which may define the

limit of permissible background noise) occur as the applied voltage is increased."

In order to measure and quantify PD with regards to electric charge, current, and

occurrence, certain definitions have been developed. The average discharge current It is

defined as

where

Qi
(2.1)tnto jI

is the starting time in s,

t is the completion time in s,

Qi ,Q are apparent charges transferred in a partial discharge pulse 1 through n in

C.

The pulse discharge is defined in [7} as: "A type of partial discharge (PD)

phenomenon characterized by a spark-type breakdown. The resultant detected pulse

discharge has a short rise-time, and its frequency spectrum may extend as far as 100
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MHz." Furthermore it is mentioned that these pulse discharges can be detected at the

terminals of the machinery with conventional pulse detectors. The common frequency

band of these PD detectors is from 10 kHz to several megahertz.

For purposes of pulse pattern description the pulse height analysis can be used. It was

first applied to sinusoidally excited machinery but is appliable to PWIvI excited

machinery. It measures the number of PD pulses that occur with a certain magnitude

window over a given time period. Further information can be obtained from the PD

power loss, measured as of the sum of energy, which is drawn by the individual

discharges over a period of time, divided by this time period:

(2.2)

where

P is the discharge power in W,

T is the time period in s,

m is the number Of the final pulse during T,

Q1 is the PD magnitude of the ith pulse in terms of the charge transfer

measured at the system terminals,

V1 is the instantaneous value of the applied test voltage in volts.

It is further pointed out that PD tests can be performed as off-line as well as on-line

tests. During the off-line technique a separate test supply is used to supply the necessary

test voltage to the windiig, while the rotating machine is at standstill. It is recommended

in [7] that the off-line test supply should represent the on-line supply as closely as
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possible. During the on-line test the measurements will be conducted while the machine

is functioning and supplied from its rated power supply.

2.3. The Nature of PD

As mentioned earlier, PD is not a complete insulation breakdown, but rather a

nonreversible and cumulative damage to the organic components of the insulation

system, namely the resin impregnations. As a result of the degradation of the impregnated

resin, gas-filled voids are created. These voids fonn capacitors with a given breakdown

voltage depending on their geometry, filling gas, temperature and pressure. The larger the

voltage over the breakdown voltage, the more intense is the discharge effect. Situations in

which the applied voltage exceeds the breakdown voltage are referred to as over voltage

states. The discharge effect appears during an overvoltage state, in which a free electron

is available to create an avalanche effect and the insulating breakdown of the gap. By its

nature, PD is a statistical phenomenon. The flow of electrons and ions across the small

gap in a finite period of time, creates a current pulse with a very fast rise-time in the low

nanosecond range. This reflects in a high frequency current pulse of small amplitude

every time the PD occurs. It is mentioned in [38] that, the larger the overvoltage, the

larger the pulse amplitude and the shorter its rise-time. However, the statistical time lag

of the appearance of the electron and the resulting change of the overvoltage conditions

reflects in discharges varying in amplitude and corresponding frequencies. The total

current not only transports a certain amount of charge, but also creates a voltage pulse
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across the impedance of the insulation system. An electromagnetic wave that propagates

in both directions away from the injection site is created by the voltage change. The

impedance of the traveled path entirely determines the wave properties. The PD pulse

rise-times being in the nanosecond range at its origin, lead to initial voltage wave

frequencies from the kHz to the GHz range. Also, there may be many hundreds of PD

events per second in a typical rotating machinery setup.

PD is accompanied by several physical phenomena: electrical pulses and resulting

radio frequency (RF) pulses, acoustic pulses, light, as well as chemical reactions within

the cooling gases that are either air or hydrogen.

The high frequency electric pulses have mainly three different ways of travelling

from their origin through the windings: transmission, capacitive coupling and radiation.

While travelling via transmission through the conductor, the pulses undergo severe

distortion because of their high frequencies and the inductance of the coils. The

comparison of impedances of a 60 Hz and a 20 MHz signal and assuming constant

inductance shows a 333,000 times higher value for the high frequency signal, given by

following relation:

XL=27cJL ( 2.3 )

where

XL is the reactance in

f is the frequency in Hz

L is the inductance in H
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In order to detect the high frequency pulses without too much attenuation and

distortion, long distances from the origin to the sensor have to be avoided. The capacitive

coupling allows travelling of high frequency signals virtually unimpeded. The

comparison of impedances, like before, of a 60 Hz and 20 MHz signal leads to a 333,000

times higher value of the low frequency signal following:

xc=
2ig'C

where

Xc is the reactance in

f is the frequency in Hz

C is the capacitance in F

(2.4)

Even though this would be the ideal detection method of partial discharges, it is not

practical to insert detection capacitors within the machine especially since the prediction

of location and magnitude and frequency of the discharge is currently impossible. The

pulse travel via radiation is another method of detection. Because of the high frequencies

and low power nature of the PD pulses, radio-frequency antennae have to be in proximity

to the PD origin. This is necessary because of the rapid distortion and loss of high

frequency identity during the travelling of the pulses.

PD can occur at numerous sites within rotating electrical machines. The locations of

occurrence, quantity and characteristics depend mainly on machine design,

manufacturing methods, operating conditions, materials of construction, as well as
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maintenance practices. The PD sites occur as groundwall delaminations and cavities, slot

discharges, and on sites of stress control coating, in stator endwindings, and external to

the conductors at improperly installed resistance temperature detector (RTD) cables, on

phase connection rings, and within high-voltage bushings. All these PD sites can

potentially cause deterioration, which in some cases, may result in an in-service

insulation failure. The number, magnitude, and polarity of these PDs can be a direct

indication of the condition of the insulation system and the trend of these parameters over

time is most valuable.

In summary, the nature of PD pulses is influenced by various machine and

operational parameters and is a statistical phenomenon. With this, it needs to be

mentioned that no technology exists today that uniquely and unambiguously can back-

calculate from a PD pattern to its exact source [71.

2.4. PD Activity Influencing Parameters

The primary of the many parameters that influence PD generation will be discussed

here including voltage level, voltage rise-time, switching frequency, temperature,

humidity, and cable length.

Given voltage levels require certain machine design and use of the appropriate

insulation material. Severe overvoltage conditions need to be avoided, since the

overvoltage situation can lead to partial or complete insulation breakdown, as shown in

previous chapters. Within rated sinusoidal applications and well-designed insulation
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systems, usually no destructive overvoltages are experienced. However in PWM operated

machinery, overvoltages can occur due to a combined effect of cable length and voltage

rise-time, as previously mentioned. In addition an uneven voltage distribution throughout

the machine windings occurs, which compelled insulation and machine manufacturers to

mitigate with improved materials, insulation systems and techniques.

Fast voltage rise-times are not of significance for sinusoidally operated machines, but

contrarily are for the PWM operated machines. The faster the rise-time, usually the

higher the overvoltage situation and the higher the experienced voltage drop over the first

turns of the winding. A summary of the findings for rise-times of 0.5 to 10 is from [25-

27] is shown in Figure 2.1. A relatively new trend for very fast voltage rise-times of 0.05

to 0.5 J.ts is shown in Figure 2.2 [44].
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Figure 2.1: Voltage inception level versus voltage rise-time
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Figure 2.2: Voltage inception level versus voltage rise-time for very fast voltage
rise-times [44]

The switching frequency is a phenomenon of the PWM operated machines only.

Since the switching frequency is proportional to the number of applied pulses, the

insulation stress is increased and the expected insulation lifetime is reduced [33].

It is well known that the operation temperature has an influence on the lifetime of the

insulation. NEMA specifies overtemperature as one lifetime compromising effect.

Publications of temperature tests show the complex influence on the production of PD.

For humidity, as a PD influencing factor, it is mentioned in [34-35,4 1] that higher

humidity leads to a slightly reduced PD inception voltage level.

The cable length has a significant influence on the insulation stress for PWM

operated machines, while it is not of significance for sinusoidally operated machines, as

shown in Figure 2.3. Note this graph shows a data set of a test performed on a 460 V

PWM operated motor in the MSRF representative for typical cable length effects.
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Figure 2.3: Overvoltage on terminals versus cable lengths [31]

2.5. PD Measurement

2.5.1. Measurement Difficulties

Because of the nature of PD and the many influencing factors a lot of difficulties are

experienced while measuring PD activity. The limited energy and high frequencies

associated with PD pulses make it important to minimize the distance between the PD

sensors and the PD origin. The mainly inductive nature of the conductors forms a

lowpass filter to the high frequency PD signals traveling through the conductor, which

leads to a round off of the original signal. The further the sensor is placed from the PD

origin, the lower the remaining frequency components as well as the amplitude of the

signal will be. With this the separation of PD signals and noise floor is more complicated.

in addition some PD measurement sensors have to be by nature close to the windings.



Both the off-line and the on-line testing methods can be applied to measure PD, but it

needs to be mentioned that off-line measurements do not represent the actual operating

conditions. Furthermore, it is well know, and specifically mentioned in [7], that it can be

expected that different test methods yield different results and therefore the establishment

of absolute limits is rather difficult. The recording of PD measurement results over time

is advised.

In order to compare PD results, it is important to conduct the tests under similar

conditions. Furthermore at this point in time it should be noted that the measurement of

PD cannot be expected to detect all of the problems associated with insulation systems [7.

2.12. Electrical Method of PD Measurement

PD being an electrical field phenomenon, electrical methods for its measurement

should generate the most direct and quantifiable data. The high frequency current,

carrying a small amount of charge and creating a voltage pulse lead to the possibility of

measuring PD activity with electrical circuits. The overall schematic of the electrical

method of PD measurement is shown in Figure 2.4. With PD sensors the signal will be

detected from the power system, highpass filtering separates the power signal from the

distorted PD signal, before noise cancellation techniques minimize the noise floor and the

remaining PD signal can be displayed and analyzed.
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Figure 2.4: Electrical PD measurement method

There are numerous electrical sensors and circuitry available. A variety of possible

sensors and their location is shown in Figure 2.5. The high frequency nature of PD allows

the separation of PD and power signals, but special techniques have to be applied for the

noise cancellation that is required at high frequencies, especially in PWM operated

machines.
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Figure 2.5: Possible electrical PD measurement sensors
and their placement [19]

The voltage pulses can be detected with high-voltage capacitors that create a high

impedance path to the power frequency and a low impedance path to the high-frequency

PD voltage pulses. The coupling capacitors often have a value in the range of 80 pF up

to 0.25 jiF. The upper capacitance represents the value of the, in many high power



applications, already installed surge capacitors. They can be connected either

differentially or directionally in various places within the electric machinery. Most

commonly, the capacitors are installed directly onto the phase leads near the terminal

box, and onto leads on the neutral side. The directional connection method is vulnerable

to internal noise and needs two capacitors at least 2 m apart from each other. The

detectable frequencies are within the range of 40 to 350 MHz depending on the applied

detection system. The advantage of this type of PD detection is its high sensitivity to PD,

but this comes with the disadvantage of high noise sensitivity.

Another method of PD detection is by using radio frequency current transformers

(RFCT) with a wide bandwidth of 20 kHz to 50 MHz to measure high frequency PD

pulses. RFCTs are usually constructed of a ferrite core and encased in a metal housing.

They can be installed in various places on the electric machinery: between the neutral

point and the grounding impedance, on the ground lead of the surge capacitor, on the

phase lead near the motor terminal or around RTD cables. Usually the transformers are

more prone to noise than other detection methods and with this technique an experienced

operational person is needed to distinguish between PD and noise signals.

Another group of electrical techniques for PD measurement are the near field

antennae. Out of the variety of available antennae the stator slot couplers and the

electromagnetic probe will be discussed. The stator slot coupler is a two-port stripline

antenna sensitive to the electromagnetic energy of PD. Usually it is installed under the

wedge of existing motor windings closely to the line end of the winding. Both ends of the

sensor strip are connected to coaxial cables. The frequency range of this sensor type is
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between 30 MHz and 1 GHz. Mother type of antenna is the electromagnetic probe,

which responds to RF signals radiated by PD within or outside the stator coils. The probe

is multi-turn coil wound on a ferrite core mounted on a insulated rod and attached to a

coaxial cable for connection to display units. With this setup frequencies of 200 kHz to

20 MHz can be detected. Because of its nature, being closer to a PD origin generating a

higher output voltage, the electromagnetic probe is used for localisation of PD during the

off-line PD test, but not necessarily for quantification purposes.

A variety of instruments are available for the measurement and recording of the

voltage and current pulses from the previously described sensors. Oscilloscopes,

spectrum analysers, integrated current detectors, quasi-peak pulse meters, pulse height

and phase analysers, and direct data acquisition computers are typical examples.

The two major problems with electrical PD measurements are the signal attenuation

and internal or external interference (noise). As the PD pulse travels through a winding,

the transmission circuit of capacitance and inductance will shape the PD pulse. Both,

pulse rise-time and pulse-width increase, whereas the voltage magnitude decreases. For

the localisation of an insulation defect it is important to analyse the PD pattern and trend

it over a period of time since changes can indicate deteriorating conditions of the

insulation system. There are several different noise cancellation techniques used. A very

effective method is to filter out low frequencies and use only high frequency signals for

the PD detection. The appropriate cut-off frequencies have to be chosen depending on the

signal to noise ratio of the application. If at least two sensors can be installed, the time-of-

arrival method has been shown to be very effective for noise cancellation. This method
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uses known cable lengths and the knowledge of the sensor placements. Also for the

sinusoidal operated machinery the expected pulse characteristic can be used to

distinguish between PD pulses and noise.

The visualization of a PD signal is shown in Figure 2.6. The PD signal trace is shown

as channel 2 on the top with a scaling of 200 mV/div while the power signal is shown on

channel 4 on the bottom with a scaling of 1 kV/div. The time axis is scaled with 200

ns/div. This oscilloscope picture was captured during the test program, where the PD

trace was an output of the IRIS "XTrac Bantam" unit. PD is indicated by the high

frequency oscillations initially occurring at 1.58 ts and beginning strongly at 1.67 ps.

From channel 4 the voltage at which PD initially occurs is indicated as 2.3 kV and strong

PD signals are seen at 2.5 kV respectively. It needs to be noted that Figure 2.6 represents

a single snapshot of the PD activity. With a continuous acquisition of the oscilloscope the

statistical nature of PD is easily realized. The PD pulses will occur at different times after

an initial voltage level is reached. During the process of the testing it was experienced

that there is a statistical region of the highest amplitude of the PD signal after the PD

inception level was reached from which the amplitude of the PD signals will

exponentially decay.
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Figure 2.6: Oscilloscope capture of a PD signal

2.5.3. Optical Method ofPD Measurement

Another possibility of PD detection is using the emitted optical radiation of corona.

Conventionally, a so called "black-out" test has been performed. This test is mainly used

as on off-line test, where the machinery is energized in reduced light or complete

darkness. The location of corona activity is detected with the help of ultra-violet (UV)

detecting equipment. A new daylight technology emerged from the field of high voltage

transmission line maintenance and is rather new for the inspection of rotating electric

machinery. Corona radiates light, mainly in the UV region with a very characteristic

spectrum, shown in Figure 2.7. As one can see the corona phenomena occurs at

wavelengths shorter than 390 nm, which is invisible to the human eye (with its visible

range of 390 to 770 nm). Nowadays, signal and image processing instrumentation can

show the PD activity using the nature of the wavelength spectrum with its sharp
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frequency spikes. The idea of applying a narrow bandpass filter, around the natural

corona light frequencies within the wavelength spectrum, enables the detection of corona,

and consequently PD activity. Furthennore, the principle can be used in daylight and the

detected PD can be superimposed onto a regular video picture.

A schematic configuration of such a daylight corona camera is shown in Figure 2.8.

The incoming light is separated into two components, a visible portion and a UV portion.

The narrow bandpass filters are applied to the IJY portion and the presence of corona-

indicating frequencies are checked. In the case of corona a defined picture element, e.g.

white dot is superimposed onto the visual part of the picture. With this, the PD activity

can be located and quantified. However a statistical unit is needed to monitor the quantity

of pulses, location and time information. This method can mainly be used off-line.

I O)

so

[]

Figure 2.7: Radiated wavelength spectrum of corona
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A picture taken from the daylight camera during the PD investigation at the MSRF

lab a test coil activity, which is represented

by the white dots superimposed onto the visual picture.

Figure 2.9: Display of PD activity detected by a daylight corona camera



2.5.4. Alternative Methods ofP1) Measurement

Besides the electrical and optical methods of PD measurements there are several other

alternative methods. The ozone detection, the acoustic and ultrasonic detection, the power

factor tip-up, and the energy transfer detection method will be discussed.

The ozone detection method is based on the fact that chemical reactions are caused by

the surface discharges in air-cooled machines and one of the byproducts of these

chemical reactions is ozone. While substantial surface PD can increase the concentration

of ozone, it is known that PD well within the groundwall or adjacent to the copper

conductors in form-wound windings will not create measurable ozone [7]. Temperature,

humidity and the airflow rate have an affect on the concentration of ozone. While there

are several techniques and units for the measurement of the ozone concentration, such as

electronic sensors and chemical tubes, it is well known that the sampling location is

critical. The ozone detection method is primarily used as an on-line monitoring tool, even

though off-line use is also possible.

PD activity is usually followed by a small acoustical noise, similar to the well known

noise of transmission line corona. This noise phenomenon is utilized by the acoustical

and ultrasonic detection method. The acoustical noise occurs in a frequency range of 1 to

150 kHz and the location and the sound level of the surface PD can be detected with the

help of directional microphones. It should be mentioned that this method does not

provide sufficient results for the evaluation of internal PD activities.

The power-factor tip-up method is based on the idea that PD activity absorbs a certain

amount of energy, which needs to be supplied by the power source. The comparison of
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the power factor of the insulation below PD inception level and above leads to an indirect

measure of the total discharge activity. A strong difference of the power factors, referred

to as power factor tip-up, indicates a strong PD activity. However it has to be mentioned,

that the sensitivity of the method is less than that of the previously mentioned electric

pulse sensing and RF methods. Also, this method can only be applied with the motor or

generator out of service.

Another power frequency approach is the measurement of the energy and integrated

charge transfer that results from PD activity. Two different methods are available that

basically use high-voltage capacitance bridges to calculate the power loss aftributed to the

PD activity from measurements of capacitance and dissipation factor. Here again, special

machine design components, such as stress control coatings can influence the accuracy of

the measurement. This method is also an off-line PD measurement method.



3. DEVELOPMENT OF TEST SETUP AND TEST PROTOCOL

3.1. Test Parameters

Because of the need to operate the electric motors supplied by variable frequency

PWM drives at a medium voltage levels of 4.16 kV, the U.S. NAVY decided to

investigate the influence of the following four parameters on the generation of PD and

corona:

Voltage level (0 to 10 kV)

Voltage rise-time (100 us to 10 ps)

Switching frequency (ito 10 kllz)

Temperature (18 to 120 °C)

The applied voltage pulses are defined by the voltage level, the voltage rise-time and

the pulse-width. The voltage level was measured as the potential difference between

terminal and ground. It should be mentioned that the sinusoidal line-to-line rms voltage

of 4.16 kV relates to a peak voltage of 3.4 kV from coil to ground according to the

relationship:

Vpeakound = V,1 *

where

(3.1)

Vpeak ground is the maximum voltage measured from the terminal to ground

V11 is the sinusoidal line-to-line rms voltage
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The voltage rise-time influence was chosen as a parameter to be studied because

various power switches generate different voltage rise-times and the insulation systems of

inverter driven machines have to be accordingly designed to accommodate effects of

these rise-times. With improved semiconductor switching technology, rise-times as fast

as 50 ns are now achievable with JGBT modules. The voltage rise-time is defined as the

time needed to raise the terminal voltage from 10 to 90 % of the maximal voltage level as

shown in Figure 3.1. It should be noted that a straight voltage rise front is desired with no

voltage overshoots or ringing effects, since a cable length influence study was not part of

this research activity.

The switching frequency is a measure of how many voltage pulses are generated

within a second. This value is variable in most of the commercially available inverters

and is usually between 2 and 20 kHz.

As shown in Chapter 1.3 the fundamental concept of the PWM control strategy is to

change the pulse-width of the voltage pulses in order to create a quasi-sinusoidal voltage

waveform (i.e. a voltage with a predominant fundamental component). In order to keep

the required current low in the test equipment, short pulse-widths are desired.

Furthermore, it is commonly known, and initial tests have proven, that in PWM

applications PD usually occurs during the voltage rise or immediately after. Therefore it

is usually sufficient to generate voltage pulses of only a few microseconds. An ideal

voltage pulse waveform showing the voltage rise definition of dV/dt and pulse-width is

shown in Figure 3.1.
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Figure 3.1: Voltage pulse definition

The temperature range of 18 to 120 °C was chosen to simulate the operating

temperature range of rotating electric machinery. This also represents the requirements of

insulation class F machines that have an allowable temperature rise of 80 K, above a

maximum 40°C ambient.

3.2. Linear Motor Lamination Stack (Motorette)

Due to confidentiality reasons, investigations were not allowed on the designed drive,

motor, or stator coils located in the NAVSEA research laboratory in Philadelphia.

Therefore a physically representative model of the specified motor-drive-system had to

be built for the purpose of this project. A multi-phase 15,000 hp electric machine is

usually heavy, voluminous, expensive, and its handling requires certain infrastructure and

experience. However, an analysis showed that a single-phase system, representing the

electrical and magnetic circuit would be sufficient to study the influence of the four

parameters mentioned in the previous chapter and therefore a complete three-phase motor
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was unnecessary. Furthermore, a substantial cost reduction was achievable by scaling

down the size of the test coils and therefore the size of the motor. This decision was a

consequence of the literature search and consultation with motor manufacturers, which

concluded there is no general correlation between the physical coil size and PD and

corona generation. In addition, the U.S. Navy was interested in evaluating coils from two

different manufacturers, necessitating a flexible stator system providing easy and quick

insertion and removal of the test coils.

To represent a realistic machine configuration the test coils have to be inserted into

the stator slots, which provide the mechanical support, a grounding configuration, the

magnetic circuit and the thermal mass. The main criteria for the design of such an

electromagnetic support system were cost, volume and ease of coil insertion and removal.

A conventional stator would have provided all the necessary properties but has some

disadvantages such as size, cost, and roundness. Since just one coil at a time was required

for the tests only a few slots were required and therefore only a segment of the stator

lamination can be used. As an alternative to the round segment version, a linear

lamination stack (motorette), similar to the one used in linear motors was chosen as the

test stator. The advantages of the linear lamination stack include low cost, reduced

volume, easy access to the coils, and easy inserting and removing process of test coils.

During the process of the motorette specification the supplier advised the use of a

standard linear model for cost reduction. The linear motor stack used for the tests is

shown in Figure 3.2.
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Figure 3.2: Linear motor lamination stack (motorette)

The motorette contains 40 slots and has the overall dimensions of 960 mm length,

230 mm width, and 130 nmi height. The slot geometry and further detailed infomiation

about the motorette can be found in Appendix A. The linear motor stack, holding the test

coils, serves as the magnetic primary. In order to provide a good magnetic circuit, a

return path is required. The return path, referred to as magnetic secondary, is

automatically formed by the rotor in rotary electric machines. To avoid flux saturation

and eddy currents the secondary was build out of several steel sheets stacked on top of

each other and matching the dimensions of the motorette in length and width, with a

thickness of 4 mm. The simplified magnetic circuit containing one electrical coil is

shown in Figure 3.3.
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Figure 3.3: Simplified magnetic circuit of the test setup

The coil manufacturers were provided with the geometry of the slots, a required pitch

of 10 slots and the number of 6 turns per coil. This number was specified after some

simplified inductance calculations have been performed. The calculated inductances

depending on the number of turns and the air gap are given in Table 3.1 and are shown in

further detail in Appendix B. The formulas used are given as:

(3.2)

(3.3)M
where

L is the inductance in H

N is the number of turns

91 is the reluctance of the magnetic circuit in ampere-turns2/weber
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I is the length of the air gap in m

is the permeability of the material in Vs/Am

A is the area crossed by the magnetic field lines in m2

Table 3.1: Calculated inductance of test coils

Air gap
lnmm

4 turns
Ljn.tH

6 turns
LintH

8 turns
LintH

0.1 212 477 849
0.3 184 414 736

1 126 283 502
2 86 195 346
3 66 148 264

Higher numbers of turns was deemed unrepresentative by the coil manufacturers.

3.3. The Heat Chamber

To investigate the influence of temperature on PD activity, there is a need of a

controllable heat environment around the test coils. The requirements for the design were

a cost effective setup with easy access to the coils for connections, a window to observe

the test performance for optical PD detection, electrical insulation of the motorette, and

the easy controllability of a stable operation temperature over a wide range. The insulated

heat chamber built around the motorette consists of a steel frame with stainless steel

sheets on both sides and filled with fire rated acoustical foam made of polyurethane.

Design details are given in Appendix C. For easy access to the coils the chamber

consisted of a bottom part on which the motorette was mounted, and a removable lid. A
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picture of the heat chamber is shown in Figure 3.4. The observation window was covered

with a sheet of plexi glass.

Figure 3.4: Heat chamber and motorette

Because of its proven reliability and low initial costs an electric heating method was

chosen. The overall setup consists of a single-phase 208 V power supply, two heat

resistors each 1500 W, a solid state switch, a temperature controller, a temperature

sensor, a fan, and some basic fuse protection elements as shown in Figure 3.5.

Temperature FerareController

Circuit
Breaker

Power Supply Resistive
Solid State

single-phase, Heat Elements
208 V

Relay

Heat Chamber

Figure 3.5: Electric heat circuitry



The temperature controller was configured in a way that a relatively slow response

time with very good temperature stabilization was achieved. The results of a 24-hour

temperature run for a desired temperature of 120 °C are shown in Figure 3.6.
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Figure 3.6: Results of a 24-hour temperature verification test

3.4. The Test Coils

Two US coil manufacturers were asked to participate in this research project by

providing 10 sample coils each. The only specifications given to the manufacturers were

slot dimensions, number of turns, inverter duty and the equivalent line-to-line 'ins voltage

level of 4160 V; The two manufacturers each provided different coil sets, with respect to

endwinding dimensions and insulation systems. The two coil systems are shown in

Figure 3.7 and the specification of the coils is given in Appendix D. One of the
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manufacturers sent 10 coils of inverter-duty design and 2 additional coils designated as

normal-duty coils. A total of 22 coils were available for the test program.

Figure 3.7: Test coils from different manufacturers

For internal references the coils were serially marked upon the arrival at the Motor

Systems Resource Facility (MSRF) with Ni to N10 for the coils of one manufacturer and

respectively Gi to GlO for the coils of the second manufacturer. The two non-inverter-

duty coils were marked with B 1 and B2 respectively.

The design of the two coil systems was different. The coils Gi to GlO were vacuum

impregnated and cure pressed. There was no voltage stress coating or semi-conducting

material applied to these coils. In contrast, the manufacturer of the coils Ni to Ni0

applied voltage stress coating and semi-conducting sheets to the coils and provided

additional slot lining and containment materials as well as a detailed coil installation

procedure. A variety of these materials is shown in Figure 3.8. Note, that the installation

procedure did not intend to impregnate the inserted test coils.



Figure 3.8: Insulation materials for coils of N-series

The coils were delivered in a state of unfinished terminals. For easy handling and

multiple reconnection purposes the terminal connection had to be designed. Despite its

ability to offer the best possible connection between the test leads and the coils the solder

terminal was rejected, because of the inability of easy removal and reuse. Instead a

system of cable lugs that allows for pressure connection and easy screwing and

unscrewing of the test leads onto the test coils was used. Additionally the coil ends were

properly heat and voltage stress insulated. In Figure 3.9 the finished terminals of the

coils are shown.

Figure 3.9: Termination and insulation of the coils
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Upon the arrival of the motorette and coils, the coils were inserted into the motorette

and resistance and inductance of the installed coils were measured. The test setup,

containing a variable voltage and frequency source as well as a high precision single-

phase power analyzer is shown in Figure 3.10. The measured voltage, current and power

factor were used to calculate the inductance by the equation:

L = ---sin(cos'(pf)) (3.5)2q'

where

L is the inductance in H

V is the sinusoidal rms voltage in V

I is the rms current through the coil in A

f is the frequency of the applied voltage in Hz

pf is the measured power factor in pu

Figure 3.10: Test setup for inductance measurements of the inserted coils



The results of the measured inductance values are shown in Table 3.2 and Table 3.3

respectively and are discussed in more detail in Appendix K The analysis of these results

led to the conclusion to perform the PD tests with no air gap in order to achieve the

highest possible inductance. Furthermore the coils had similar inductance and resistance

values. The average resistance of the N type coils was measured to be 6.92 m, while the

G-type coils were measured to be 4.56 m. It should be mentioned that these tests were

performed at a current of 1 A. The results in Appendix E show a current dependency and

hence the inductance of the coil was assumed to be 300 1.tH for the simulation described

in Appendix G.

Table 3.2: Inductances of N-series coils

Gap
in mm

f =60 Hz
L in tH

f 1 kHz
L in p.H

f= 5 kHz
L in iH

f 10 kHz
L in jiH

0 237.0 120.9 87.6 76.6
0.3 215.0 117.7 88.1 77.8
0.6 200.2 114.9 87.5 77.6
0.9 191.5 112.3 86.8 77.4

coil outside 53.0 42.2 41.0 40.6

Table 3.3: Inductances of G-type coils

Gap
in mm

f= 60 Hz
L in .tH

f= 1 kHz
L in iH

f= 5 kHz
L in jtH

f= 10 kHz
L in tH

0 220.5 108.5 74.2 63.0
0.3 194.5 102.4 72.7 62.4
0.6 183.0 98.9 71.9 62.2
0.9 172.5 95.8 71.0 61.8

coil outside 39.4 27.9 27.1 26.9
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3.5. Voltage Pulse Generation

3.5.1. Standard Voltage Pulse Generator

As mentioned earlier, for the purpose of the specified parameter influence study a

single-phase voltage pulse supply is sufficient. However this power supply needs to be

highly flexible with respect to voltage level, switching frequency and voltage rise-time.

For niaintenance and diagnostic purposes of electric machinery voltage pulse generators

are commercially available. These pulse testers can be used for the off-line PD testing

and usually generate a single-phase high voltage pulse with user variable voltage

amplitude, but fixed voltage rise-time and switching frequency. The MSRF facility had a

voltage pulse tester "Dl 2-R" from Baker Instruments Company, capable of generating

voltage pulses of 0 to 12 kV voltage amplitude with a voltage rise-time of 100 ns and a

switching frequency of 5 Hz. This instrument is shown in Figure 3.11. Because of its

fixed switching frequency the instrument could not be used for the main test program.

However it was very important for the coil characterization process, as well as for the

overall development and setup of the test program.

Figure 3.11: Voltage pulse tester "Dl 2-R"
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Note, that the D12-R produces a negative voltage pulse. In Figure 3.12, this voltage

pulse creating PD on a test coil detected by an electric PD measurement method is

shown. The voltage waveform is displayed on channel 4 with a scale of 1 kV/div, while

the PD trace is shown on channel 2 with a scale of 200 mV/div. The PD pulse occurs at

170 to 250 ns at a voltage of 5 to 5.2 kV respectively.

Op sttpptO

ptsILlOt

- 300000 kVJ

2 200 wWI 4 1.00 kV/ Ir preset
000.000 CV 300000 00 POt'

Figure 3.12: Voltage pulse from "D12-R" generating PD on test coil

3.5.2. Modular Voltage Pulse Generator

During the search for a highly flexible voltage pulse system required for the test

program, two main options were recognized: a modified PWM inverter or a modular

custom built voltage pulse generator. The principle of PWM generated voltage pulses, is

employed in most of the commercially available three-phase inverters. From a fixed DC

link voltage, a variable three-phase PWM output voltage can be generated, while the peak

voltage of the voltages pulses is maintained constant. A variable peak voltage level would

require a design change of the input rectifier circuit, while the output IGBT modules have
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to be designed for the maximum output voltage of 10 kV. The necessary switching

frequency flexibility is standardized in most of the commercial available inverters while

the voltage rise-time flexibility is not achievable within the standard inverter. For this an

additional filter in front of the motor terminals is needed. Overall, the design changes and

the usage of just one of the three phases created an undesirable cost-use ratio.

An alternative to the inverter is a modular custom built system containing a DC

power supply, a function generator, a power switch module and a filter in front of the

motor. In Figure 3.13 the schematic of this modular set is shown, the components of

which were purchased from DEl, Inc. The specifications of all the instrumentation are

given in Appendix F.

I Pulse GeneratorDC High Voltage
( High Voltage

(generates gatePower Supply
Switch(0.10 kV)

Rise-Time Filter
(changes rise times

of high voltage pulses
tL65O Ohm)

High Voltage Pulses

Figure 3.13: Schematic of the modular voltage pulse generator

The variable voltage of 0 to 10 kV will be provided by the DC power supply with a

current limit for constant operation of 100 mA. The voltage is variable by a dial indicator
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at the front panel. A standard function generator was used to generate gate signals of 0 to

5 V for the IGBT switch module. The voltage gate pulses were specified by the switching

frequency and the pulse-width.

The center part of this setup uses an IGBT power switch that applies the DC voltage

to the output filter, whenever it is gated by the function generator. To achieve an output

voltage of up to 10 kV, several IGBT switches were connected in cascade and the overall

system controlled by a microcontroller. During the design phase of this system it became

apparent that a hi-polar voltage version of the pulse generation system would have been

very expensive so that a uni-polar voltage version was favored. Furthermore initial

calculations and cost considerations were the basis for maximum current specification of

30 A. The IGBT modules are protected by current sensors and the control circuit which

turns-off the voltage in case of instantaneous over current. Upon arrival of the test coils,

motorette and voltage pulse generator it was realized that the desired voltage of 10 kV

was not achievable with just one coil inserted into the motorette. With an inductance

value of about 250 tH, a resistance of about 5 m, a maximum current of 30 A and a

measured rise-time of around lOps, the desired voltage across the coil was not

achievable. The following formula shows the relationship between voltage level, current

rise-time and resistive voltage drop for the mainly resistive-inductive coil configuration:

V=L1+RI
dt

where

V is the applied voltage in V

L is the circuit inductance in H

(3.2)
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R is the circuit resistance in

I is the current in A.

Calculations showed that an inductance of about 2 mH was needed in order to operate

within the current capabilities of the overall setup. There were two options to consider: to

insert more than one coil at a time into the motorette in order to increase the inductance

or to use external inductance. Even though it was shown that four coils in series, had a

measured inductance value of 2.6 mH, the main disadvantage was that testing more than

one coil at a time makes the localization of possible PD more difficult. The preferred

alternative was to use an inductor outside the motorette, which would represent the same

situation as the previous idea of inserting extra coils in series. The inductors used were

built in the MSRF lab by using normal toroidal magnet cores and AWG 12 wires. They

are shown in Figure 3.14.

With this setup, the voltage level of 0 to 10 kV and the switching frequency of Ito 10

k}Tz were controllable, while the voltage rise-time was still fixed at the fastest achievable

value of approximately 90 ns.

Figure 3.14: External inductors



3.5.3. Voltage Rise-Time Filter Design

A wide, easily variable voltage rise-time range from 0.1 to 10 jis was desired for the

PD investigation project. The fast output voltage rise-time of the pulse generator had to

be slowed down while maintaining a smooth voltage wavefonn. The test coil inserted

into the motorette with external inductmce connected built a mainly resistive-inductive

load for the pulse generator with a resistance of 100 m and an inductance of 2.2 mH.

The initial solution was to use a first order resistive-capacitive low pass filter as

shown in Figure 3.15. The voltage rise-time changes were intended to be achieved by

changing of the resistive element. For this purpose a matrix of high voltage resistors of

150 Ohm were provided with a highly flexible connection matrix.

Pulse
Generator

First
Load:

with fixed
order
filter Test

voltage rise
time

(RC) L Coil

Figure 3.15: The proposed first order voltage rise-time filter

This solution had significant drawbacks and could not fulfill the required operation

ranges. The desired output voltage of 10 kV could not be achieved because of the voltage

drop over the resistors and the limit of the DC power supply of lO.3 kV. Additionally, the

first order nature of this filter caused a round-off of the output voltage, which was not

desirable for the purposes of the test. Ideally, a straight rising voltage front was needed,
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as shown in Figure 3.1, for close representation of actual inverter output wavefonns. A

typical output voltage of this filter for a rise-time of 0.5 ts is shown in Figure 3.16. Not

only the rounded-off waveform but also the unfiltered switching of the IGBT modules

have to be mentioned as unsuitable.
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Figure 3.16: Output voltage of the first order rise-time filter

With this undesirable output voltage waveform a different filter has to be designed.

The choice was a second order filter containing resistive, inductive and capacitive

elements. The overall filter concept is shown in Figure 3.17.

Generator.
order Load:

with fixed
filter Test

voltage nse
(RLC) Coil

time

Figure 3.17: The proposed second order voltage rise-time filter



In order to formulate the specific values of the resistor, inductor, and capacitor a

PSPICE model was created. The results of the simulation can be found in Appendix G.

The simulation results show the achievable voltage rise-times to be a compromise of the

available physical elements, and the limitations of the test equipment. The long voltage

rise-time of 10 j.ts was not achievable because of the current limits of the IGBT power

switch box and the current limits of the DC power supply. The obtained values of the

filter are presented in Table 3.4.

Table 3.4: RLC values for different voltage rise-times

Voltage Rise-Time
inus

Resistance
inQ

Inductance
in/LH

Capacitance
innF

0.1 0 0 0
0.3 150 25 0.43
0.7 150 80 0.65

1 150 200 1.3
2 150 1,600 1.3

The achieved voltage rise-times for 2 us is shown in Figure 3.18. As one can see the

voltage front between 10 and 90 % of the maximum voltage is very linear as desired. It

needs to be noted that the RLC combinations are chosen in a way that no overvoltage

ringing of the output voltage is occurring.
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Figure 3.18: Achieved output voltage waveform with RLC filter

3.6. PD Measurement Instrumentation

3.6.1. The Electrical System

The electrical PD measurement unit "XTrac Bantam" was provided by IRIS Power

Engineering, Inc and is shown in Figure 3.19. It was designed for this research program,

with the capability of measuring on three channels the PD activity of PWM operated

machinery. While two of the three channels are rated for an input voltage of up to 5 kV, a

third channel is rated for up to 10 kV. The unit contains PD detection as well as noise

filtering capabilities. Due to confidentiality restrictions no specification data was

released.

This PD measurement instrument was installed in between the voltage pulse

generator and the test coils. The overall electrical connection of the instrument is shown

in Figure 3.20. The detected PD signal is accessible on the front panel as a low voltage

signal that can be displayed on an oscilloscope. For references, the system output voltage,
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which was applied to the terminals of the test coils, was measured with a high voltage

probe. This probe was capable of measuring a DC voltage up to 20 kV and a peak voltage

of 40 kV. The output of this probe is also a low voltage signal that was displayed on the

same oscilloscope. The digital oscilloscope has a 500 M}Iz bandwidth, four channels, and

storage capability. Both, the oscilloscope and the high voltage probe are shown in Figure

3.21, while their specifications are given in Appendix F.

Figure 3.19: Electrical PD measurement unit "XTrac Bantam"

From voltage pulse To test tolls
generator

BAGGCBA
Input Output

Xtrao Bantram

PD Trace Outputs to
OsallOscope

Figure 3.20: Electrical connection circuitry of the "XTrac Bantam" unit
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Figure 3.21: Oscilloscope and high voltage probe used for the test program

It has to be noted again that the measurement of PD on fast rising voltage waveforms

is very difficult, since the frequency ranges of the rising voltage and PD signals are

almost overlapping. With this an effective filtering is difficult and requires special tuning.

Having a fixed filter setting of the XTrac unit, the detection of PD on the fast voltage

rise, especially of 0.1 jis was very difficult because of the high noise floor. In Figure 3.22

a typical PD trace for a voltage rise-time of 100 ns is shown. The PD trace is displayed

on channel 2 with 500 mV/div while the output voltage applied to the coil is displayed on

channel 4 with a scale of 1 kV/div on a time scale of 50 ns/div. In comparison to the

relatively smooth PD trace shown in Figure 2.6, this trace contains many additional

frequencies related to the high frequency components of the applied voltage waveform,

which are not filtered out by the "XTrac Bantram" instrument. The detectable PD signal

occurs in Figure 3.22 between 480 to 580 ns. For the 300 ns and 700 ns voltage rise-times

the PD activity becomes easily detectable since the noise floor decreases, while for the 1

and 2 ts voltage rise-times the PD signals become predominant.
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Figure 3.22: PD signal for voltage rise-time of 100 ns

3.6.2. The Optical System

A daylight corona scope was used for the test program. The name of this camera is

DayCor-Il, and is manufactured by the Israeli company Ofil Ltd. Its original purpose is

the detection of corona on high voltage equipment such as high voltage transmission lines

and is designed for outdoor use. However, there is limited knowledge on its use for the

evaluation of PD in rotary electric machinery. The camera was chosen for the test

program because of the need of a referencing PD detection method and the advantage of

the possible corona localization on the test coils. The daylight corona camera is shown in

Figure 3.23.
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Figure 3.23: Daylight corona camera "DayCor-lI"

The camera contains a LCD display for the display of the digitally superimposed

visual picture and the detected PD activity. Additionally the camera contains a video

output, to which a digital video camera was connected for recording purposes. For a

majority of the tests performed the PD activity was recorded. it should be noted here that

the camera was not able to detect the PD activity through the closed plexiglass window of

the heat camber. For this reason the window was partially opened for the elevated

temperature tests, while the temperature controller was successfully able to maintain the

desired operational temperature.

During the process of initial tests it was quickly recognized that a specific definition

of the displayed PD activity was needed. This established definition was used throughout

the entire test program. The daylight corona camera has the feature of displaying a

defined digital object such as a white or black dot of changeable size, whenever PD

activity is detected. The drawback of this concept is simply the human operators inability

to count the pulses during strong PD activity. In order to quantify the observed PD

generation, two levels were defined: occasional and repetitive PD activity. The test
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voltage on the coils was recorded, which produced occasionally occurring PD represented

by white dots on the display of the corona camera. An increase of the test voltage leads to

an increase in PD activity and consequently to an increased number of dots on the video

screen. The repetitive PD point represents the voltage level that generates a continuous

stream of dots. At this point the operator is clearly incapable of counting the displayed

pulses. The PD activity shown in Figure 2.9 is clearly a continuous PD activity situation,

while an occasional PD activity is shown in Figure 3.24.

Figure 3.24: Occasional PD activity detected with the "DayCor-Il" camera

3.7. The Overall Test Setup - Summary

Twenty-two coils were available for this test program, which were inserted into the

motorette one at a time, following a manufacturers installation procedure. The motorette

was placed on electrically isolated stand-offs in a special designed heat insulated

chamber, consisting of a fixed bottom part and removable lid. A programmable

operational temperature, surrounding holes in the bottom part of the heat chamber
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connected the test coils and the voltage pulse generator. Two different voltage pulse

generators were used for the test program. The "D12-R", a commercially available pulse

generator, mainly used for maintenance and diagnostic purposes of electric machinery

was used for the characterization of the test coils, while a special designed modular

voltage pulse generator from DEl was used for the main test program. The modular

design allows the change of voltage amplitude by the high voltage power supply, the

change of switching frequency as well as the pulse-width by the function generator, and

the change of voltage rise-time by the output filter settings. Because of the limited current

available from the voltage pulse generator and the small inductance of a single inserted

coil, additional inductance was installed, outside the motorette in the return path of the

electric circuit in order to achieve the desired voltage magnitude of 10 kV. These external

inductors were connected to the test coil on one side and to ground on the other side. In

between the voltage pulse generators and the test coils the electrical PD measurement

unit "XTrac Bantam" was installed. The detected PD trace was displayed on a digital

oscilloscope. The output voltage, applied to the coils and measured by a high voltage

probe was displayed on the same oscilloscope. For proper focusing reasons, the optical

PD detection instrument was placed at a distance of approximately 2 to 3 m to the

motorette and coils. During the elevated temperature tests the camera observed the coil

environment through the partially opened window, while during room temperature tests

the lid is lifted for easy access and optical observation of the process. In addition,

temperature and humidity were measured from a combined digital hygrometer during the

tests. The overall test schematic is shown in Figure 3.25.
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Figure 3.25: Overall test setup schematic

3.8. Development of Test Protocol

3.8.1 Initial Tests

76

Hygrometer

To establish an effective test program a variety of initial tests were performed. It has

been found that the voltage level and the switching frequency changes were relatively

easily and quickly performed since these values are variable on the front panels of the DC

power source and the function generator respectively. Voltage rise-time changes required

a change of the RLC filter elements. An operational temperature change to an elevated

level required the longest time of all the parameter changes because of the heater

capabilities. With this it was decided to perform a test series, henceforth called data set,

on an inserted coil with a fixed voltage rise-time at a certain operating temperature, while

voltage level and switching frequency were changed from their minimum to maximum

values.
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It has been noticed that the coils can be severely damaged by voltage conditions

exceeding the PD inception level. In these cases the coils changed their insulation

characteristics and consequently could not have been used again for further testing.

Because of the limited number of coils available, such destructive testing had to be

avoided and the test strategy was changed. Thus the output voltage was only increased

until PD activity was seen, instead of applying voltage levels up to 10 kV. With pre- and

post- characterization tests the integrity of the coils was observed and ensured. It should

be noted, that this decision was backed-up with a test series proving the evidence that

once PD activity started at a certain voltage level, an increase in voltage always led to an

increase in PD activity.

A major problem with PD measurements is to ensure that the test instrumentation

used is itself PD free up to the highest test voltage level. For this reason an effective

confirmation procedure had to be developed, which was performed before every new

parameter test. The idea is to exclude the test coil out of the test circuitry and increase the

voltage to the highest PD activity free value. This was relatively easy to achieve by

connecting the cables leading to the test coil and excluding the test coil. All the other

instruments and components remained within the electric circuit. It has to be mentioned

that the combination of the electrical and optical PD detection instrumentation made this

process very fast and effective, especially the capability of the daylight camera to localize

the PD activity was invaluable.

During the filter design process two connection configurations have been established:

the "high-ground" and the "high-floating". The "high-ground" configuration is a close



representation of a winding situation in an electric machine, where one end of the test coil

is connected to the high potential of the supply and the other end is connected through the

external inductor to the low potential (ground) of the supply. This configuration was used

throughout the entire main test program. The "high floating" configuration was mainly

used during the initial test period. One end of the coil is connected to the high potential

and the other end of the test coil remains open. In this configuration no current flows

through the test coil and just a limited current flows through the filter. The ground

potential of the supply is connected to the motorette laminations in both configurations.

Because of the introduction of the current limiting external inductance two different

voltages had to be measured: the system voltage and the coil voltage. The system voltage

is defined as the potential difference of the terminal input to the test coil and ground,

while the coil voltage is the potential difference between the terminals of the test coil.

Both voltages are shown in Figure 3.26.

Pulse RLC Filter Test Coil Inductor

Generator

5OOhrn
VVV

\
Coil Voltage

OtolOkV System
1 to 10 kt-t Voltage

Figure 3.26: Voltage definition of the test setup (high-ground)
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For the electrical PD measurement it was decided to record the PD inception voltage

as well as to save the oscilloscope capture showing the applied output voltage and the PD

trace on one screen. For the optical method the applied output voltages at which corona

activity started for the occasional, and when continuous corona was detected for the

repetitive case were recorded.

3.8.2. The Test Procedure

The test procedure of a single data set consists of three main parts: the pre-test, the

main test, and the post-test. The purpose of the pre-test and post-test was to characterize

the coils to detect possible compromising effects, which might have happened during the

main test created by certain test conditions. In addition, it was ensured that the overall

test system was PD free.

The first step of the pre-test was to connect the Dl 2-R to the XTrac unit to ensure a

PD free system. The highest voltage level without PD was recorded. After this, the test

coil was connected and the PD inception level was determined and recorded as value and

oscilloscope capture. The last step of the pre-test was to prepare the system for the main

test by connecting the DEl voltage pulse generator and XTrac instrument. Again it was

ensured that the system, without the test coil was PD free and the highest voltage value

was recorded.

The main test was performed with a repetitive voltage pulse train applied to the test

coil with a constant voltage rise-time and at a constant operation temperature, while the



lowest switching frequency was applied first and the voltage level was consequently

increased until the maximum voltage or PD activity, what ever came first, was detected.

The voltage level was increased in 1 kV increments and kept constant at each voltage

level for one minute intervals of PD observation. Notice that this test time was chosen

since age and integrity testing was not a part of this research project. For better

representation of the PD inception levels it has been seen that smaller voltage level

intervals were needed and consequently the voltage level increments were reduced to 0.1

kV around the PD inception level.

After the PD inception level was reached the voltage was reduced to the minimum

of 1 kV and the test was repeated three times to increase the statistical confidence level of

the obtained PD inception levels. After the third test run, the switching frequency was

increased and the voltage level was raised three times again. This procedure was repeated

until the maximum switching frequency and voltage level have been reached. For each

switching frequency test run, the applied voltage levels, that showed the specified PD

activities of the electrical, the occasional optical and repetitive optical method were

recorded.

The main test was followed by the post-test characterization of the coil. First the Dl 2-

R system was proven to be PD free and then the PD detection test was performed.

A flowchart of the overall test procedure is shown in Figure 3.27.
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Figure 3.27: General flow chart of test program

3.8.3. The Test Protocol

Along with definitions of certain parameters and terms, a test protocol for data set 6 is

shown in Appendix H. The protocol contains all the information obtained from the tests



in the form of tables, oscilloscope captures and linked information to video recorded PD

activity.

The top part of page Hi contains logistical information of coil number, date,

configuration, data set number, as well as the measured temperature and humidity and the

used voltage pulse generator settings. In the pre-test section the results of the coil

characterization as well as the test results of the PD free system are recorded. The main

test section contains the matrix of switching frequency and voltage level where in the

specific fields it is recorded whether or not PD was detected. The numbers e.g. "_25"

represent the link to the stored oscilloscope picture for this particular voltage condition.

On the right hand side of the table the obtained voltage levels are recorded for the three

PD detection methods. On the bottom of page one the link to the stored waveform file of

the applied voltages is given as well as the results of the post-test characterization test.

On the top part of page two the waveforms of applied voltages, PD pattern and coil

characterization tests are given. A summary of the PD inception level findings is

presented in a graph as well as in a table on the bottom part of page H2.



4. EXPERIMENTAL RESULTS AND ANALYSIS

4.1 General Observations

During the course of the test program all four specified test parameters, peak voltage,

rate of rise of voltage, pulse repetition rate, and temperature have been investigated. The

tests were performed following the established and described test procedure so that the

specific test conditions were applied for 1 minute intervals and no long term tests have

been performed. A total of 57 complete data sets have been performed which sums up to

a total of about 7000 tests. In addition to the data set files the documentation of the test

program consists of a corona scope video collection of about one hour duration and

approximately 1000 oscilloscope captures of events observed by the electrical

measurements. These complete data sets have been performed on 3 coils of each

manufacturer. While voltage level and switching frequency have been automatically

investigated during each data set test, 16 elevated temperature tests have been performed.

All voltage rise-times have been investigated as shown in Table 4.1. Further details about

test logistics are given in Appendix 1.

Table 4.1: Performed tests ordered by voltage rise-times

lOOns 300ns 700ns 1s 2ts
lxG6 lxG6 lOxG6 lxG6 2xG6
3xG7 2xG7 2xG7 2xG7 4xG7
3xG8 2xG8 2xG8 2xG8 5xG8
2xN6 lxN8 lxN8 lxN8
lxN8 lxN9 2xN9



Upon arrival all coils of the test program have been evaluated outside of the motorette

by visual inspection followed by resistance and inductance measurements. For further

evaluation, the installation of all of the coils into the motorette was planned in order to

perform an initial PD inception level test. However, it was recognized that the installation

of the test coils into the motorette was difficult. The coil manufacturers intended to

design their coils for a very tight fit in the stator slots to avoid possible mechanical

deterioration caused by vibration. The installation of the "G-series" coils into the

motorette was difficult, while the installation of the "N-series" coils was almost

impossible without some minor damage to the semi-conducting side material and the

surface of the coil itself. Because of the danger of this potential insulation system damage

it was decided to keep the number of installations and removals of the test coils to a

minimum. These installation difficulties led to the decision of characterizing the whole

set of G and B marked coils, while only three of the N marked coils were inserted into the

motorette for initial characterization. The inception level tests were performed with the

D12-R as the pulse generator and only the electrical PD measurement instrument in

place, since the corona camera had not arrived at this point in time. The results are

presented in Table 4.2. Note that coil G5 had a significant lower PD inception level than

the rest of the G-series coils. A closer visual inspection explained the low inception level,

since the coil contained an open spot at the endwinding opposite to the terminal side,

which is shown in Figure 4.1. This damage, not recognized during the resistance and

inductance measurements must have happened prior to the arrival at the MSRF lab. The

coil was excluded from the test program.



Table 4.2: PD inception levels of inserted coils

Coil PD inception level
D12-RinkV

PD inception level
ScopeinkV

Gi 4.31 4.5
G2 4.12 4.3
G3 4.31 4.6
G4 4.40 4.7
G5 2.62 2.8
G6 4.78 5.0
G7 4.20 4.4
G8 3.93 4.1
G9 4.31 4.6

GlO 4.50 4.8
Bi 5.71 6.2
B2 5.71 6.2
N6 >10 >10
N8 >10 >10
N9 >10 >10

Figure 4.1: Damage of coil G5

During this initial test the N-series coils showed no PD activity up to 10 kV, while the

average PD inception level of the G-series coils was about 4.4 kV and the B-series coils

started to show PD activity from 6.2 kV. Despite the missing evidence of PD on the N-

series coils the decision was made to start the test program of both the G- and N-series



coils with voltage levels of up to 10 kV, even if PD would have been detected at lower

voltage levels.

The first five recorded data set tests on coil G6 showed significant PD activity,

especially when the voltage level significantly exceeded the PD inception level.

However, the pre- and post tested PD inception levels maintain almost constant as shown

in Table 4.3.

Table 4.3: PD inception levels on G6 during the first tests

Test Number Voltage Rise-Time
inns

Pre-Test PDIL
inkY

Post-Test PDIL
inkY

1 100 N/A N/A
6 2000 5.2 N/A
7 1000 5.2 5.2
8 700 5.0 5.0
9 300 5.1 5.1

First tests on the N-series coils did not produce any PD even at the maximum

voltages of 10 kV. However, at some point during the test, the characteristic of the coil

changed instantaneously. While no PD evidence was seen at all before, the PD inception

level decreased significantly during the test. The insulation characteristic of coil Ni was

totally destroyed in a single test, which was recorded in data set 2 for a 100 ns voltage

rise-time and room temperature. The results are shown in Table 4.4.

Afler this test the coil Ni was removed and not used again during the course of the

test program. This was clearly a destructive test situation, which should not be repeated.

The challenge was to test for PD influencing parameters, yet still avoiding strong PD



activity, since this becomes by definition, a non-reversible destruction of the insulation

material and lifetime/integrity testing was not a part of this program. The strong PD

activity led to a compromising effect of the coils, which was not desirable, because of the

limited number of coils and the destructive nature of this testing. It was decided to raise

the voltage only up to the PD inception level, which minimized the compromising effect.

This was ensured by the established pre- and post-test characterization of the coils.

Table 4.4: Insulation damage during test on coil Ni

Voltage Level
inkV

f=1 kHz f=i kHz f=2 kllz f=2 kHz f=2 kHz

1 No No No No No
2 No No No No No
3 No No No No Yes
4 No No No No
5 No No No Yes
6 No No No
7 Yes Yes Yes
8 Yes Yes Yes
9 Yes Yes Yes

During the course of testing the humidity was measured, but could not be actively

controlled. The analysis of the measured values showed no significant change in

humidity during the course of the test program and consequently no conclusion can be

drawn of the effect of this parameter.



4.2. PD Occurrence

It has to be mentioned, that prior to the beginning of the tests, there was no

information available either about the performance of the PD instruments or the most

likely to be expected nature of PD. Hence, one of the first requirements of the test

program was to determine where PD occurs within the winding configuration, (e.g. as

internal or external PD) but also how the results of the two PD instruments compare to

each other.

4.2.1. Comparison of thePD Instruments

According to the reported experience of IRIS Power Company, the earlier mentioned

"black-out" test, performed with photo-amplifiers in a dark room environment, usually

detects PD results at higher voltage levels (thus "later") than the electrical method does.

A theoretical analysis of this situation shows a few possible scenarios, assuming the

electrical method is capable of detecting internal as well as external PD activity, while

the optical method only detects external PD. In the case where, the electrical instrument

detects PD first, while the optical instrument would not show any activity, either an

internal deterioration would happen or the optical instrument is not sensitive enough. In

the case where, the instruments show PD activity at the same voltage condition then most

likely external PD is occurring and the sensitivity of both instruments is similar. If

however, the optical method would detect PD before it is detected by the electrical

method, then the sensitivity of the optical method to external PD is higher and primarily

external PD is present.



The test results show primarily external PD since the corona scope picked up the PD

activity at the same conditions, or before, the electrical filter method. Table 4.5 contains

test data of the PD inception levels obtained by the two different methods for data set 47

performed on G8 at 100 ns voltage rise-time and 120°C. The results show nearly exact

correlation between the electrical filter and the corona scope. This type of very close

correlation was seen in approximately 30% of the performed tests, and nearly 100 % of

the tests demonstrated fairly close correlation. Furthermore, it was recognized that for

coil G8 the two PD instruments showed exactly the same PD inception levels. Hence, it

can be concluded that the electrical and optical PD measurement instruments used have a

similar sensitivity.

Table 4.5: PD inception levels
for the two PD detection methods, for data set 47

Switching
Frequency

inkHz

Electrical
method
inkV

Optical
method
inkV

1 3.6 3.6
2 3.6 3.5
3 3.5 3.4
4 3.4 3.4
5 3.4 3.4
6 3.4 3.4
7 3.5 3.4
8 3.5 3.4
9 3.4 3.4
10 3.4 3.4



4.2.2. FL) Localization

After it was recognized that the PD instruments have similar sensitivities it was

needed to understand the PD mechanism of the different coils. Throughout the entire test

program internal PD could only be shown on one single coil (G6), after an extended

series of tests was performed on it. As shown in Table 4.6, the characteristic of the coil

changed during its first performed elevated temperature test. Note that all tests shown in

Table 4.6 were perfonned with'a voltage rise-time of 700 ns. Before the heat run, mainly

external PD was detected, while during testing at 120 °C the PD inception level

decreased noticeably and the electrical method showed PD occurrence earlier than the

optical method. Although over a period of three days after the elevated temperature test

the same PD inception levels were measured during the pre- and post tests as they have

been before, the electrical PD method continued to detect PD before the optical did.

Table 4.6: PD pattern changing test series of coil G6

Test
Number

Data
Set

Date Temp
°C

PD
electr.

kV

PD
opt.
kV

Pre-
Test
KV

Post-
Test
kV

1 11 09-02 29 4.7 3.2 4.8 4.8
2 12 09-02 29 4.6 3.2 4.8 4.8
3 13 09-02 27 4.7 3.8 4.9 4.9
4 15 09-02 120 3.5 3.9 3.7 3.8
5 16 09-04 28 3.8 4.2 3.8 4.0
6 17 09-04 28 3.9 4.8 4.8 4.6
7 18 09-05 27 3.8 4.4 4.6 4.7
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In Figure 4.2, the PD pattern of data set 11 is shown, performed during the main test

at a switching frequency of 1 kHz and a voltage level of 5 kV. The time scale is 50

ns/div, while the PD trace is shown on channel 2 with a scale of 200 mV/div and the

applied voltage is shown on channel 4 with a scale of 1 kY/div. The PD signal occurs at

about 1.17 to 1.27 ts at a voltage level of about 4.7 to 4.9 kV respectively. The pre-test

PD inception level scope capture of the same data set is shown in Figure 4.3. While the

channel order and scaling of the channels is the same as in Figure 4.2 the time scaling is

given in 100 ns/div and the PD occurs at about 250 ns at a voltage level of about 4.8 kV.
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Figure 4.2: PD of data-set 11 (main test)
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Figure 4.3: PD of data set 11 (pre-test)
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The changed characteristic of the insulation behavior during the temperature test (data

set 15) is clearly recognizable not only by the decreased PD inception levels but also by

the changed PD pattern, as shown in Figure 4.4. The PD signal amplitude tremendously

increased. Note that the scaling of time and channels is the same as it was for the

previous two figures. The PD occurs at an earlier point in time and a lower applied

voltage level respectively. Similar to Figure 4.3 the pre-test PD inception characteristic is

shown in Figure 4.5.
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Figure 4.4: PD of data set 15 (main test)
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Figure 4.5: PD of data set 15 (pre-test)
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Back at room temperature and two days later the next test was performed on coil G6

as data set 16. The PD activity is still increased, as shown in Figure 4.6 compared to the

one seen at the beginning of the test series of data set 11 shown in Figure 4.2. However

the PD signal was not as pronounced as previously seen in Figure 4.4. The opposite

might be concluded from the pre-test PD inception level test of this data set shown in

Figure 4.7. It has to be noted at this point, that the capture of a particular PD signal is

almost impossible and the scope captures are of random nature. Nonetheless, an elevated

PD activity can be concluded from Figure 4.7.
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Figure 4.6: PD of data set 16 (main test)
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Figure 4.7: PD of data set 16 (pre-test)
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The oscilloscope captures of data set 18, given in Figure 4.8 and 4.9 respectively

show almost the same PD activity pattern as seen at the beginning of the test, shown in

Figures 4.2 and 4.3 respectively. But it has to be noted that the coil characteristic has

changed and the electrical PD instrument detects PD earlier than the optical one.
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Figure 4.8: PD of data set 18 (main test)
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Figure 4.9: PD of data set 18 (pre-test)



The location on the coil of the PD generation showed a significant difference between

the two coil systems. The VPI coils (G-senes), without semi-conducting materiallpaint or

gradient paper, showed very significant PD at the edge of the lamination stack where the

coil enters and exits the motorette slots, as one can see in Figure 4.10. The strongest PD

activity was recognized on the entry of the first turn of the coil into the motorette, at the

side which was closest to the terminal, comected to the high potential. This is the spot of

highest electric stress, since the potential to ground of the conductor is the highest and the

distance to the grounded stator slot is a minimum. In Figure 4.10 this critical spot is on

the left hand side, where the intense continuous PD situation is shown. Note that the term

"PD fire" was used during the times of testing to describe such a continuous intense PD

activity seen with the corona scope.

Figure 4.10: PD localization of VPI coil without gradient paper

The test results of coil G8 showed the closest correlation of the electrical and the

optical method. A very significant insulation damage was experienced at the most critical

electric field stress point on this coil. It has to be mentioned that this damage was not

originally experienced, but through the course of tests performed, including an elevated



temperature test this spot appeared and showed very significant external PD. The

occasional and repetitive PD levels of the optical method were identical or almost

identical after the first test at elevated temperature was performed, which is shown in

Table 4.7.

Table 4.7: PD measurements Of data set 39 on coil G8

Data Set Voltage
Rise-Time

in ns

Temperature
in °C

PD
electrical

in kV

PD 0cc.
optical
in kV

PD rep.
optical
in kV

23 2000 27 3.5 2.8 3.2
39 2000 120 2.8 2.8 2.8
52 2000 27 3.9 3.5 3.5
55 2000 120 2.9 2.8 3.0

In Figure 4.11 and 4.12 the PD waveforms of two test (#23 and #39) having identical

voltage rise-times, voltage level and switching frequencies are shown. The difference

between the test conditions was the ambient temperature (27°C) for test #23 and an

elevated temperature (120°C) during test #39. The PD traces are shown on channel 2 with

a scale of 200 mV/div, the applied voltages are shown on channel 4 with 1 kV/div and the

time scale is 200 ns/div. The PD signal in Figure 4.12 is not only higher in amplitude, but

also starts at a lower applied voltage level.
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Figure 4.11: PD of data set 23 at 4kV
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Figure 4.12: PD of data set 39 at 4 kV

For the coils with the semi-conducting paint and gradient paper (N series), the PD

was generated at several different locations throughout the complete stator slot sides and

had a tendency to move around. This phenomenon, which is probably due to the stress

distribution provided by the special paint and paper, made the measurement of the

occasional and repetitive PD levels difficult. Other data sets also show this change of PD



activity clearly. An extremely changing data set was recorded for test number 19, which

simplified is shown in Table 4.8.

Table 4.8: Strong PD activity changes on N-series coils

Switching
Frequency

in kllz

PD
(electr.)
in kV

PD occ.
(optical)

in kV

PD rep.
(optical)

in kV
Notes

1 5.5 6.6 no
2 5.3 5.6 no PD fire then no activity
4 5.0 4.2 5.4 PDfireat5kV
6 4.6 3.3 4.7
8 4.6 3.4 4.9
10 4.6 5.3 no

Furthermore it was noted that in one occasion even visible arcing was detected, which

was recorded on video as well. It occurred that the semi-conducting material was partially

destroyed during heavy PD activity at certain location, before the PD activity stopped and

started at a different spot again. The gradient material of the coils successfully decreases

the electric field stress at the edges of the stator slot entrance and no predominant PD

location was detected on these coils.

In summary: during the test program mainly external PD was detected for both coil

systems. However, one case was recognized which showed internal PD before external

PD occurred. The G-series coils experienced the main location of external PD at the entry

into the grounded motorette, whereas the N-series coils did not have such significant spot

for PD activity but rather the PD location changed over the entire coil.



4.2.3. PD Signals

It was furthermore important to analyze the PD signals observed from the electrical

PD measurement instrument. An important analysis arose from the difference in PD

occurrence with respect to different voltage rise-times. An overview of PD occurrence

times with respect to the pulse start, the detected PD magnitude, the measured voltage

when PD occurred and the measured PD inception level are given in Table 4.9. The data

presented are taken from five successive performed tests on coil G7. It was ensured that

the pre- and post test PD inception levels remained consistent throughout the test series.

Table 4.9: PD occurrence at different voltage rise-times

Voltage
Rise-Time

inns

Data
set

PD
Start-end

inns

PD
Amplitude

inmV

Voltage at
PD

inkV

PD
(electr.)
inkV

100 35 200-300 <500 4.3 4.1
300 33 300-350 <100 4.3 4.3
700 30 400-450 <100 3.3 3.5
1000 27 600-700 <200 3.2 3.4
2000 22 1200-1500 <100 2.8 3.5

Note that "PD start" stands for the absolute time when PD activity started after the

voltage pulse began to rise, and "PD end" respectively for the point in time when no PD

activity was detected anymore. It was recognized that the PD activity has a limited

duration, despite the fact that the voltage might not have reached its maximum. This

effect has also been reported on medium and high voltage sinusoidally operated

machines, where PD mainly occurs at about 45 and 225 degrees of the applied sinewave.



Furthermore, for the tests conducted at the fastest voltage rise-times the PD activity

started not during the voltage rise but rather during the part of the pulse where the voltage

remained constant. For 300 ns rise-time the PD activity started directly when the voltage

reached its maximum, while for all slower rise times PD occurred during the voltage rise.

As also reported for sinusoidal voltage machines, the PD activity stopped after a certain

period of time even though the voltage still increased for these slow voltage rise-times.

Interestingly, the applied voltage that was reached when PD activity started was

consistently decreasing with slower rise-times. This is a rather complex phenomenon as a

function of voltage level, voltage rise-time, PD duration and initial time interval. The

accurate measurement of the PD amplitudes is very challenging because of the statistical

nature of the PD and the high noise floor, especially at the fastest rise-times.

Consequently the PD amplitude numbers provided in Table 4.7 are lacking precision. The

oscilloscope captures of the test series on coil G7 for all voltage rise-times are shown in

Figures 4.13 through 4.17.

's." Stopped

500 mV/the
-400.0 mY

0001 IllS dc

1.00 001010
3.000 kV

O00l 1110 OC

205.00 0$ 450.00 ns 700.00 no
50.0 ns/dIv realtime Trigger Mo4e

2 500 leV/ 4 1.00 00/
400.000 mY 3.00000 kV

I 1' 1,000 0

Figure 4.13: PD on 100 ns voltage rise-time
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Figure 4.14: PD on 300 ns voltage rise-time
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Figure 4.15: PD on 700 ns voltage rise-time
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Figure 4.16: PD on 1 ts voltage rise-time
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Figure 4.17: PD on 2 ts voltage rise-time

Note that in all Figures 4.13 through 4.17 the PD trace is displayed on channel 2, but

with different voltage scales. The applied voltage is shown consistently on channel 4 with

a constant scaling of 1 kV/div, while the time scaling is different for all Figures 4.13

through 4.17

The PD signal amplitude was strongly influenced by the voltage level exceeding the

PD inception level. This was realized during the beginning of the test when the tests were

still performed up to the maximum voltage level. The series of Figure 4.18 through 4.21

shows the results of a PD inception level test performed on coil G6 at 1 .ts voltage rise-

time, 5 kHz switching frequency and room temperature. The applied voltage level was

raised in I kV increments. The PD signal is shown in all four figures on channel 2 with a

scale of 200 mV/div, while the applied voltage is shown on channel 4 with a scale of 1

kV/div and the time axis is scaled with 100 ns/div. It should be noted, that the PD

inception level was detected with 5.0 kV for the electrical PD method, 4.4 kV for the

occasional and 5.5 kV for the repetitive optical PD method, respectively.
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Figure 4.18: PD of data set 7 at 5 kV
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Figure 4.19: PD of data set 7 at 6 kV
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Figure 4.20: PD of data set 7 at 7 kV
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Figure 4.21: PD of data set 7 at 8 kV

A summary of the measurable PD amplitudes for these four particular cases are given

in Table 4.10 and shown in Figure 4.22 as a graph also containing an exponential trend

line. A similar trend is shown in [41].

Table 4.10: Summary of max PD amplitudes for data set 7

Applied Voltage
inkV

PD amplitude
inmV

5 50
6 150
7 250
8 550

Furthermore, the overall PD signals form a maximum amplitude window, which has

almost constant maximum amplitude at the beginning and decays exponentially from

there. Representative for this phenomenon, which is best observed by video analysis, is

the PD signal of test set 38, shown in Figure 4.23. Coil G7 was tested with a 2 jis voltage

rise-time at 120 °C and 10 kHz switching frequency. It has to be mentioned again, that
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the randonmess of PD signals make it impossible to predict when the signal will occur,

however, over time, a distribution of PD pulses can be established.
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Figure 4.22: PD signal amplitudes versus the applied voltage for data set 7
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Figure 4.23: PD signal for data set 38

A quantitative analysis of a possible change in frequency was not possible with the

obtained data, since the time resolution of the waveforms shown in Figure 4.18 through

4.21 is not high enough.
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4.3. Influence of Voltage Level

The voltage level had the strongest influence of all chosen parameters on the

generation of PD throughout the test program. Note, that the nature of the test program

allowed the voltage level influence study for every test performed. Hence, a sum of about

7000 data points was studied. Not a single event was recorded, where, after PD inception

was reached an increased in voltage level would stop the PD activity. Contrarily, an

increase in voltage above the PD inception level led to an increase in PD activity, which

was already shown in the series of Figures 4.18 through 4.21. This agrees with the

expectation that voltages, above a critical value create higher electric field stresses, which

consequently lead to a higher number of partial insulation breakdowns. Consequently a

compromising effect was recognized at higher voltage levels than the inception level

regardless of rise-time and pulse-width and the test program was changed to avoid this

destructive testing. The G-series coils show a PD inception level below 4.16 kV, whereas

the N-series coils show PD inception above 6 kV.

This finding is of high importance for the PWM operated machinery, where the

mentioned overvoltage conditions due to impedance mismatches can reach up to twice

the rated voltage and clearly increase the likelihood of insulation damage.

4.4. Voltage Rise-Time and Pulse-Width

The analysis of the voltage rise-time influence on PD generation turned out to be

very involved, because of a combination of many factors. that had to be considered. The
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complex phenomenon of the time of PD occurrence in respect to the voltage rise-time

was shown in the previous chapter. Also it was recognized that the voltage rise-time has

a strong influence on the voltage distribution throughout the winding configuration. The

test setup of having the test coil in series with an external inductance opened the

possibility to measure the voltage across the test coil versus the voltage rise-time. The

results of this study are shown in Figure 4.24, where for all voltage rise-times a system

voltage of 5 kV was applied. The faster the voltage rises the higher is the voltage drop

over the test coil. At rise-times of 2 ts however an almost even voltage distribution

throughout the winding configuration can be assumed.
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Figure 4.24: Voltage across the test coil versus voltage rise-times

This means for the transient state of fast voltage rise-times, before an even voltage

distribution throughout the windings is formed, that the first turns of a coil experience the



higher electric stress, especially the turn-to-turn insulation. Note that this trend agrees

with earlier publications for low voltage random wound coils operated by inverters [40].

The data summary of a test series performed on test coils G7 and G8 at room

temperature is shown in Table 4.11. Notice that the presented data are the average data

for both coils at a switching frequency of 10 kHz.

Table 4.11: Voltage rise-time influence
on PD inception level for G7 and G8 at room temperature

Voltage Rise-Time
in ns

PDIL (electr.)
in kV

PDIL (occ.)
in kV

PDIL (rep)
in kV

100 4.1 3.4 4.0
300 4.4 3.6 4.2
700 3.6 3.0 3.2

1000 3.5 2.8 3.0
2000 3.7 2.9 3.5

At an elevated temperature of 120 °C the test series was repeated for both test coils.

The summary of the PD inception levels is given in Table 4.12.

Table 4.12: Voltage rise-time influence
on PD inception level for G7 and G8 at 120 °C

Voltage Rise-Time
inns

PDIL (electr.)
inkV

PDIL (0cc.)
inkV

PDIL (rep)
inkV

100 3.3 3.3 3.6

300 3.9 3.9 4.0
700 3.4 3.5 3.6
1000 2.9 2.9 3.0
2000 2.8 2.9 3.2
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Data for the N-series coils are not presented here, since other parameters and the

earlier mentioned compromising effect were predominant. A graph of the measured

voltage rise-time influence for the coils G7 and G8 at room temperature is shown in

Figure 4.25. Notice that this trend differs from the knowledge found in literature before

the test program started, where a faster voltage rise-time leads to a decrease in the PD

inception level. However, in June 2003 a trend similar to our experience was published in

[391. As expected, the PD inception level slightly decreases from 2 ts to 1 is. With a

faster voltage rise-time the PD inception level increased, finding its maximum at 300 ns.

This nonlinear phenomenon is difficult to explain. The pulse-width is shown to be long

enough, since the PD activity stopped in all voltage rise-time cases long before the

voltage pulse was turned off.
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Figure 4.25: Voltage rise-time versus PD inception level for G7 and G8

Because of the flexibility of the pulse generator to change pulse-width and voltage

rise-time it has been determined that the combined stress parameters of rise-time and
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pulse-width are significant in affecting the PD inception voltage levels. A test series was

performed on coil G7, while the coil was at elevated temperature of 120 °C. The PD

inception level was around 3.2 kV for a voltage rise-time of 100 ns. The results of a

changed pulse-width while maintaining the voltage rise-time of 100 ns are shown in

Figure 4.26.
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Figure 4.26: Influence of pulse-width on PD inception level
for a voltage rise-time of 100 ns

While pulse-widths of 300 ns and longer have no influence on the PD inception level,

the shorter pulse-widths require a higher system voltage before PD activity occurs. This

trend, combined with the results given in Table 4.7, led to the conclusion that the pulse-

width has a strong influence on the PD inception level for fast voltage rise-times, where

PD occurs after the maximum voltage is reached. For longer voltage rise-times however,

the pulse-width appears not to be a significant variable since PD occurs already during

the voltage rise.
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In summary, the voltage rise-time influence did not provide a linear relationship for

the range of 0.1 to 2 its. The pulse-width has an influence on the PD inception level for

faster voltage rise-times.

4.5. Switching Frequency

During the course of the test program the influence of the switching frequency on the

PD inception level was small. As mentioned earlier, the tests were performed for one

minute only at each test point and strong compromising effects were avoided. Since the

switching frequency is defined as a measure of how many pulses are generated per

second, a long term test is required to evaluate the influence of this parameter.

The data of the electrical PD detection instrument indicate no significant effect on the

PD inception levels. Representative for the overall trend seen in the test program, are the

averaged results of tests performed on coil G7 and G8 at room temperature shown in

Table 4.13.

Table 4.13: Switching frequency influence on PD inception level
measured by the electrical PD instrument

Voltage Switching Frequency in kHz
Rise-Time

in ns 1 2 3 4 5 6 7 8 9 10

100 4.2 4.1 4.1 4.0 4.1 4.1 4.1 4.2 4.1 4.1
300 4.3 4.3 4.3 4.3 4.4 4.4 4.4 4.4 4.4 4.4
700 3.5 3.4 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5
1000 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5
2000 3.6 3.7 3.7 3.7 3.7 3.6 3.6 3.7 3.6 3.7
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Note that the electrical PD measurement system provides no infonnation about the

frequency of PD signals. From the oscilloscope the PD amplitude and waveform can be

detected, and no change of the PD signals shape was noticed. Hence, a more

sophisticated data acquisition system is needed to count and analyze the occurrence of a!!

PD pulses.

The Corona Scope shows a small increase in occurrence of PD with higher switching

frequency. But it should be mentioned, that uncertainty is introduced into the optical PD

measurement by having the operator counting the seen pulses per time interval. The

results of the same test data collection shown in Table 4.13, are shown in Table 4.14 for

the occasional and in Table 4.15 for the repetitive corona detection.

Table 4.14: Switching frequency influence on PD inception level measured by the optical
PD instrument for occasional corona

Voltage Switching Frequency in kHz
Rise-Time

in ns
1 2 3 4 5 6 7 8 9 10

100 3.8 3.6 3.6 3.5 3.4 3.3 3.3 3.4 3.4 3.4
300 3.8 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.6
700 3.1 3.1 3.1 3.0 3.0 3.0 3.0 3.0 3.0 3.0
1000 2.9 2.9 2.9 2.9 2.8 2.8 2.8 2.9 2.8 2.8
2000 3.3 3.2 3.2 3.1 3.1 3.0 3.0 3.0 2.9 2.9

Even though the PD signal amplitude did not change, the likelihood of "catching" the

pulses is higher at higher switching frequency. Thus, a long term test is needed with a

third PD detection system in place such as an ozone detector. Especially since the number

of generated pulses can lead to a shortened lifetime [331.
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Table 4.15: Switching frequency influence on PD inception level measured by the optical
PD instrument for repetitive corona

Voltage Switching Frequency in kHz
Rise-Time

inns 1 2 3 4 5 6 7 8 9 10

100 4.4 4.2 4.1 3.9 4.0 4.0 4.0 4.0 4.0 4.0
300 5.0 4.6 4.5 4.4 4.3 4.3 4.3 4.3 4.2 4.2
700 3.9 3.8 3.7 3.7 3.6 3.4 3.4 3.3 3.3 3.2
1000 3.7 3.6 3.5 3.5 3.4 3.4 3.2 3.1 3.1 3.0
2000 3.9 3.8 3.7 3.7 3.6 3.6 3.6 3.5 3.5 3.5

4.6. Temperature

Through the course of testing at elevated temperatures, it has been confirmed with the

coil manufacturers that the coils need to be subjected to repeated thermal cycling until

repeatable results can be achieved. This significantly increases the necessary testing time,

as this process can require a minimum of 4 to 5 thermal cycles. Also note that the test coil

should not be removed during the test series. The analysis of performed temperature tests

indicates that increasing temperature decreases the PD inception voltage levels, but more

tests need to be performed to quantify this trend. The results of two thermal cycles for

coil G8, stressed with a 2 us voltage rise-time are shown in Fig. 4.27.
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Figure 4.27: PD inception level for coil G8 during thermal cycles

Similar results were found on a test series on coil G6, stressed with a 700 ns voltage

rise-time. Note that the tests, shown in Figure 4.28 also contain the temperature points of

60 and 90 °C.
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Figure 4.28: PD inception level for coil G6 during thermal cycles
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5. EXISTING AND PROPOSED PD INSTRUMENTATION

Note that because of proprietary issues this part is kept very broad and description

of details was avoided.

5.1. The Electrical PD Detector

The electrical PD measurement system consists of mainly two components, a high-

pass filter and an oscilloscope. It should be mentioned that the oscilloscope was provided

by the MSRF, and that no instrument details of the filter have been released. The test

results showed a very good correlation with the data observed by the optical PD

instrument. During the course of the testing the PD signals were observed in the time

domain of the oscilloscope. The sampling rate of the oscilloscope was 500 MHz.

The quality of the PD signal analysis was increased by the measurement and display

of the system voltage on the same scope. The PD signal amplitude was one of the most

important PD features that was used for the PD detection. To achieve comparable results

the y-axis markers of the oscilloscope were used to build amplitude windows around the

PD trace. Such a PD trace is shown in Figure 5.1.

hp cropped

200 00/0)0
-600.0 ccv

6001 trio do

.04 60/004
4.000 kV

10401 1)0 di

200 10/dde rerittirne TidgOer lode
g2(2t 62.500000 x2t2) 3,4060046 Edge
6(12) 37.5000 ccv cIt 2) (.2000000

dette y 00.000,0 dolt, 0 2.20600 or j 5 I 000I/del), 0 452,690 0Hz

Figure 5.1: Use of y-markers on oscilloscope for PD amplitude detection
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Another worthwhile feature of this method is the capability to store the PD signal

traces in the form of scope pictures. This was heavily used during the test program as the

total number of about 1000 stored files clearly indicates.

However the filtering of the unit was not as good as needed. Upon arrival the filter of

the instrument was calibrated on a pulse tester, which represents a frequency of about 2.5

MHz, calculated from the ideal voltage rise time of 100 ns. However, the voltage

waveform generated by the modular voltage pulse generator contained higher frequency

components for fast voltage rise times. These frequencies were not filtered out, as seen

in Figures 4.13 and 4.14, and consequently hindered the measurement of PD.

Another clear disadvantage of this system was the lack of PD signal occurrence

measurement. Hence, an objective PD inception voltage level measurement was not

possible and the chance of lower level PD signals not being detected was high. The

information about PD pulse quantity would not only have improved the overall quality of

this test program, but especially would have quantified the switching frequency

influence. It should be mentioned that units for analyzing PD data are coinmercially

available, but these are mainly for PD measurements on sinusoidal voltage operated

equipment.

5.2. The Optical PD Detector

The used corona camera showed very good sensitivity for the test program purpose,

despite the fact that the camera was mainly built for outdoor use on high voltage
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equipment such as transmission lines. The correlation of the PD inception level results of

both instruments led to the conclusion that the PD on the coils is predominantly external.

Next to this high sensitivity, the resolution of corona localization within an area of about

one cm2 needs to be mentioned. The optical method was used not only for detection of

the PD activity on the coils, but it also enabled the overall test setup to be checked as PD

free before each test run. Another advantage of this system was the video output

capability. During the tests a digital video camera was connected for observation and

recording purposes.

However, without a statistical analyzer the measurements were very subjective. Even

the defined levels of occasional and repetitive PD activity, which increased the accuracy

of the measurement tremendously, were still subject to objective assessment by the

operator. It need to be mentioned also in this case, that a statistical analyzing instrument

is commercially available.

Another disadvantage of this technology is the size and fragileness of the camera,

which limits the use on rotary electric machinery dramatically. Most of the machines are

built in a closed frame design, with no visible access to the stator windings. However

during maintenance and manufacturing processes this camera can be of great use.

5.3. An Improved PD Detection Unit

PD is clearly recognized as a valuable insulation evaluation technique in the electric

machinery industry. Because of the recognized importance of the insulation conditions on
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medium and high voltage electric machinery the market for online continuous PD

monitoring is growing. If possible, the insulation conditions should be monitored for

adjustable speed drives of all voltage levels in order to increase safety of operation

particularly in critical applications. Frequent questions arising from PD observation are:

when will the insulation system of the machine fail; or, where is the insulation weakness

and why? While a lot of PD knowledge is being gathered by passively monitoring the

insulation behavior as maintenance tools on installed machinery, during this research

project PD influencing parameters were actively controlled to understand their influence

on PD. The value of the gathered information increased due to the correlation of the two

PD instruments, showing the electrical PD traces and finding the PD location on the coil.

Furthermore it has been seen during the test program that the filtering of the electrical

signals is of crucial importance for an effective PD measurement and the filter settings

need to be tuned depending on the electric environment and the nature of the associated

noise. In analog hardware filter, such as used in this project, this most likely requires the

change of components and is not easily or quickly done.

With this experience of the PD test program, there is realization of the need of better

PD detection methods for industry. Consequently a new PD instrumentation system is

proposed, that will build an open system for the data acquisition and correlation of PD

information from a variety of PD sensors such as electrical, optical, ozone, etc. using

digitized signal analysis and advanced signal processing techniques. The unit is intended

to be capable of on- and offline PD measurement on sinusoidal as well as on PWM

voltage operated electric machinery. Furthermore this instrument will include PD
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trending options over time, which provides increased value to the data collected. The

trending time options will include short and long term, as well as continuous monitoring.

Due to the amount of data collected statistical analysis can be performed and optimal

design and maintenance strategies can be developed. With the employment of PD pattern

recognition based on conditioned neural networks the nature of PD can be studied in a

more sophisticated way than before.

The overall schematic of the proposed PD instrument is shown in Figure 5.2. Note

that the instrument is designed in modules, which can be added to the system if

appropriate and needed. The core of the instrument is a central processing unit, directly

connected to the human-machine interface (HMI), the database, the neural network, and

the data acquisition modules. A variety of sensors such as electrical, optical, ozone,

temperature, and humidity is anticipated to be connected to the instrument through signal

conditioning modules, which are in front of the high-speed analog to digital data

acquisition modules. Note also, that optionally a fully programmable pulse generator can

be added to the instrument.

The function of the CPU is to coordinate the overall system activity. Through the

HMI the operator decides, if and which, data will be displayed, analyzed, learned and

stored. The processor transmits the acquired PD signal data to the chosen module within

the PD instrument.
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Figure 5.2: Overall schematic of the proposed PD instrument

The electrical PD measurement method will be of high importance to the overall

design. Despite the fact that there are numerous electrical methods available for a wide

variety of equipment, after signal conditioning of the sensor outputs, high-frequency low-

voltage signals remain, which are the only components needing to be acquired. With

existing systems, the most commonly used method of filtering of electrical PD signals is

based on analog filters, as previously shown in Figure 2.4. The sensor detects the PD
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signal, which will then be conditioned, filtered, noise cancelled, acquired, displayed, and

analysed. However with the proposed intention to build such a highly flexible system for

a variety of environments, this method seems not be appropriate and it is believed that its

performance can be improved by employing digital filtering capability. Two possibilities

are proposed and shown in Figure 5.3 and 5.4 respectively. Note that in Figure 5.3 an

analog filter is still used, while in Figure 5.4 the signal will be completely digitally

filtered.

PD Detection

Storage ofon Power
Filtering, PD Signal I PD Signal Digital I PD Signal

I PD Analysis,

System
Noise H Conditioning Acquisition Filtering Display

I Data

Figure 5.3: Proposed method 1 for electrical PD detection

PD Detection
I PD Signal PD Signal I I Digital PD Signal

on Power f-*I
System

Conditioning Acquisition Filtering Display

Figure 5.4: Proposed method 2 for electrical PD detection

PD Analysis,
Storage of

Data

For digital processing the proposed data acquisition rate should be a minimum of 500

MHz in order to get a good representation of the PD signal having reported frequencies

of up to 100 Mhz. The great advantage of the digital filtering is that the filter parameters

such as cut-off frequency and order of the high-pass filter can be easily changed and

adapted. It would be even possible to implement a high order bandpass filter to increase
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the PD detection of a certain frequency range. With this digital filter in place the next

steps of PD signal display and analysis will be dramatically improved in quality. Another

significant advantage of the proposed digitized signal analysis approach is, that the data

collected will no longer be simply a "snapshot" of PD occurrence, but rather it will allow

for the development of the cumulative results over time.

Following the same principle, a new sensor type will be proposed. The limited area of

detection of PD signals within the winding was mentioned earlier because of the high PD

signal attenuation. Also, as is recently reported in [ to increase the scope of PD detection

location within the windings more and more radio frequency current transducers (RFCTs)

are mounted on the installed resistance temperature detectors (RTDs) of the machine. If

one acquires the output signal of the RFCT directly, without analog filtering, and

then implements the same proposed digital filtering process, adds a PD signal

amplitude warning system and uses a robust wireless communication system, then

one has a highly flexible, extreme sensitive PD detection system that is small in

size and, after development, could be relatively cheap. In case of highly important

and critical machines, in military applications for example, such a PD monitoring

system could consist of tens of such sensors installed directly on the machine. The

optimism for this process is based on the developments in the fields of digital

signal processing (DSP) and robust communication algorithms, regularly used in

the application of cell phones, and the experience that RFCTs systems provide

useful PD information in these high electromagnetic interference (EMI) areas
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around the machines. Also the sampling rate and overall operation frequency of

DSPs has increased lately such that an online operation should be possible,

especially since the sampling rate could be limited to 200 MHz if necessary (PD

signals in the range of 1 to 100 MHz). But even a quasi-online operation

(sampling, processing, sampling) would still be acceptable. The overall schematic

of the proposed new PD sensor is shown in Figure. 5.5.

PD Detection
PD Signal PD Signal I Digital PD Signal

on Power
System

Conditioning Acquisition Filtering Analysis

Figure 5.5: Overall schematic of embedded PD sensor

Communication
to Higher system

The optical camera used during the test program was relatively highly developed

already. It would be desirable to reduce the size and increase the focusing capabilities for

short distances. However the main focus should be on the development of the statistical

analyzer unit and the interface protocol between the camera and the PD instrument. A

minimum requirement should be the quantification of PD occurrence per time interval.

Additionally it would be of tremendous help for the PD detection to add a feature of a

spacial PD intensity chart, showing the location and frequency of PD pulse occurrence on

a fixed background. In summary the implementation of the optical corona camera into the

PD instrument would increase the PD detection capability tremendously. The hardware

concept of this camera is well developed and general algorithms of video signal analysis
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are well known. Therefore the development of a statistical analyzing function and the

incorporation of the PD signals into the neural network should be possible.

The implementation of additional sensors such as temperature, humidity and ozone is

seen as very easy, since these signals required very low data sampling rates.

For purposes of PD signal analysis neural networks, pattern recognition and historical

trending can be applied. One long term goal however should be the modelling of the

machine by correlating the learned PD patterns with the special information of the

sensors and the correlation of the optical PD camera into a neural network on its own. For

this case studies should be performed on machines with specifically located PD sensors

and good knowledge of the machine design. A schematic of such a possible experimental

setup is shown in Figure 5.6.
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Figure 5.6: Possible test setup for three-phase machine
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5.4. Necessary Development Steps

The nature of this proposed highly modular PD instrument raises the possibility to

split the overall development in small projects with clear descriptions, which has been

proven to be a very good way of designing new instrumentation. Since the time to market

is very critical a fast development has to be of high priority. Furthermore it is of extreme

importance to build an open system that is easily extendable.

The first steps on the electrical system should be the development of the digital filter

algorithms. This is possible since the available PD sensors can be used and do not have to

be modified or improved. Hence, an experiment should be planned to acquire some

typical PD signal streams before and after the analog filter and noise cancellation. With

this a good reference is obtained and the overall success can be verified. Note, that once

the data streams are acquired, all the work can be done on computers, which decreases

the development time tremendously. Also there should be focus on the development of

algorithms with changeable cutoff frequencies and filter orders.

The development of the data analysis software can be developed in parallel to the

digital filter design. The digitized data stream of the analog filter can be used as a

reference. A PD pulse counting function, a PD pattern detection out of the data stream,

and a PD signal amplitude algorithm should be developed as minimum. Note that it also

has to be investigated whether the functions can be implemented for online use.

The development of a statistical analyzing program is of high importance for the

optical system. After these tasks have been successfully completed, the processor and

operating system could be chosen. In the case where, the overall system would be
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designed, built, and programmed, a calibration and synchronization of the different

sensors should be performed. A twisted pair of wires and an open stator configuration are

often used for these purposes. At this point the implementation of additional sensors and

the design of the data base, as well as the development of the neural network could be

prioritized.

Regarding the development of the intelligent PD sensors, the basis of development

has to be the successful proof of the direct digital filtering of the PD signals. After this,

the filter algorithms and simple PD amplitude analysis could be implemented into a DSP

or microcontroller. With the choice of the controller, the design of the signal conditioning

should be done. In case the sensor would be able to detect PD, the development of the

communication to an overall system could be started. Also the implementation

possibilities into the current transducer should be investigated.
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6. CONCLUSIONS AND FUTURE WORK

6.1. Summary of Experimental Work

In order to investigate the influence of voltage level, voltage rise time, switching

frequency and operation temperature on the generation of PD on medium voltage

propulsion coils, a test setup and test program has been developed in the MSRF of OSU,

which was sponsored by the U.S. NAVY. The intention of the test program was the

investigation of these four parameters in short duration tests in order to develop safe

operation conditions for motor and drive systems, the evaluation of available PD

instrumentation, as well as the evaluation of the insulation system of the delivered motor

coils. There was no long term or aging testing planned for this first stage of work.

Since no measurements were allowed on the prototype motor and drive system at the

NAVSEA laboratory, a close physical replica had to be built in the MSRIF. Two U.S.

manufacturers participated in this research program by providing 10 inverter duty coils

each, while one manufacturer delivered two additional coils designed for sinusoidal

operation. Designed with inverter-duty 4160 V insulation systems, the test coils were

scaled down in order to fit into a linear lamination stack (motorette), representing the

stator configuration. The motorette was enclosed by a heat-insulated chamber, in which

the temperature was controllable in a range from room temperature up to 150 °C by an

electric heat system. A modular voltage pulse generator, capable of changing the voltage

pulse characterizing parameters independently of each other, replaced the original

NAVSEA PWM inverter. Two PD detection instruments, one electrical and one optical,

were employed for the evaluation of the insulation system of these coils.
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The possibility of insulation system deterioration due to the test conditions was

recognized before the test program started. Hence, an intensive coil characterization

procedure was performed before and after each test run on each particular coil. This level

of effort was rewarded by the realization that the originally intended test plan of testing

up to the highest voltage level compromised the properties of the insulation system of the

test coils. In order to avoid this destructive testing the coils were consequently tested only

up to the PD inception level. The characterisation pre- and post-tests ensured the same

coil conditions for each test.

The test coils showed strong differences in their insulation characteristic. The coils

without semi-conducting paper and voltage stress control tapes showed a low PD

inception level of about 4.4 kV. The entry into the slot, the point of highest electric field

stress was recognized as the predominate location of PD activity. Even though the coils

had a low PD inception level, none of the tested coils were completely destroyed. The

coils with the semi-conducting paper and voltage stress control tapes did not show PD

initially. One case was recorded when during the test the insulation broke down almost

instantaneously. During the course of testing these PD inception levels decreased, since at

the beginning the coils had to be tested up to 10 kV. The location of PD activity changed

over the slot and was not fixed to a certain position.

The PD measurement instruments showed similar sensitivity and with this the

occurrence of mainly external PD can be concluded. While the electrical PD instrument

shows nicely the PD signal pattern, no PD occurrence frequency is provided. In contrast,

the optical instrument provides the information of PD activity location on the coil surface
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as well as the indication of the frequency of occurrence though not quantitatively.

Consequently the combination of both systems has tremendous potential not only for the

diagnostic of electric machinery but also for the study of the nature of PD itself.

Out of the four investigated parameters, the voltage level showed the strongest

influence on the PD activity. Despite the most critical conditions created by the other

three parameters the voltage level bad to be high enough to create PD. Above the PD

inception level, a higher voltage level created a stronger PD activity, seen in PD signal

amplitude as well as PD occurrence frequency.

Because of the flexibility of the voltage pulse generator to change pulse width and

voltage rise time it has been determined that the combined stress parameters of rise time

and pulse width are significant in affecting the PD inception voltage level. Thus, further

investigations are necessary to determine how these two stress parameters act

independently as well as jointly.

The switching frequency has a small influence on the PD inception voltage level.

While the electrical PD measurement instrument showed no evidence of a changed PD

pattern, the corona scope showed an increase of PD occurrence with increased switching

frequency. A more sophisticated data acquisition system is needed for both instruments to

count and analyse the occurrence of PD with higher frequency, and to make the tests

more objective including monitoring the build up of ozone.

Temperature influences the generation ofPD. However it has been confirmed with

the coil manufacturers that the coils need to be subjected to a minimum of 4 to 5 repeated

thermal cycles until repeatable results can be achieved. During the course of testing, two
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thennal cycles have been performed with the result that the PD inception voltage level

decreases with an increase in temperature

6.2. Recommendations for Future Work

The development of an improved PD detection instrument combining the electrical

and optical PD detectors into one instrument is recommended. This would not only help

the maintenance of electric machinery but also would actively help users to understand

PD better and design better electrical equipment. Based on the PD activity detection on

sinusoidal voltage operated equipment, special focus should be taken on the analysis of

PD in PWM operated machinery. As a minimum requirement this instrument should

combine the functionality seen on the electrical and optical PD detection instruments

added by a statistical analyser. This analyser should be able to correlate and quantify the

information of both PD instruments and provide PD signal analysing functions in time

and frequency domain. Furthermore a PD pattern recognition algorithm could be

implement based on the theory of conditioned neural networks. Additionally, digital

filtering features with parameters changeable by the operator would be recommended.

The instrument has to be designed in a way that it is an open system for additional

sensors such as ozone, humidity, temperature sensors as well as additional electrical

sensors such as RFCTs and antennae.

Based on the results of this test program it is recommended to perform long-term tests

on these coils. Initial parameter influence tendencies have been shown during this work,
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the significance on the insulation lifetime expectancy however needs to be proven by

accelerated lifetime tests. These tests should be performed with an additional ozone

sensor in place, because of the special importance of this parameter in the closed

environment of the NAVY ships. Performing a test series on both coil systems could help

to understand and characterize ozone production. Since there are currently no industrial

standards for such testing, a 400 hour test series at room, and elevated temperatures, at

established safe operating conditions would be recommended. The process should be

carefully monitored for evidence of degradation and compromising of the coils.

Furthermore the study of temperature influence on the PD generation is recommended to

quantif' the thermal cycling effect.

A study of the pulse-width is strongly recommended, since this parameter could

significantly affect the PD voltage inception levels. With additional testing, a

recommendation or design protocol for drive and motor manufacturers could be

generated to increase the PD voltage inception levels, and thus reduce the occurrence of

PD on the coils. In addition to the used PD instrumentation, an ozone sensor should be

installed for the study of the switching frequency effect on PD generation and insulation

lifetime.

Even if the development of the entire proposed instrument should not be funded, the

proposed digital filtering of the PD signal should be investigated. There is a high

potential for an improvement in the existing electrical PD detection technique. If the

sought after funding is received, the proposed future development steps can be used as a

guideline.
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APPENDIX A: MOTORETTE

The motorette used is a standard linear induction motor lamination stack with a

weight of approximately 600 lbs. It contains 43 slots at an overall lamination length of

1045 mm and a stack width of 219 mm. The dimensions of the slots are given in Figure

Figure A.l: Main slot dimensions of motorette
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APPENDIX B: INDUCTANCE CALCULATiONS

The purpose of these initial coil inductance calculations was to get an understanding

of the dependency of the number of turns of a single coil inserted into the motorette on

the inductance magnitude. For this reason simplified magnetic circuit calculations were

sufficient. The magnetic circuit shown in Figure 3.3 was simplified even further, by

combining the reluctances of the two top parts to one equivalent, and respectively the

same was done for the three airgaps to one equivalent, and the five bottom reluctances to

one. The resulting equivalent circuit is shown in Figure B. 1.

R top

R bottom

R gap

Figure B. 1: The equivalent simplified magnetic circuit

The two variables in this circuit were the airgap reluctance, affected by the airgap

lengths and the number of turns as described in formulas 3.2 and 3.3 respectively.

The reluctance of the top part was calculated with 54 kAt2/Wb assuming a length of

0.3 m, a permeability of 500 p'o, and an area of 0.0046 m2 (0.23 m * 0.02 m height).

The reluctance of the bottom was calculated with 15 kAt2/Wb assuming a length of 0.4

m, a permeability of 1000 Po, and an area of 0.0207m2 (0.23 rn width, 10 slots at 0.009

m). The reluctance of the airgap was calculated to be 57 kAt2/Wb for an airgap of 1 mm
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and 230 kAt2/Wb for an airgap of 4 mm. The area was assumed to be 0.0207m2 (0.23 m

width, 10 slots at 0.009 m), while the permeability was given as Po, and the length was

the variable airgap.

The calculated inductance results are given in Table 3.1, while the measured results

are given in Table 3.2 and 3.3 respectively. However it was shown in Appendix E that the

tests should have been performed at a higher current level. The difference between the

calculated results and the measured results were relatively close, given the fact that a

simplified magnetic circuit was used. A summary is shown in Table B. 1.

Table B.1: Comparison of calculated and measured inductances

Coil Calculated
hductance in .tH

Measured (low I)
Inductance in j.iH

Measured
Inductance in ,tH

G-series 477 221 345
N-series 477 237 367
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APPENDIX C: HEAT CHAMBER

The heat chamber consists of two main parts: the bottom part onto which the

motorette and the heater elements are mounted and the lid, mounted onto a crane and

containing the observation window.

The chamber is built with an inner and outer shell of stainless steel mounted onto a

steel frame and the heat insulations material (fire rated acoustical foam made of

polyurethane) was inserted into the inner and outer shell. The overall dimensions of the

lid are 1500 x 1650 x 686 mm (length, width, height). In Figure C.1 a sketch of the lid is

shown.

Figure C .1: Heat chamber lid schematic



141

APPENDIX D: COIL SPECIFICATIONS AND INSTALLATION

The coils are different in their insulation system and geometrical design, but fulfilled

the specifications of 6 turns within one coil and they fit into the specified slots of the

motorette. It should be pointed out again that installation of the N-series coils was

difficult because of a tight fit. The G-series coils were smaller in the overall geometrical

design and did not use any voltage stress control paper or semi-conducting materials. The

N-series coils were overall longer and used semi-conducting material as well as voltage

stress control tapes. The coils are shown in Figure D. 1 and D.2 respectively.

Figure D.1: G-series coil

Figure D.2: N-series coil



142

In Table D. 1 the main dimensions of the coils are compared. Note that the coils are

similar at the slot dimension, but different with respect to the other components.

Table D.1: Main dimension parameters for both coils

Coil system G series N series
Coilslotwidthirimm 13 13
Coil slot height in mm 22 21
Outer coil distance in mm 254 254
Inner coil distance in mm 225 225
Outer end-winding distance in mm 568 889
Inner end-winding distance in mm 518 845
Length of straight coil section in mm 241 273
Overall height of coil in mm 76 89
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APPENDIX E: MEASURED INDUCTANCES

Upon arrival the coils have been evaluated including a test series of resistance and

inductance measurements. These tests were first performed on the coils outside of the

motorette using the tests instrumentation shown in Figure 3.10. The test results are shown

in Table E.1 andE.2.

Table E. 1: G-series resistance and inductances outside of the motorette

Coil DC
Resistance

in 1

Inductance
@ 60 Hz

in iH

Inductance
@ 1 kHz

in jtH

Inductance
5 kHz

in !LH

Inductance
@ 10 kHz

in jiH
G 1 4.57 38.0 27.9 27.1 26.8
G2 4.55 36.0 27.9 27.1 26.8
G3 4.57 35.0 27.9 27.1 26.8
G4 4.55 36.0 27.9 27.1 26.8
G 5 4.56 38.0 27.8 27.1 26.8
G 6 4.57 47.0 27.9 27.1 26.9
G 7 4.57 44.0 28.0 27.2 26.9
G8 4.57 38.0 28.1 27.3 27.0
G9 4.56 35.0 27.9 27.1 26.8

G 10 4.57 47.0 27.9 27.1 26.9

Table E.2: N-series resistance and inductances outside of the motorette

Coil DC
Resistance

in Q

Inductance
@ 60 Hz

in !IH

Inductance

@ 1 kHz
in pE

Inductance
5 kHz

in j.tH

Inductance
@ 10 kHz

in 1.tH
N 1 6.91 56.0 42.2 41.0 40.6
N 2 6.94 46.0 42.2 41.0 40.6
N3 6.93 58.0 42.2 41.1 40.6
N4 6.94 56.0 42.1 40.9 40.5
N 5 6.93 48.0 42.2 41.0 40.5
N6 6.93 48.0 42.1 41.0 40.6
N 7 6.92 60.0 42.2 41.1 40.6
N8 6.93 60.0 42.2 41.0 40.6
N 9 6.92 47.0 42.1 40.9 40.5

N 10 6.89 51.0 42.1 40.9 40.5
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It was decided to perform an inductance test on two coils of each series installed into

the motorette only, because the test results showed very good consistency with minimal

deviation and the installation of the coils was relatively difficult with a potential to

damage the insulation systems. G 1, G2, Ni, and N1 0 were used for the inductance tests

inside of the motorette. The results are shown in Table 3.2 and 3.3.

In additional test the dependency of the current level was investigated and the results

are shown in Table E.3 for a G-series coil and in Table E.4 for a N-series coil.

Table E.3: 0-series coil inductance for different current levels

Current Voltage Power pf Impedance Angle X L

A V W Pu Ohm degr Ohm milli H
0.999 0.109 0.06 0.565 0.109 55.6 0.090 0.239
1.999 0.275 0.30 0.548 0.138 56.8 0.115 0.305
2.999 0.458 0.77 0.562 0.153 55.8 0.126 0.335
3.998 0.639 1.48 0.58 0.160 54.5 0.130 0.345
4.997 0.813 2.46 0.596 0.163 53.4 0.131 0.347
5.998 0.983 3.59 0.609 0.164 52.5 0.130 0.345
6.997 1.147 4.97 0.619 0.164 51.8 0.129 0.342
7.996 1.307 6.55 0.626 0.163 51.2 0.127 0.338
8.996 1.463 8.34 0.633 0.163 50.7 0.126 0.334
9.995 1.616 10.32 0.638 0.162 50.4 0.125 0.330

Table E.4: N-series coil inductance for different current levels

Current Voltage Power pf Impedance Angle X L

A V W pu Ohm degr Ohm mull I-I

1.000 0.122 0.07 0.576 0.122 54.9 0.100 0.264
1.999 0.294 0.33 0.567 0.147 55.5 0.121 0.322
2.999 0.493 0.86 0.581 0.164 54.5 0.134 0.355
3.998 0.693 1.67 0.602 0.173 53.0 0.138 0.367
4.998 0.885 2.74 0.619 0.177 51.8 0.139 0.369
5.998 1.069 4.05 0.631 0.178 50.9 0.138 0.367
6.997 1.248 5.59 0.640 0.178 50.2 0.137 0.364
7.997 1.421 7.36 0.647 0.178 49.7 0.135 0.359
8.996 1.590 9.34 0.652 0.177 49.3 0.134 0.355
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Both coils show an immediate increase in inductance with an increased current, but

reach their constant maximum value at a current of 4 A. Hence the inductance used for

the simulation in Appendix G is assumed to be 300 pE. These results show that all

inductance measurements should have been performed at a higher current level than 1 A.
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APPENDIX F: INSTRUMENTATION

Pulse Generator
Name: D12-R
Manufacturer: Baker Instrument Company
Purpose: Characterization of the coils in pre- and post-tests
Main specification items:

Output voltage: 0-12000 V
Max output current: 400 A
Pulse energy: 2.88 J
Repetition rate: 5 Hz
Voltage measurement & accuracy: ±12 %

High Voltage Power Supply
Name: PS/EQO 1 OP 120-22
Manufacturer: Glassmarm High Voltage Inc.

Purpose: Voltage control on modular voltage pulse generator
Main specification items:

Input voltage: 220 V, single-phase, 48-63 Hz
Output voltage: 0-10 kV
Output current: 0-120 mA

Function Generator
Name: PDG-2510
Manufacturer: Directed Energy, Tue.
Purpose: Gate Signal Generation (switching frequency and pulse-width) for modular

voltage pulse generator
Main specification items:

2 output channels
pulse-width range: 25 ns to 99.9 s with 25 ns pulse-width resolution
output rise- and fall-time <12 ns
time base: 24 MHz

IGBT Power Switch
Name: PVX-41 10
Manufacturer: Directed Energy, Inc.
Purpose: turn-on and off the DC voltage and hence generate voltage pulses with fixed

voltage rise-time
Main specification items:

Maximum output voltage: ±10,000 V
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Minimum output voltage: 0 V
Pulse rise-time and fall-time: 60 ns (10%-90%)
Pulse recurrence Frequency: single shot to 10 kHz
Maximum input power: 100 W

High Voltage Probe
Name: P6015A, l000x High Voltage Probe
Manufacturer: Tektronix
Purpose: Voltage measurement of applied system voltage and coil voltage
Main specification items:

1.5 to 20 kV DC input voltage, 40 kV peak pulse,
bandwidth (-3dB) >= 100 MHz,
100 MQ input resistance,
8.9 cm diameter, 34.5 cm length

Corona Camera
Name: DayCor-Il
Manufacturer: Ofil Ltd., Isreal
Purpose: optical detection Of PD on the test coils
Main specification items:

Focusing distance UV: 3m to infinity
Focusing distance Visible: auto focus 0.8 rn to infinity
Minimal sensitivity UV: 3x109 W/cm2
Weight: 5.5 kg
Dimensions (LxHxW): 25.5 x 17.5 x 18 cm

Electrical PD detector
Name: XTrac Bantam
Manufacturer: IRIS Power Company
Purpose: electrical detection of PD on the test coils
Main specification items:

1 channel input voltage 0 to 10 kV
2 channels input voltage 0 to 5 kV
3 outputs of PD signals on 50 l BNC connector
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APPENDIX G: FILTER SIMULATION

After realization that the desired voltage rise-time performance could not be achieved

with the proposed first order filter, a second order filter was proposed. In a first step a

simplified PSPICE model, shown in Figure GA was created and the simulation results

gave an indication for the filter parameters. Following the results, capacitors and

inductors had to be built. After a process of fine-tuning between simulation and actual

rise-time tests the filter parameter settings given in Table 3.4.

vi a
V2..Sk
TO
TR - 90-8

TFie.7
pw - 3.4
PER 1.3

RI Li RZ Sm 4.2 300uH

Figure G. 1: Simplified PSPICE model

While the simulation results provided a good first indication of the filter parameters,

it can be seen in Table GA that the simulation results differ from the actual rise-times

achieved, what mainly can be explained with the use of the simplified model.
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Table G. 1: Simulation results for different filter settings

Measured rise-
time in ns

Resistance
in )

Inductance
in H

Capacitance
in nF

Simulated rise-
time in ns

100 0 0 0 100
300 150 25 0.43 214
700 150 80 0.65 530

1000 150 200 1.3 930
2000 150 1600 1.3 1960

-I---

I __

I ra

I -.

6
VtCl2.0) * 7C1:2,L2;2 VçR1* O

Figure G.3: Simulated voltage rise-time for 700 ns filter settings
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APPENDIX H: TEST PROTOCOL

The detailed explanation of the test program is given here while some test protocols

are shown in Appendix I.

Coil Number system: G series coils are numbered from Gi to GlO, and Bi and B2

(the "baseline" coils), while the N series coils are numbered Ni to N10

Data Set: The complete test for one rise-time, at one temperature on one coil for all

switching frequencies and voltage levels will be called a data set (eg. 007).

Configuration: There are two different configurations for this test program:

the "high-ground", in where one end of the test coil is connected to the high

potential of the supply and the other end is connected through a current

limiting inductor to the low potential (ground) of the supply.

the "high floating", where one end of the coil is connected to the high

potential and the other end remains open.

The ground potential of the supply is connected to the motorette laminations in

both configurations.

Pulse rise-time and pulse-width: The applied voltage rise-time can be changed from

100 ns to 2 us by the use of a RLC filter. The rise time is defined as the time from 10 to

90% of the maximum applied voltage. The pulse width will be changed on the DEl

system.

Temperature and humidity: These values will be recorded for each data set.

Filter RLC: RLC components will be chosen to achieve various rise times of the

applied waveform. Those values will be documented for each data set.



151

Initial Tests:

D12-R (Baker Instruments) + XTRAC (IRIS) system: this test will be performed

to ensure a PD free system for the coil characterization. The coil is not connected

to the system and the highest level without PD will be recorded.

D12-R + XTRAC characterization: The test coil will be connected to the system

and the PD inception level will be determined and recorded as value and scope

capture (file).

The impedance characterization will be performed and the R,L, and C values will

be recorded.

The DEl + XTRAC system: this test will be performed to ensure a PD free test

system. The coil is not connected to the system and the highest level without PD

will be recorded.

Main Test: The test coil is connected to the DEl test system as shown in Figure H.1.

PD occurrence will be recorded for the applied voltages (1 to 10 kV) and switching

frequencies (1 to 10 kHz). A waveform file, showing applied voltage and PD signal will

be saved for each frequency. System limits will be recorded and displayed within the

result matrix.
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Pulse RLC Filter Test Coil Inductor
Generator

01010kV Satem
I 1010kHz Voltage

I

Figure H. 1: Test schematic

Partial Discharge will be measured with two different methods during this test:

. IRIS PD: The applied voltage will be filtered by the XTRAC system and

displayed on the oscilloscope. The applied voltage will be recorded and saved as a

waveform file when PD occurs. The inception level will be called by the operator,

but well documented.

Corona-Scope 0cc. PD: The external PD will be detected with a corona scope.

The applied voltage will be recorded for a starting corona activity (occasional

occurrence) on the coil surface.

Corona-Scope rep. PD: The applied voltage will be recorded for a clear repetitive

corona activity on the surface of the coil.

Waveform of applied voltage: There are two different voltages of importance for the

"high ground" configuration:

The applied voltage (system voltage) as shown in Fig. 1. The measuredPD

inception levels are based on this voltage.

The voltage across the coil as shown in Fig. 1.
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Both voltage waveforms will be recorded for all data sets.

Post tests:

. Dl 2-R + XTRAC system: this test will be performed to ensure a PD free system

for the coil characterization. The coil is not connected to the system and the

highest level without PD will be recorded.

. Dl 2-R + XTRAC characterization: The test coil will be connected to the system

and the PD inception level will be determined and recorded as value and scope

capture (file).
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APPENDIX I: TEST DATA SETS

In this table a summary of the tests performed is given, which is followed by the test

protocols of some selected data sets.

Table 1.1: Data set overview

Data
Set Date Coil

Rise-
Time Temp

PD
IRIS PD cam Comments

1 8/21/2002 G 6 90 ns 26 4.7 4.7 up to 10 kV
2 8/21/2002 N 1 90 ns 26 Coil destroyed!!!
3 8/22/2002 N 10 90 ns 25 6.9 4.6
4 812212002 G 6 2 us 27 5.0 4.2
5 8/22/2002 N 10 2 us 27 >10 >10
6 8/22/2002 G 6 2 us 28 5.4 4.3 up to 10 kV
7 8/27/2002 G 6 1 us 28 4.8 4.3 uj to 10 kV
8 8/28/2002 G6 700ns 28 5.2 4.7 uto10kV
9 8/28/2002 G 6 300 ns 28 4.8 4.5 up to 10 kV

10 8/29/2002 G6 2us 29 4.8 4 upto7kV
11 9/2/2002 G 6 700 ns 29 4.7 3.2 only up to 5 kV
12 9(2/2002 G 6 700 ns 29 4.6 3.2
13 9/2/2002 G 6 700 ns 27 4.7 3.8
14 9/2/2002 N 9 700 ns 28 5.2 5.2
15 9/2/2002 G6 700ns 120 3.5 3.9
16 9/4/2002 G 6 700 ns 28 3.9 4.7
17 9/4/2002 G6 700ns 28 3.9 4.7
18 9/5/2002 G 6 700 ns 27 3.9 4.4
19 9/5/2002 N 9 700 ns 27 5 4.2 Changing, hard to say
20 9/9/2002 G 6 700 ns 60 3.6 4.8
21 9/9/2002 G 6 700 ns 90 3.6 4.5
22 9/11/2002 G8 2us 27 3.5 3.2
23 9/11/2002 G8 2us 27 3.5 3.2
24 9/11/2002 N8 2us 27 no no upto limit
25 9/11/2002 G7 2us 28 3.8 2.9
26 9/11/2002 G8 28 37 3
27 9/11/2002 G7

_2us
lus 28 3.4 2.8

28 9/11/2002 G 8 1 us 28 3.6 2.9
29 9/11/2002 N8 1 us 28 6.6 6.1
30 9/11/2002 G7 700ns 28 3.5 2.9
31 9/11/2002 G8 700ns 28 35 3.1
32 9/11/2002 N 8 700 ns 28 5.3 5
33 9/11/2002 G7 300ns 28 4.3 3.7
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34 9/11/2002 G8 300ns 28 4A 3.6

35 911112002 G 7 90 ns 28 4.1 3.6

36 9/1112002 G 8 90 ns 28 4.1 3.2

37 9/11/2002 N8 9Ons 28 4.7 2.4

38 9/14/2002 G 7 2 us 120 2.8 3

39 9/14/2002 G8 2us 120 2.8 2.8

40 9/14/2002 G 7 1 us 120 2.9 3.1

41 9/14/2002 G 8 1 us 120 2.8 2.8

42 9/14/2002 G7 700ns 120 34 3.7

43 9/14/2002 G 8 700 ns 120 3.4 3.4

44 9114/2002 G7 300ns 120 3.8 3.8

45 9/14/2002 G 8 300 ns 120 4 4
46 9/14/2002 G 7 90 ns 120 3.3 3.2

47 9/1412002 G & 9Ons 120 3.4 3.4

48 9/26/2002 0 7 90 ns 28 4.4 4.3

49 9/26/2002 GB 90 ns 26 4.4 4.3

50 9/26/2002 N 6 90 ns 26 5.1 4.8

51 9/27/2002 G7 2us 27 4 3
52 9/27/2002 G 8 2us 27 3.9 3.5

53 9/27/2002 N 6 2 us 27 no no
55 1011 /2002 G 8 2 us 120 2.9 2.8

56 10/112002 N6 2us 120 no no
57 10/1/2002 N6 9Ons 120 6.5 no
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Co Testing Record

Coil: G6

Configuration: high-ground (2mH)
Data Set:# 7
Temperature: 279 dagr. C
Humldity 39 %

Date: Aug 27.2002

Pulse rise time: 1 us
Pulse width: 1$ us M SR F
FdterR: 150 Ohm
Filter L: 200 uH
Fitter C: 13 nF

Pie -Tests:
D12R system PD free up to: 10 kV measured R: 4.72 mOhm
Coil characterizaliop; PD at: 5.2 liv fIle: 0827000 measured L 127 uH
DI system (no coil) = PD free up ti 10 liv measured C 0.56 F

iIIn Tt

I
kHz

PD inceptieo observed/file
Voltage Level In kV

1 2:, 3 4 5 6 7 8 9 10

IRIS
PD
ky

C-Scop
oàc. PD

kV

C-Scope
rèp.Pt)

kV nOtes
i

no t i & 2 -
no

-

s 53
2 no

_
no no no no 02 5.2 L

J!2 no no s s 52-

no no 48 59
2. no' &8 5.8

2
-!a-

° k 1 1 1 1!. 5.1 4.6 L-- .22

2 J2 2 JL--i22QLL-_
5.7___

J!L i._i
no

_!.
no

_112..

no rio
..i.
no

.

y
_

1!_ 07
.

5.1 4:6 5.6
J!2... i2 __ ...-±._. 56_-
no.

_!!...
no

.J19
no

_!12_
no

...

09
_
10 11 12

.i.
5.5

J2_ i 5.5. ...

j:!2 i
.i -

1 12!..

.-. ..__.
.

6
.!!a.
no

.J22.

no
.J.
no

_12 .1!!. .1!. .J.._5J __.
44 54

I J12..
_
i _..i..

no no
..i9..

no
-

15 16
.i. . ...

4.3 53

__ -
7 no no no no y &9 5.3

no no no no 17 18 s y 4.8 42 53
B no no no no 8 j 5.2

no no no no s 5390 nO no no 19 2O 21

_y
limit &8 42 5.2

9 no no no no j y JJt 4 5.2
no rio no no y limit _±L.

12. J9.... J2.. 2 j limit

..±Q.

_jL. 4.0 5.2._?. .y..
5.2

no no n 0 yss limit limit

Waveform of applied voltage
Applied voltage waveform: 082725
Voltage across coIl: 082726

Post-Test

D12-R system: Pt) free up to:
Coil characterization; PD at:

notes: a) video from 4 to S kV
5kV system, SOOV applied

10 kV measured R: 4.7 rnOhm
52 kV tile: 082727 measured L: 126 uH

measured C: 0.634 F

Figure 1.1: Test protocol of data set 7



Waveform applied to coil (082725)

PD pattern for 1kHz (0827_0O1)
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Waveform across coil (082726)

'p.--

L:L
PD pattern for 10kHz (062123)

Post-Test PD level-at 52kV (0827_27)

PD 222 rep

kHz kV kV kV
5.3 4.8 6.0
5.2 47 5.9
5.1 4.7 5.7

4 5.1 4.6 5.7
5.0 4.4 5.5
5.0 4.4 5.4

7 48 4.3 5.3
8 4.8 4.2 5.3
9 4.8 4.2 5.2

10 4.7 4.0- 5.2

recorded by:

Figure 1.2: Test protocol of data set 7 continued
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Coil Testing Record

Sep 02.2002 ?Ô)
Configuration: high-ground (2mH) Pulse rise time: 700 ns
DataSet# 11 Pulsewidth: 1.2 us M$RF
Ternperflture: 28.8 degr. C Fifler R: 150 Ohm
Hurnkftty: 43% Filter 1: 80 OH

Filter C: 0.65 nF
Pie-Tests:

O12-R system: PD free up to: 10 kV measured R:
Coil characterization; PD at 4.8 Ic'! file: 0902_CO measured L:
DEl system (no coil) Pt) free up ti 7 kV measured C:

Mtn T

kl-Iz

PD inception obseved I file#
Voltage Level in kV

1 2 3 4 5 6 7 8 9 10

IRIS
PD
kV

C-Scope
0CC. PD

Ic'!

C-Scope
rep. PD

kV notes
1 no no no no 01 02 5A) 3.5 4.6
i no. no14.9 3.6 4.7
I no no no no i
2 no no no no 03

...
04 4.8 3.4 4.6

2 no no no no j 4.8 3.5 4.6

3 no no no no 05 4.8 3.4
_-

4.5
4.5

no no no no 4.5
4 no no no no 06 4.7

_;:i_
3.3 4.4

5 no no no no 07 4.7 3.3 4.3
no 4.3

-

_L
L. L6 no no no no 08

-
4.7 3.3 4.3

no n
7

-
no no nb rio 06

-
4.7 3.3 4.2

-
_!!2_

no
.r!2.

no
.....

no
.J2..

no
.1!.

10
- --.

4.7
.........

3.2
.........

4.2
no o L -_--- - iLiL ..i1.. -9 rio no no

---
no 11

--- -
4.7 3.1 4.2

9 no no no rio 41 3.1 4.1
10 no no no no 12 4.6 3.1 4.0
10 no no no no 4.6 3.1 4.0
10 no no no no _y _j_ 4.0

Waveform ofapplied voltage
Applied voltage waveform: 0902_13
Voltage across coil: 0902_14

Post-Test
D12-R system: PD free up to:
Coil characterization; PD at:

notes:
S kV system, I kV across

10 Ii'! measuredR:
4.8 Ic'! file: 090215 measured L:

measured C:

Figure 1.3: Test protocol of data set 11



Waveform applied to coil (0902_13)

- 0_rn

F

PD pattern for 1 kllz (0902 01

Pre'Test PD level at 4.8kv (090200)

'.'.,:

L- -4

4

PD inception level versuS switching frequency

5

g

IUJflpUllftftiUIftfQb!
OHIIIII11HE

uioørni HflHJIlløIItfflillIlluI
pull, uIuwkjüI

Data Set:

±EEII__
11

Waveform across coIl (090214)

... .'.-

PD pattern kr 10 kH (0902j2)

-4---.,-,

t _s. .-. '

2 m ,0

2"." 4'."" 0
I f'"

Póst.Test PD level at 4.8 kV (0902.j5)

I

rep

kl-iz kV l& kV
1 49 3.6 4.7

-

4.8 4.6
3 4.8 3.4 4.5
4 4.7 3.3 4.4
& 4.7 3.3 4.3
6 4.7 3.3 4.2
7 4.8 3.3 4.2
8 4.7 3.2 4.2
9 4.7 3.1 4.1

10 4.6 3.1 4.0

Jrecorded by:

Figure 1.4: Test protocol of data set 11 continued
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Coil Testing Record

Coit: GB Date: SepO2,2002

:Cnflguration high-ground (2mH) Putse rise time 700 'is
Dataset# 15 Pulsewidth: 1.2 us MSRF
Temperature: 120 degr C FIlter ft 150 Ohm
Humidity: 32 % Fitter 1: 80 uH

Fitter C: 0.65 'iF
Pre-Tests:

U12-R system: PD free up to: 10 kV measured R
CoIl characterization PD at 3.7 kV file 0903_00 measured L:
DEl system (no coIl) = PD free up to: kV measured C:

Miin Tit

Waveform of applied voltage
Applied voltage waveform: 090310
Voltage across Cot: 0903_li

Post-lest
D12R system: PD free up to:
Coil characterization; Pt) at:

notes:
5kV system, 1.2 kV across

10 kV measuredR:
3.8 kV file: 090312 measured 1:

measured C:

Figure 1.5: Test protocol of data set 15
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Waveform applied to coil (090310)

: I:Lt:j
V VSZ.tIC -.

PD pattern for 1 kl-lz (09O30

-1 2 3 4

- =.

Pre-Test Pt) level at 3.7kV (0903.00)

H 4__.-.
5O.V4fl*'fl!3 720 720 (77*

4 ---72..7

PD incepbon level versus switching frequency

.,4

It
fll

- - -
UIIaIl.usil I

1lltllillllhIIftII!rnIIornoMuffl I',

777*6* 7 6 6 72

.-,,. 7o

Data Set 15

Waveform across cost (090311)

-;
' .f7V02-

PD pattern f 10 kl-tz (0903_09)

7 6**7
_______________________ t 23

-

2 707 4..* 2.o007

Post-Test PDlevel at3.8 kV (090312)

;.. .1

- 4 .077. 7

2 rep
kHz kV kV kV

1 3.5 4.1 4.3
2 3.6 4.0 42
3 3.6 4.70 42
4 3.8 4.0 4.2
5 3.5 3.9 4:1
6 .3.5 .3.9 4.1
7 3.5 39 41
8 3.5 3.9 4.1

4.1
10 34 3.9 4.1

recorded by: J il/fr4tL-

Figure 1.6: Test protocol of data set 15 continued
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Colt Testing Record

Coil: 'GB
Dote: epll.2002

:Configuration hghgrnund (2rnH) Pulse rise time 2 us
Data Sét# 23 Pulse width: 3 us M SR FTemperature: 27.3 degr. C Filter R: 150 Ohm
HumkJily 36 % FilterL: 1.6 mFl

Filter C: 1.3 riFPre Tests:
D12-R system: Pt) free up to: 10 k\F measured R:
Coilcharatetion; PD at: 3.8 kV file: 0911_DOt measured L:
DEl system (no colt) PD tree up ti 8 kV measured C:

Miun tpt

Waveform of applied voltage
Applied voltage wavefomi: 0911_027 notes:
Voltage across coil: 0911028 5kV system. 0.3kV across

Post-Test
D12-R system: PD free up to: 10 kV measured R:
Coittharacterization: Pt) at: 4.3 kV tile: 0911030 measured 1:

measured C:

Figure 1.7: Test protocol of data set 23
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Waveform apphed to coil: 09t1_027

- - ---.--
22% 44 .50247 %0 4) 2.32737 (0 1407

::: ?2

PD pattern tori kHz: 0911016

TT
L _!.Li

4fl*) S4.C.00420 .4(3% 4fl237..EIj.
-

I -f 4- 4

Pro-Test PD level at: 38kV 0911001

42)2) 30.7447.4 1212) 740404s 1207

-- 43*4 4 4.4534

Pt) inception level versus switching frequency

2 3 4 4 0 7 2 4 4

&II.IuJ. lilnuhlIllU

IflnflflflijUflfliHftftI4IIllIflP
UUtil Ilfthilun

IHIflPl]flpJq

lliøtiillllillh1IllO111llhIIIllhIlli

Data Set: 23

Waveform across COil: 0911028

4 4,)l..4j...

'
0903

3 j (.003 4

PD pattern for 10 kHz: 091 1_021

Post-Tst PD level at: 4.3kv 091 1_f}30

:---

l4C3°

LL_i±_ -704-04 ..

47)24 30 400 4722.

'"'4- - 4 4 .7

22
kHz kV icV liv

1 3.5 32 3.5
2 3.5. 3.2 3.5
.3 3.5 3.3 35
4 3.5 3.2 324
5 3.6 3.2 3.4
6 3.5 3.2 3.3
7 3.5 3.2 3.3
8 3.5 3.0 3.2
9 3.5 2.9 3.2
10 3.5 2.8 3.2

recorded by:

Figure 1.8: Test protocol of data set 23 continued
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PD findings for Data Set 023

clear fire on coil3 oce. And rep are very closetogether,

JRISshows this fire with a short pulse around 100 rnV high
setup; 1 kHz

nothing at 3 kV

0cc at 3.2 kVfor 1kHz IRIS signal whenever fire occurs
rep and IRIS signal at 3.5 kV, fire Qfl: cofi

video (starts at 8 mm)

Figure 1.9: Test protocol of data set 23 PD summary



CoU Testing Record

Coil: C 7 Date: Sep 14, 2002

Configuration: high-ground (2mH) Pulse rise time: 2 us
Data Set # 38 Pulse width: 3 05
Temperature: 120 degr. C Filter ft 150 Ohm
Humidity: 36 % Filter L: 1.6 mH

Fdtei-C: 1,3 riF
Pre - Tests:

D12-R system PD free up to: 10 kV measured ft
Coil characterization- PD at: 3.8 kV file: 0914000 measured L:
DEl system (no coil) = PD free up ti 6 kV measured C:

Main Tst

MSRF

165
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Waveform of applied vottage
Applied voltage waveform: 0911027 notes:
Voltage across coil: 091 1_028 5kV system. 0,3 kV across

Post-Test
D12-R system: PD free up to: 10 kV measured R:
Cøil characterizatton PD at 4 kV file: 0914_Oil measured L:

rneasuredC:

Figure 1.10: Test protocol of data set 38



Waveform applied to toil: 091 1_027

00

$ .f,000

PD pattern for 1 kUt: 0914003

00 OW

$ 5 0

Pre-Test PD level at: 3.9 kV 0914000

PD inceptIon level versus switching frequency

0$

uhIIIIFpw'3

imr8Illim'UlliftfltIW1II
!!fl!WWIIIIMU1OIIIIMIIIMØIIIII

3 0 5 I -,

Data Set: 38

Waveform across coil: 091 i_028

.7

00

00(000 000.0000 000000 30000. 0

PD pauernfer 10 kHzØ9l4_006

Post-Test PD level at: 4.0 kV 0914_Oil

0?:00 j'0
00 000000 OflO 5,0000000 0002-

22 2
kHz kV kV kV

1 2.9 3.1 4.5
2 2.8 3.1 4.3
3 2.8 3.1 4,3
4 2:8 -.0 4.2
5 2.8 3.0 4.1
6 2.8 3.0 4.1
7 2.8 3.0 4.1
8 2.8 3.0 4.0
9 2.8 3.0 3.9

10 2.8 3.0 .3.6

/l 'vL.
recoded'by: 1V/A,vvi

Figure LII: Test protocol of data set 38 continued
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PD findings for data set: 038
IRIS CS

0914007 2.8 kV yes no setup: 10 kHz
0914008 3.0 kV yes OCc video
0914_009 3.6 kV yes iep

0914010 4.0 kVyes yes

PD pattern shows internal PD
the dtstharge signal amplitude is increasing with higher voltage level
PD starts earlier and earlier with increase in voltage
for 4 kV:lhe high PD amplitudesare early, am ude decreases: with timeNoltage bight

Notes

a) veiy hard decission on rep, starts at 3.5 and stays up to 45 almost the same

Figure 1.12: Test protocol of data set 38 PD summary




