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Chapter 1

Introduction

1.1. Project Description

This is the final report for the research project “Power Quality Study for the Proposed Integrated Power
System”, ONR project N00014-01-1-1028, performed at Clarkson University by Principal Investigators
Thomas Ortmeyer, Pragasen Pillay, and Paul McGrath. The investigation involved a number of quality

issues associated with shipboard power systems and their loads.

1.2. Key Findings

The body of this report consists of seven chapters, each of which describes a principal topic of research into
shipboard power quality issues. These topics include:

Grounding study for bus connected high impedance grounded generators

The potential of a variable frequency, variable voltage generation system for improved
efficiency and pulse loading capability

Motor starting capability of fixed frequency inverters

The use of wavelet analysis to detect broken rotor bars in induction motors

Motor surge characteristics

The use of wavelet analysis to monitor shipboard power system faults

The investigation of partial discharge in motor windings

This work provides the framework for improvements in the quality and performance of shipboard power

systems. The following paragraphs describe key results from this research.

The generator grounding study investigated the performance of two parallel connected generators in a high
impedance grounding configuration. The study concluded that it is preferable to operate this system with
both units grounded. While it is feasible to operate the system with only of the units grounded, this leads to
needless complexity in the system in order to accommodate both parallel and stand alone operation. It is
shown that, with careful design, both units can be permanently grounded through high impedance, which
can be in place regardless of the operating configuration of the system. It is further shown that this can be
done without significant increase in the stator damage profile during ground faults. Finally, a scheme to
determine if a ground fault is on a generator stator winding is proposed and simulations are included which

indicate that this could be an effective approach to the problem.

The variable voltage variable frequency generator study investigates both the efficiency of the proposed

propulsion scheme and it’s capability to serve pulse loads. The proposed scheme involves the direct




connection of synchronous generator to drive motor, without any electronic conversion. Ship service load
is fed from this same bus, through an ac-dc boost converter. Thus propulsion power is not converted
electronically, providing significant savings in space and cost, for the two power converters plus associated
filtering. The study analyzed the efficiency, dynamic performance, and pulse load performance of this
system, and concludes that this approach offers an attractive alternative to the present generation of electric

propulsion systems.

The inverter study analyzes fixed frequency inverters feeding general system loads, such as would be found
on shipboards served by dc distribution or advanced energy systems. An algorithm is proposed which
would reduce inverter current requirements during induction motor starting by introducing voltage sags on
the inverter bus during the motor acceleration. The study shows that the motor starting capability of these
inverters can be significantly increased through this approach, providing the inverter to start larger motors

without affecting the adjacent load fed by the inverter.

Wavelet analysis of power system events formed a significant part of this project. Variations on wavelet
analysis techniques were used in studies involving the detection of broken rotor bars in induction motors,
power system fault detection, and partial discharge detection. Wavelet analysis has proven to hold promise

in each of these areas, as described in Chapters 5, 6, and 8.

Chapter 7 presents a contribution to the measurement of motor parameters for surge propagation studies.
The study includes both model development and detailed measurements of winding inductance and
capacitance in order to build a model which will provide insight into winding performance of motors fed by

inverters, particularly those which include a significant cable run between the inverter and motor.

The following chapters describe these results in detail. They also provide reference to papers and theses

which resulted from this work, and provide still additional details on the projects.




Chapter 2

Generator Grounding Study

2.1. Introduction

Most power systems in operation have unit-connected generators, but lately there has been a shift toward
direct connected generation, particularly in stand alone systems and when distributed generation is
employed. The grounding of unit-connected generators is widely studied and well documented, and the
high impedance grounding strategy generally employed for unit connected generators is effective and

widely used.

In the case of unit connected generators, however, the situation is much different, in that it is only recently
being studied, the impact of various grounding strategies on the generator is not widely understood, and no
there is no standard approach to the issue. In purely stand-alone systems, the designer may have the option
of employing an ungrounded or high impedance grounding system. In cases involving distributed
generation (DG), on the other hand, the generator may be directly connected to an existing solidly
grounded bus, and the unit is required to supply the bus both in the grid connected and stand-alone mode of

operation.

Several issues arise in these cases. First, the phase voltages present on the bus during unbalanced faults are
of concern. Secondly, the generator currents during a fault are a major concern. Finally, the ability of a

protection scheme to identify the location of a ground fault on the bus is of primary importance.

In this study, the ground fault performance of direct connected generators is analyzed. The generators are
considered to be high impedance grounded in order to limit the stator iron damage during a fault. A variety
of configurations for this grounding are considered. Also, the study considers both stand-alone operation
where a pair of generators are directly connected to an ungrounded bus, and grid connected, where the
generators are connected to a bus fed by a step down transformer with a variety of grounding
configurations. The study considers phase voltages, generators currents and stator damage, and fault

sensing.




As synchronous generators form the principal source of electric energy in power systems, the power system
stability problem is largely one of keeping interconnected synchronous machines in synchronism.
Therefore, an understanding of their characteristics and accurate modeling of their dynamic performance

are of fundamental importance to the power industry.

Stable operation also depends on the ability to continuously match the electrical output of generating units
to the electrical load on the system. While induction motor is used in a wide variety of applications as a
means of converting electric power to mechanical work. Consequently, dynamic modeling and

characteristics of the induction motors have important influence on system stability.

Modeling and analysis of the AC machines (generators and motors) has been covered in a number of

textbooks. [2.11]. One standard method of modeling a synchronous machine is as follows

1. Calculate stator and rotor flux linkages (refer values to stator and in per
unit system)

2. Calculate mathematical equations for voltage and torque

3. Transfer voltage and torque equations into d-q frame

4, Machine controllers design

MATLAB/SIMULINK, PSPICE, EMTP and other commercial software products are available for assisting

dynamic machine modeling design.

2.4.System Grounding

This section gives an insight into the system grounding principles, and includes the different grounding
strategies used. Grounding of generators has been studied for a long time; an attempt is made towards
finding the relation between system grounding strategies with generator stator damage. The grounding

theory is well documented in [2.8, 2.13].

System grounding, or the intentional connection of a phase or neutral conductor to earth, is for controlling
the voltage to earth, or ground, within predictable limits. It also provides for a flow of current that will
allow detection of an unwanted connection between system conductors and ground and which may
instigate operation of automatic devices to remove the source of voltage from conductors with such
undesired connections to ground. The National Electric Code, (NEC) prescribes certain system grounding
connections that must be made to comply with the code. The control of voltage to ground limits the voltage
stress on the insulation of conductors so that insulation performance can more readily be predicted. The
control of voltage also allows reduction of shock hazard to persons who might come in contact with live

conductors.




2 .5 Factors Influencing the Choice of Grounded or Ungrounded System

2.5.A Service Continuity For many number of years a large number of industrial distribution plants have

been operated ungrounded at one or more voltage levels. This is generally done to obtain a greater degree
of service continuity. The fact that any contact occurring between one phase of the system and the ground
is unlikely to cause an immediate outage to any load may represent an advantage in many plants, varying in

its importance according to the type of the plant.

Grounded systems are designed so that circuit protective devices will operate to remove any faulty circuit

from the system regardless of the fault. A phase to ground fault generally results in the immediate isolation

of the faulted circuit.

2.5.B_Multiple Faults to Ground While a ground fault on one phase of an ungrounded system generally

does not cause a service interruption, the occurrence of a second fault on a different phase before the first
fault is cleared does result in an outage. If both the faults are on the same feeder, the feeder is opened and if
the fault is on a different feeder both the feeders have to be de-energized. The longer a ground fault is
allowed to remain on an ungrounded system, the greater the likelihood of a second fault occurring on

another phase thereby resulting in an outage.

2.5.C Abnormal Voltage Hazards The possible over-voltages on the ungrounded system may cause more

frequent failures of equipment than if the system were grounded. A fault on one phase of an ungrounded
system places a sustained increased voltage on the insulation of ungrounded phases in a three-phase
system. As this voltage is about 1.73 times the normal voltage, the stress on the insulation also increases
proportionately. [2.5] As the ungrounded systems are designed for the possible increased in voltage level,

the cost of cables increases.

2.6 Methods of Generator System Neutral Grounding [2.6, 2.8]

Most grounded systems employ some method of grounding the system neutral at one or more points. These
methods can be divided into two general categories: Solid grounding and impedance grounding. Impedance
grounding may be further divided into several subcategories: Reactance grounding, resistance grounding
and ground-fault-neutralizer grounding. Each method, as named, refers to the nature of the external circuit

from system neutral to ground rather than to the degree of grounding.

2.6.A Ungrounded Systems (no galvanic ground) Electrical power systems, which are operated with no

intentional ground connection to the system conductors, are generally described as ungrounded. In reality,

these systems are grounded through the system capacitance to ground.



Two principal advantages are attributed to ungrounded systems.

e The first ground fault on a system causes only a small ground current to flow, so the
system may be operated with a ground fault present, improving system continuity.
¢ No expenditures are required for grounding equipment or grounded system conductors.

Numerous advantages are attributed to grounded systems,

o Greater safety,

® Freedom from excessive system over-voltages that can occur on ungrounded systems,
including overvoltages due to multiple restrikes of a fault.

e Easier detection and location of ground faults when they occur.

Grounded systems are now the predominant choice. When an ungrounded system is chosen, a ground
detection scheme should be applied to the system, this is done in order to provide for the relaying needs in

case of ground faults.

2.6.B Resistance Grounding In resistance grounding, the neutral is connected to ground through one or

more resistors. In this method, with the resistor values normally used, and except for transient over-
voltages, the line-to-ground voltages that exist during a line-to-ground fault are nearly the same as those for

an ungrounded system. A system properly grounded by resistance is not subject to destructive transient

over-voltages.

The reasons for limiting the current by resistance grounding may be one or more of the following.
* To reduce burning and melting effects in faulted electric equipment, such as switchgear,
transformers, cables, and rotating machines.

¢ To reduce mechanical stresses in circuits and apparatus carrying fault currents.
® To reduce electric-shock hazards to personnel caused by stray ground-fault currents in the

ground return path.

® To reduce the arc blast or flash hazard to personnel who may have accidentally caused or
who happen to be in close proximity to the ground fault.

® To reduce the momentary line-voltage dip occasioned by the occurrence and clearing of a
ground fault.

® To secure control of transient over-voltages while at the same time avoiding the
shutdown of a faulty circuit on the occurrence of the first ground fault (high-resistance grounding).

Resistance grounding may be either of two classes,

I} High resistance
2) Low resistance

High-resistance grounding typically uses ground-fault current levels of 10 Amperes or less, although some
specialized systems at voltages in the 15 kV class may have higher ground-fault current levels. Low-
resistance grounding typically uses ground-fault current levels of at least 100 Amperes, with currents in the

200-1000 A or higher being common.




2.6.C Reactance Grounding The term reactance grounding describes the case in which a reactor is

connected between the system neutral and ground. Since the ground-fault that may flow in a reactance-
grounded system is a function of the neutral reactance, the magnitude of the ground-fault current is often
used as a criterion for describing the degree of grounding. In a reactance-grounded system, the available
ground-fault current should be at least 25% and preferably 60% of the three-phase fault current to prevent
serious transient over-voltages this is provided by having (X, <10X;,). This is considerably higher than the
level of fault current desirable in a resistance-grounded system, and therefore reactance grounding is

usually not considered an alternative to resistance grounding.

2.6.D Ground-Fault Neutralizer (Resonant Grounding) A ground-fault neutralizer is a reactor connected

between the neutral of a system and ground and having a specially selected, relatively high value of
reactance. The reactance is tuned to the system charging current so that the resulting ground fault current is
resistive and of a low magnitude. This current is in phase with the line-to-neutral voltage, so that current
zero and voltage zero occur simultaneously. This method of grounding is used primarily on systems above
15 kV, consisting largely of overhead transmission or distribution lines. Since systems of such construction
are rarely used in industrial or commercial power systems, the ground-fault neutralizer finds little

application in these systems.

2.6.E Solid Grounding Solid grounding refers to the connection of the neutral of a generator, power

transformer, or grounding transformer directly to the station ground or to the earth.

Because the reactance of the grounded generator or transformer is in series with the neutral circuit, a solid
ground connection does not provide a zero-impedance neutral circuit, which means that ideally there cannot
be a ground with zero impedance but the ground path will have the reactances of the generator and the
transformer. If the reactance of the system zero-sequence circuit is too great with respect to the system
positive-sequence reactance, the objectives sought in grounding, principally freedom from transient over-

voltages may not be possible.

2.6.F Choice of Grounding: The method of grounding chosen in this research is that of High Resistance

neutral grounding. The reasons being as follows:

o It limits the fault current to a fraction of load current

e It can be very effectively applied to drive systems as studied [2.10].

¢ This configuration is suitable in detection of faults [2.10].

* This incorporates the advantages of both an ungrounded system and a grounded system,
namely service continuity and fault detection. [2.8, 2.12]
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2.7 Characteristics of High Resistance Grounded Systems

The characteristics of this system are as follows

1.For a no fault case, the system neutral is held at ground potential. Assuming the same
phase-to-ground distributed capacitances, the current returning through the neutral resistor is
I, + I, +[=0

2.In a balanced symmetrical three-phase system, the phase capacitances to ground are a
summation of the capacitances to ground cables, buses, and transformers and surge arresters. The
capacitive charging current is limited in the range of 3-25 A, in most of the medium and low

voltage systems. [2.1, 2.13]
3.0n the occurrence of a ground fault, the voltage to ground on the unfaulted phase rises to
line-to-line voltage imposing insulation stresses on cables and motors. The line-to-line phases do

not change in magnitude and are balanced.

4.The current through the grounding resistor I, should be equal to greater than the
distributed capacitive current to prevent any transient over-voltages [2.1, 2.8, 2.13].

For the above reasons the popular choice of grounding for the generator is of “High Resistance
Grounding”. This can be achieved by the insertion of a resistance between the generator neutral and the
ground. In many cases distribution transformer and a loading resistor also does this task. The primary of the
distribution transformer is connected between the generator neutral and the ground; the loading resistor is
connected across the secondary winding of the transformer. This has the effects of reducing its insulation

requirements. [2.1]

2.7.A Generator Stator Ground Fault Protection and Generator Relaying The method of grounding affects

the degree of protection afforded by differential relays, the higher the grounding impedance, the less the
fault current magnitude and more difficult it is to detect high impedance faults. With the high impedance
grounding, the differential relays will not respond to single- phase-to-ground faults [2.13, 2.16]. A separate
relay in the grounded neutral will provide sensitive protection, since it can be set without regard to the load

current. This has to be set with a time delay such that it will not operate for faults beyond the generator

In the scheme shown above the protection provided for the winding is 95% and this is known as the 95%
scheme of protection. As shown a 59G low pickup over voltage relay is used for the protection purposes.
This scheme has good sensitivity for ground faults. The voltage appearing across the neutral is dependent
on the location of the ground fault and more sensitive the ground relay the more percentage of the winding

is protected.

The neutral to ground fault goes undetected by this scheme and another device has to be used for this
purpose. For detecting the neutral to ground faults and thereby offering a 100% winding protection a third
harmonic relay or a neutral relay S9N can be used in parallel with the 59G. [2.13]

11
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Figure 2.2 Schematic of a Generator with high resistance ground for ground fault

protection

2.7.B Generator Stator Damage The grounding strategy of the generator plays an important part in the
damage sustained by the generator during the fault. This has been observed in a number of bus connected

industrial generators that have experienced a severe damage due to stator ground faults. However, as of
now the units that are being used for distributed generation are also increasing in size and rating, therefore

the problem of stator iron damage is being seen on these units too.

In most cases, the generators have to be returned to the manufacturers for extensive repairs to the winding.
Since the markets have become more competitive this "down time" of the generator is not just the cost of
repairs, it also includes the loss of production for the "down-time".

It is known that the damage is initiated by a ground fault and is caused by the abnormal flow of current.

This current can be limited by the use of resistance grounding of the generators.

As stated in [2.6, 2.7] this is true in the case of unit connected generators [2.6] and also as it will be seen
later in the case of stand alone DG these references do not mention the effect of grounding the utility
transformer on the damage sustained by the generator when operating in parallel with the grid. In addition,

these references cover the aspects of generators operating with a solidly grounded neutral. The indices of

12




damage with respect to the current contribution from the utility source can change with respect to the type

of grounding used.

For the estimation of damage indices, only the faults occurring at the stator terminals are studied and the

faults at the neutral and within the stator windings are not considered.

This is justified because for a inter stator fault the magnitude of the fault current will be lesser than for the

fault at the terminal of the generator.

The technology of stator ground fault has improved and can detect and isolate faults to the neutral end of
the winding [2.6]. It is reasonable to assume that the fault will be detected and tripping will be triggered
with no intentional time delay. It has also known that the damage to the stator is proportional to the energy
[2.6,2.7,2.9].

Damage « energy = -[ itdt [2.1]

The value of k is taken as 2 for resistive heating. It should also be noted that the above equation yields a
number that can be assigned the units of energy but as the interest, here is the damage and the constant of

proportionality is not of importance.

2.8 System Configuration

Both stand-alone and grid connected generator systems are studied. For both the types of distribution

systems two configurations are studied. They are as follows.

I)Configuration 1: One of the generators high resistance grounded and the other left

ungrounded.
2)Configuration 2:Both the generators high resistance grounded.

For the grid connected distributed generation, a utility transformer will be operating in parallel with the

above generator systems.

These distributed generation systems provide us with reasonably good and complex systems to study and
very closely represent distributed generation systems operating in the real world. In addition, using two
generators gives us an option of increased reliability if one generator is disconnected in the case of a fault.

In the following study the stand alone generation is studied first.

13




2.8.A. Configuration 1: Only One Generator Grounded
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Figure 2.3. Schematic of Configuration 1

As shown in Figure 2.3 in this study both the generators are grounded. The various components are as

follows:
CGENAI, CGENBI and CGENCI are the stator inter-winding and the generator surge capacitances

for the generator 1.
CBUSA1, CBUSBI and CBUSCI are the bus to ground capacitances of the cables connecting the

generator 1 to the bus.
CGENA2, CGENB2 and CGEN? are the stator inter-winding and the generator surge capacitances

for the generator 2.
CBUSA2, CBUSB2 and CBUSC?2 are the bus to ground capacitances of the cables connecting the

generator 2 to the bus.
RI, R2 and R3 comprises the load (resistive model)
RGND - the grounding resistor for the first generator

2.8.B. Configuration: 2 Both Generators Grounded
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Figure 2.4 Schematic of the Configuration 2
In this study, both the generators are grounded. As seen from Figure 2.4, the generator 1 is grounded with

the grounding resistor RGND and the generator2 is grounded with resistor RGNDI.

15




2.8.C Grid Connected Distributed Generation Configurations The above configurations are also studied

when connected with a utility transformer in parallel. The utility transformer is a Delta ~-Wye connected

transformer. Here the configuration 2 is shown.
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Figure 2.5 Grid Connected Distributed Generation set up for configuration 2
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2.8.D Calculation of the value of the grounding resistor 2.4, 2 Ideally, the neutral resistance is to be as large

as possible to minimize the line to fault ground current. However, the capacitive charging currents of the
electrical system connected to the generator dictate the maximum resistance size. To avoid the build up of
destructive over-voltage caused by re-striking phenomena during single phase —to-ground fault, the
resistive fault current shall be larger than the capacitive charging current. [2.1,.5, 2.8]. Therefore, the
equivalent neutral grounding resistance RN shall be less than the system relevant capacitive reactance. In a

three-phase system(R, Y and B) grounded at the neutral, the total charging current

IR
R <~
YY"
\J/ I 3leo
= -
Y
7YY
Tir Ry
= B
| Y Y Y "
lac ‘Llyc K !

Figure 2.6 Fault current distribution

Ey By 2120
XCO XCO l

Charging current = II sc+1 ycl = l [2.2]

E
- V3L 3B gy [23]

co X co

where
Igc B-phase capacitive charging current;
Iyc Y-phase capacitive charging current;
E,; line-to-line voltage;
E; line-to-ground voltage;
Xco line-to-ground charging capacitive reactance;

Ico line-to-ground charging current

As I, >31,, [2.4]
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I = T [2.5]
E
d 31, = 2.6
an co Xco [2.6]
3
Hence, it follows that
R, < Xco [2.7]

To calculate Xco, the charging capacitances should be identified these include: the stator inter-winding
capacitance, generator surge capacitor and the cable capacitance. The generator surge capacitance and the

stator inter-winding capacitance are represented as a single lumped parameter.

Based on the above principles the grounding resistor for a single generator was designed taking the
generator capacitance per phase as 0.49uF and the bus capacitance as 0.03uF. This results in a capacitive
reactance of 5101 and as the grounding resistor’s maximum value has to be a third of the capacitive

reactance it is calculated as 1700 ohms.

A value of 1400 ohms was chosen for the purpose grounding of the generators when it is only one of the
generator is grounded. When both the generators are to be grounded a grounding resistance of 700 ohms

each is used to ground the generators as this will tend to keep the fault current lower.

Initially this value of the grounding resistor was tested on a stand alone two-generator system. This was
done with a single line to ground fault. The results were analyzed for the charging current. This result is

presented in Figure 2.7.
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Figure 2.7 Capacitive Charging Currents and System Ground Current for a single phase

to ground fault

As seen from the figure the resistive current is greater than the system capacitive current, which is an
indication that the grounding has been designed correctly, this is an essential requirement of the high-

resistance grounded system.

For the configuration 1 it is all right if the grounding resistor is 1400 ohms, it accounts for the full system
capacitance. This value can also be used for grounding of generator 2 in configuration 2. This will cause
the capacitance to be overcompensated and hence it will allow a higher value of fault current. Hence, to
avoid this when configuration 2 is simulated both the generators are grounded using resistance of 2800

ohms.

2.9 Simulation Results

This section provides simulation results for the single phase to ground faults on the the systems under

consideration. The parameters for the capacitances and the inductances of the line are givenin Table 2.1.

Table 2.1 Critical System Parameters

CGENA, CGENB and LBUS=0.007 H
CGENC=0.49UF

CBUS=0.03UF

RGND CALCULATED= 1700 ohms
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‘phase-a’, which corresponds to the voltage V1 the voltages of phases ‘b’ and ‘c’ are V2 and V3
respectively. The fault is initiated at 10 seconds, which gives sufficient time for the system to come to
steady state. As seen from Figure 2.7 the plot the voltage of the faulted phase goes to ‘0’ at the incidence of

the fault and the voltages of the healthy phases rise to 1.732 or V3 times the normal value.

2.9.A. Fault Studies on Configuration 1: One generator grounded The fault is set to occur on the bus on
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Figure 2.7 Terminal Voltages for a bus fault

Similarly, Figure 2.8 shows the neutral voltage rising to the predicted line-neutral voltage level. There are

minimal transient effects on either the neutral or phase voltages.
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Figure 2.8 Voltage across the neutral grounding resistor
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Figure 2.9 Fault Current for a bus fault.

The plot of fault current, Figure 2.9, shows that the peak value of the fault current is 0.0307 p.u., which
corresponds to an actual value of 9.8 amps. This is an acceptable value of the fault current when high

resistance grounding of a generator is used.

2.9.B Fault studies on Configuration 2: Both generators grounded With both generators grounded, the

single phase to ground fault is virtually identical to the previous case. The grounding resistors were chosen

to obtain the same fault current as with a single generator grounded, and this level was achieved.

2.10 Location of Faults Based on the Power Signals

The previous section has shown that a single phase to ground fault on the high impedance grounded system
causes significant changes in the phase to ground and neutral to ground voltages. The are readily detected.

It is generally difficult, however, to determine the location of the ground fault.

Power flow direction is one parameter that is readily measured. The use of power flow direction to
determined the location of single phase to ground faults is investigated in this section. If the currents
flowing out through the terminals of the wye connected generator are I,, I, and I, and the voltage at the
neutral of the generator is Vg,4; then the faults can be isolated on the basis of the power function P (1)
where P (t) is defined as

P(t)=(T+lp+ 1) * Vg [2.8]
This measurement can be readily made. Where practical, the summation of the generator terminal current

could be performed with a single window type current transformer, which would provide a highly accurate

measure of the summation of these currents. Where this is not practical due to physical or reliability
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constraints, the current transformer secondary currents can be added to obtain the sum. As the current

transformer duty is low in this case, sufficient accuracy should be obtainable.
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Figure 2.10 Power Function Plot for a bus fault, one generator grounded.

2.10.A. Configuration 1: Generator ! grounded. Figure 2.10 shows a plot of the instantaneous power for
both generator 1 and 2, for a bus fault. Recall that in this configuration, the generator 1 neutral is

connected to a grounding resistor, while the generator 2 neutral is floating. As seen from the figure we see
that for a bus fault the average power sensed at generator 1 is negative and the average power sensed at

generator 2 is ‘0°.

Figure 2.11 shows a similar fault located on the generator 1 terminals, within it’s zone of protection. In this
case, both generators 1 and 2 show no average power. This is expected, as the zero sequence power flow in

this case is entirely within the generator 1 zone of protection.
The situation for a generator 2 terminal fault is shown in Figure 2.13. In this case, the zero sequence power

flows from the fault point, out the generator 2 terminals (resulting in a positive power flow on generator 2),

and in the generator 1 terminals to the grounding resistor (or a negative power flow out of generator 1),

22




--r

doee

qem-

P N ey

v
O i

0
b

15.08s

T

T
’
S S LLCIEX RS T

1k.08s

U
'Eel)gra

Nor----r--q--=i---r--

0
‘

cmepacdecatecapucmencqanctaccaaaqann

T
'
T
i
.
'
)

i
T R B S TET-CTTr AR
'

O U(XGEN2.1000)=( 1{LBUSA2)+ I(LBUSB2)+ I(LBUSC2))

bogooctnan

-5

28l

12.08s 13.008s
o (I{LBUSA1)+ I(LBUSB1)+ I({LBUSC1))» U(XGEN1.1008)

11.08s

18.08s

Time

Figure 2.11 Power Function Plot for Generator 1 terminal fault.

1
2

P T CEEE EEPE EPEY PEPE RS

0
1}

T e e

i H '
1%.0s

edecedenadaccdeceadenada

B GLLE CO PR DY I

R Rk Shbl bhdeh

[ .

[SFPEN PRSI SR PR N s P

[ P

13

JE Spi

U F R e

H

waferato-+-

12

'
[ T A

L R R L LE T

+

Y
i

1

M

11

10.8s

R S R T T Y ST ELE! LAY TEL

R T T s

o (I(LBUSA2)+ I{LBUSB2)+ I{LBUSC2))= U{XGCEN2.1800)

U PRI (R (U AP S, R

Time

1.1088) »(I(LBUSA1)+ I(LBUSB1)+ I(LBUSC1))

Figure 2.12 Power Function Plot for Generator 2 terminal fault.

Table 2.2 Summary for power function plots for stand-alone DG configuration 1.

Average Power at Gen. 2

Zero

Zero

tive

Posi

Average Power at Gen 1

1ve

Negat

Zero

tive

Nega

Fault Location
Bus fault

Generator 1

Generator 2

2.10.B. Configuration 2

: Both generators grounded. A similar logic applies when both

thm senses zero sequence power flow.

i

generators are grounded. The sensing algor
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Table 2.3 Summary of the zero sequence power flow for single phase to ground
faults when both generators are grounded.

Fault Location Average Zero Sequence | Average Zero Sequence
Power flow OUT OF | Power flow OUT OF
Generator 1 Generator 2

Bus fault Negative Negative

Generator 1 Positive Negative

Generator 2 Negative Positive

This flow is generated at the point of the fault, and flows toward the grounding
resistor(s). Table 2.3 shows that for a fault outside of a given generator zone of
protection, power will flow toward the grounding resistors in all cases, providing a ready

method of detecting the presence of a fault within a given generator zone of protection.

2.11. Estimation of Stator Damage due to Single Phase to Ground Faults
Generator damage can result during winding faults, depending on the magnitude and
duration of the fault current. In particular, it is important to avoid or minimize damage to

the stator core following an insulation failure on the winding. the fault current.

All the faults are initiated on the terminals of the generator 1 in this study. The circuit
breaker can be modeled as a switch that has a low resistance when it is closed, about 0.01
p.u. This is small when compared to the resistance of the load and therefore does not
effect the operation of the system in any way. When the switch is opened it has a
resistance which is very high in our case it has a resistance of 1000 p.u. The circuit
breaker operation is simulated after the fault has been on the system for 5-6 cycles as this
is approximately the time, which circuit breakers operate in most power systems. This
time includes the time to sense the fault and the time for the operation of the breaker
[2.12]. Equation 2.1 describes the level damage which can be expected from a given

fault. In cases where the fault transient small, Eq. 2.1 can be evalated as the product I*t.
Figure 2.13 shows the damage parameter for configuration 1, which involves one generator being high

impedance grounded and the second one being ungrounded. The fault is initiated on the system and the
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This Pt.level is consistent

faulted generator is disconnected after the fault is on the system for 6 cycles.

with unit connected generators which employ a high impedance grounding system, and is known to

minimze the level of stator damage.
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Figure 2.13 Plot of Damage Configurationl without the utility source.

where both generators employ a high

Figure 2.14 shows the same fault conditions for the configuration 2

impedance grounding system:
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Figure 2. 14 Plot of damage for configuration 2 without the utility source.

from this we can draw two

The damage index for both the configurations is identical at 0.865e-6 p.u,

conclusions: that if we are high resistance grounding the generators and they are feeding a load on a stand

alone basis, the damage associated with them is the same and it does not depend on the number of grounds

on the system, it was said in [2.7] that the damage increases with the number of grounds on the system, but

this is shown to be a design feature.
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2.13 Conclusions

This study explores high impedance grounding systems for a pair of direct connected generators. Two
configurations are considered—a grounding resistor used on a single generator neutral, with the other
neutral floating, and a grounding resistor deployed on both generator neutrals. The study suggests that both

options are technically feasible.

There are a number of practical reasons that employing a high impedance ground on both generators is
preferable, however. The power system must be built to function both with the generators paralleled and
the generators operating separately (or with one generator supplying the entire load). This dictates that a
grounding resistor must be present on both generator neutrals. Operating in configuration 1, with only one
generator grounded, would require that the other generator neutral resistor be switched out during parallel

operation.

When the system is designed so that both generators have a neutral resistor when operating in parallel,
there is no need to provide for switching the generator neutral resistor. In this case, the grounding resistor

for each generator can be sized appropriately with respect to the stray capacitance of that unit.

Secondly, fault sensing is more straightforward when both generators are grounded. Table 2.3 shows that
zero sequence power flows into the generator terminals only when the fault is within that generators zone
of protection. Table 2.2 shows a more complex situation for Configuration 1.

Finally, it is believed that the advantages of having a suitable high impedance grounding system on every
generator will become more pronounced in cases where more than 2 generators are directly connected to a

common bus. With proper design of the grounding resistors, this need not lead to increased stator damage.
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Chapter 3

Novel electric drive with power-regenerating
capability: modeling and simulation

3.1 Introduction.

Recently, electric drives play an important role in marine, rail and other transportation systems. There are
many advantages of using electric propulsion in seagoing vessel, as compared with the traditional shaft
driven propellers. A great amount of work has already been done not only conceming the individual
components ([3.1], [3.2], [3.3], [3.4]), but also focusing on power quality [3.5]. However, all these studies
deal with the most common electric propulsion option, which includes a constant speed generator supplying

a fixed voltage/fixed frequency three-phase bus. A PWM drive is used to control the propeller shaft speed.

An alternate electric propulsion system was recently proposed [3.6], which employs a variable voltage
variable frequency system (VVVF) as shown in Figure 3.1. The proposed system utilizes a direct
connection between the variable speed generator and the propulsion motor, thereby avoiding both the ac-dc
and dc-ac conversion required by previous schemes. This provides significant potential advantages in

efficiency, space required, and cost.

This paper presents an in depth analysis of the proposed VVVF system, including detailed modeling of the
gas turbine and propeller. Additionally, the ability of this VVVF system to respond to pulse loads is
investigated. Results clearly show that the proposed system has power regenerating capability and good
stability under large pulse load conditions. During pulse conditions, the VVVF drive is able to draw kinetic
energy from the turbine-generator, the propulsion motor and propeller, and the hydrodynamic propeller

load.

Based on the conceptual diagram of Figure 3.1, the system is divided into three parts for analysis and
\modeling convenience: the gas turbine/generator unit (A), the propeller motor and its hydrodynamic load
(B) and the AC/DC converter for ship service load (C). The propeller speed is controlled by the turbine.
The drive motor will operate at the same speed as the turbine, in the case of a synchronous motor, or at a
slight slip, in the case of an induction motor. The generator and motor will be electromagnetically
compatible, so that an essentially fixed field current in the generator will result in appropriate voltage and

flux levels in both the generator and the motor.
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Figure 3.1 Conceptual Diagram VVVF

3.2. Analysis and Modeling

3.2.A__Gas Turbine/Generator Unit. Figure 3.2 shows the variable voltage/frequency turbine/generator

unit. The masked “Governor” block consists of the typical excitation system, turbine speed governor
system and some necessary standard SimPowerSystems measurement blocks. The synchronous generator is
based on sixth-order state-space model and rated 3.125MVA, 2.4KV, 60 Hz, 3600 rpm. The generator
rating is taken as VVVF system base for per unit calculation. The generator terminal voltage (pu) is
proportional to the turbine speed, or system frequency. This is the essential feature of variable voltage

variable frequency (VVVF) system.

ay

Figure 3.2 Generator/Diesel Engine Unit
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Table 3.1. Synchronous Generator parameters in pu

Rotor type

Salient-pole

d-axis synchronous reactance X,

1.56

d-axis transient reactance X, 0.296
d-axis subtransient reactance X," 0.177
g-axis synchronous reactance X, 1.06
g-axis subtransient reactance Xg" 0.177
Leakage reactance X, 0.052
d-axis transient short circuit time constant 3.7
7,'(sec.)
d-axis subtran. short circuit time constant 0.05
T," (sec.)
g-axis subtran. open circuit time constant 0.05
T,"(sec.)
Stator resistance R, 0.0036
Coefficient of inertia # 1.07
Friction factor £ 0
Pole pairs p 2
Initial speed deviation Aw(%) -99.99
Initial electrical angle of the rotor 4, 0
Initial line current magnitude i_,i, i, 0,0,0
Initial phase angles ph,, ph,, ph, 0,0,0
Initial field voltage 7, 1.0
Table 3.2. Excitation System Parameters
Low-pass filter time constant 7, (sec.) 20e-3
Regulator gain and time constant X, (pu), 7, (sec.) 200, 0.02
Exciter gain and time constant X, (pu), 7, (sec.) 1,0
Transient gain reduction time constants 7, , 7, (sec.) 0,0
Damping filter gain and time constant k,(pu), 7, (sec.), 0.001, 0.1
Regulator output limits £,,, (pu), £,,,, (pu), £, (pu) 0,6,0
Initial terminal voltage and field voltage ¥,, 7,, (pu) 1,1
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Table 3.3. Turbine Governor System Parameters

Regulator gain X (pu) 40

Regulator time constants 7;, 7,, | 0.01,0.02,0.2

T, (sec.)

Actuator time constants 7, T, T, 0.25, 0.009,
0.0384

Torque limits 7., 7., (pu) 0,1.1

Turbine time delay 7, (sec.) 0.024

Initial value of mechanical power | 0.000270

B, (pu)

The parameters of synchronous generator, excitation system and turbine speed governor system are directly

from [3.7], and given in Tables 3.1, 3.2, 3.3, respectively. Per unit values are to the generator base.

3.2.B Propeller Motor and its Hydrodynamic Load. The electrical part of the propeller motor is represented
by a fourth-order state-space model and the mechanical part by a second-order system. All stator and rotor

quantities are in the arbitrary two-axis reference frame (dq frame). The propeller load is designed to draw
the system power of 0.9 p.u. at rated shaft speed. The parameter’s of induction motor are converted into per

unit with reasonable enlarged inertia constant corresponding to higher rating in our case study.

In this research, the propulsion model is based on a simplified dynamic thruster model discussed in
Refernce [3.8]. This model includes the dynamic flow effects that occur during increase or decrease of the
thruster shaft torque. This model has been validated under standstill conditions. It is somewhat less
accurate under more general conditions, but still provides sufficient information for the purposes of this

study.

The propulsion model is:
v, = (paly)"'T ~(paly)" (Appa, |v,|
T = Lcos(@)— Dsin(6)
0 = 0.7rLsin(6) + Dcos(6) 3.1
Where:

v, =0.7rQ

6 =tan™ (1}—"—)

v

1]

a=p-0
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v=v 2 +(0.77Q) (3.2)

The lift and drag forces L and D in Eq. 3.1 are computed by employing a truncated Fourier approximation

as:

L= % pviaC, . sin(2a)

D= % pviaC,,.(1-cos(2a)) (33)

Parameters of the propeller motor and propeller system are given in Tables 3.4and 3.5, respectively:

Table 3.4. Propeller Motor Parameters

Stator resistance R, 15.7¢-3
Stator leakage inductance I, 0.123
Rotor resistance R, ' 11.9¢-3
Rotor leakage inductance L, * 0.123
Mutual inductance L, 7.07
Inertia constant H 0.5
Friction factor F 0

Pair of poles p 2
Initial slip s 1
Initial electrical angle 4, 0
Initial stator current magnitude i,,i,,i, 0,0,0
Initial phase angles ph,, ph,, ph, 0,0,0

Table 3.5. Propeller System Parameters

Density of water p 998
Duct (axial flow) length / 1.0
Added mass coefficient » 2.0
Flux coefficient Ag 1.86
Radius of propeller r 1.1
Thruster duct area a 3.85
Propeller blade average pitch p 0.39
Max. Lift coefficient C,, 0.542
Max. Drag coefficient C,_, 1.25

The input to the propulsion model is the propeller shaft angular velocity 2, and the output is the propeller

shaft torque O . This quantity is converted to per unit on the system base, for input to the induction motor
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model. Notice that the propeller angular velocity at full load is assumed to be 9.84 rad/sec or 94 rpm when
neglecting the gear losses. Finally, the propeller motor and hydrodynamic load system is shown in Figure

3.3.

3.2.C AC/DC Ship Service Load Converter. For our case study, the ship service power is fed by an AC/DC

converter. The steady ship service load is assumed to be constant at 0.1 p.u. power throughout this study.

—A
is_abc

—pB
mi—p=im wm

—PpC
Te

Tm
IM p.u. Machines
Measurement

thruster model

Figure 3.3 Propeller
Motor/Hydrodynamic Load

Figure 3.4 shows the simplified converter topology.

Vee I

sa

'y
=

va, vb,ve vd‘c

Figure 3.4 Three-phase PWM AC/DC
Converter Topology
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The DC bus voltage ¥, is sensed and compared with a reference value ¥, which is the desired DC bus
voltage (1.0 pu). The voltage error is processed by a PI controller. The limited output of the PI controller is

considered as one magnitude component of three-phase reference input currents i, i, i, which keeps the

actual DC bus voltage 7, close to the given value ¥,.". Another magnitude component of i, i;, i is the
DC load current /, which balances the AC power flow in and DC power flow out. The sinusoidal phase
reference is obtained from sensed three-phase voltagev,,v,, v, to ensure the reference input three-phase
currents i,, i, i, are in phase with the three-phase voltage. Since this converter topology ensures that the

three-phase current injected into the hysteresis current controller (HCC) is sinusoidal and in phase with

system voltage, the system can be essentially treated as three-phase balanced system.

The processor P and multiplier M implement algorithm to develop the three-phase reference currents

i_,i,,i" . The voltage magnitude ¥,, is calculated base on the three-phase balanced voltage equation;

V.=, ’%(vaz +v,,2 +vC2) (3.4

An initial study showed the ability of the hysteresis controller to regulate the dc bus voltage. This study
also showed that the filtering was sufficient to reduce the high frequency impact to acceptable levels. For
the subsequent system studies, this model was overly complex, and a fast simulation model of the PWM
was developed which has sufficient accuracy for the purposes of this study. It is known that the switching
frequency quantities do not have an impact on the system dynamic performance, particularly when the
instantaneous output voltage ripple is made small by design. What we are really concerned about is the
continuous-time dynamic behavior of the system. Thus a continuous-time state space model, or state-space
averaged model, can be employed to represent the PWM converter while reasonably neglecting the

switching frequency response.

Reference [3.9] presents a circuit averaging model for a DC converter. The averaging model for the HCC

controlled converter of this study is shown in Figure. 3.5.

- | !
Figure 3.5 Fast Simulation Model of HCC
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In Figure 3.5:

D,'=1-D,
D,'=1-D,
D.'=1-D, (3.5)

Where D,,D,, D, are the controller averaged duty ratios of phase a, b and c.

According to KVL:
L%iti =v,-D 'V,
L% =v,—-D,'V,
L‘Zt‘ =v,-D,'V, (3.6)
According to KCL:
Cf%/t’ic—zDa'ia+D,,'i,,+Dc'ic—-IL 3.7

The input is three-phase voltage and current supply as follows:

v, =V _cos(wr)
2
v, =V, cos(wt —-3—7:)
2
v, =V cos(wt +§—7r) 3.8)
. . 2
i,=1, cos(wt) i, =1 cos(wt -—-3-7[)
. 2
i=1I, cos(a)t+§7r) 3.9
Combining Equations (3.6) and (3.7) with (3.8), (3.9), eliminatingD,',D,',D,' and employing
trigonometric conversion, we obtain:

W ol _

I 3.10
a w, * 3-10)
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Equation 3.10 reveals the state-space averaged relationship between three inputs state variables: the bus

voltage magnitudeV,, , injected current magnitude I, and converter output DC current/, , and an output
state variable: converter output DC voltageV, . Although the three-phase HCC topology is complex, the

averaged expression is valid for dynamic studies, and is greatly simplified.

The HCC fast simulation model (3.10) is implemented in Simulink as shown in Figure 3.6. The current

injected into the HCC is implemented using a controlled current source regulated by the reference

currentsi,, i,, i. as shown in Figure 3.5.

o s By

2
Iﬂ
capacitor
[-]

Figure 3.6 Implementation of Fast

3.3. Simulation Results

3.3.A. Fixed Pitch Propeller There are two critical aspects of the proposed VVVF system—the ability of the

propulsionsystem to accelerate the propulsion load, and it’s ability to serve pulse loads. Figures 3.7
through 3.10 present the results of a typical study which includes both of these events. Beginning at time
zero, the system accelerates to rated speed. At some point as the drive accelerates, the HCC controller is
able to regulate the dc bus voltage. Following this, at a simulation time of 2 seconds in these cases, the
ship service load of 0.1 per unit is applied. A pulse load of magnitude 1.67 per unit and duration of 1
second is applied at 10.5 seconds. The propulsion steady ship service load models are as described in the
previous sections. The pulse load is fed from the same dc bus as the steady ship service load. This
particular case shows a pulse load which is the maximum pulse that the system can support under this

operating condition.
Figure 3.7 shows the induction motor current throughout this period. There is a brief startup transient with

low frequency currents, followed by a period when the current magnitude (and frequency) increase as the

propeller speed and load increase. The drive takes about 6 seconds to accelerate to a steady state load. The
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pulse load results in a significant reduction in motor current draw, and a short period of high current as the

motor reaccelerates after the pulse load is removed.

Figure 3.8 shows the generator and motor speeds (in per unit) over the same time period. Following a brief
high slip period at time 0, the generator and motor accelerate together to the steady state. They decelerate
together during the period when the pulse load is on (10.5 to 11.5 seconds) with a short period of negative
slip at the end of this period. During this period, the motor operates as a generator, providing energy to the
pulse load. This in turn allows the system to support a larger pulse load than would otherwise be the case.
Once the pulse load is off, there is again a brief period of high slip as the motor accelerates, followed by a

low slip acceleration back to the steady state speed.

The generator and motor electrical torques are shown in Figure 3.9. The initial acceleration is apparent in
this plot, as is the point at t=2 seconds, where the ship service load is turned on with minimal transient.
When the pulse load is initiated at 10.5 seconds, the response of both the generator and motor torques is
nearly instantaneous, with the generator picking up torque, and the motor dropping torque. These torques
then vary slowly as the system decelerates, with a negative torque starting at about 11 seconds. At the

conclusion of the pulse load, the system reaccelerates, in a similar fashion to the initial acceleration.

Figure 3.10 shows the dc bus of the ship service load. At very low speeds, this bus cannot be regulated. In
actual practice, the ship propulsion would be started with the turbine generator operating at some point
above this minimum speed, by switching in the propulsion motor. The switching in of the 0.1 pu steady
ship service power creates a minimal transient at 2.0 seconds. The pulse load, however, does create a
significant transient at 10.5 seconds. This is a dual effect of the drop in frequency and the loading of the dc
bus by the pulse load. This particular case shows a significant drop in voltage during the pulse, and is the

limiting parameter of this case.

Regardless of initial speed and loading, the power system will collapse at some level of pulse load due to
the large transient currents. This is referred to as the critical pulse load. A simulation on the pulse load
response of the VVVF system was done with parameters given in Section 3.2. Two cases were evaluated
in this study, to determine the critical pulse load for the system with the drive motor on, and the critical
pulse load when the ship is at standstill and the drive motor is switched off. Table 3.6 shows the results of
this study, over the speed range of 0.4 to 1.0 per unit. Table 6 shows that this system has significant pulse
load capability in both operating modes. With the propulsion system off-line, the pulse load capability
ranges from 0.4 to 1.5 per unit, depending on the generator speed/frequency. Table 3.6 also shows that the
pulse load capability actually increases when the propulsion motor is on. This is due to the ability of the

propulsion system to feed energy to the pulse load during this period.
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3.3.B. Variable Pitch Propeller The study also considered cases involving variable pitch propellers, in

order to determine if the potential impact of this technology on the ship’s ability to serve pulsed loads.
This phase of the study assumed that the propeller pitch could be changed with an 0.5 second time constant.
Figures 3.11 through 3.14 plot the motor current, generator/motor speeds, corresponding electrical torque
and AC/DC converter output voltage curves showing the response to a pulse load of 2.09 pu. In steady-
sate, the system operates at some speed with 0.1 p.u. constant DC load connected. These figures show the
critical pulse load for an initial generator speed of 1.0 pu and an initial ship service load of 0.1 pu. A
change in pitch is initiated 0.5 seconds before the pulse load comes on. At t=10.5 s, a pulse load lasts for 1
second. The pitch is changed back to its steady state setting when the pulse load goes off. These plots show
a similar response to the fixed pitch plots, with minor exceptions. The primary change in the nature of the
plots is in response to the change in pitch initiated at 10.0 seconds. The pitch change does, however, result
in a significant improvement in the magnitude of the pulse load that can be served. The critical pulse load
values for the variable pitch case are shown in Table 3.6, along with the previous results for the fixed pitch

case, and for the standstill case.

As Table 3.6 shows, over the full range of speeds considered, there is approximately 10% critical pulse
load improvement with FPP system, and 35% with VPP system at higher speed. In any case, this drive
system has significant pulse power capability under all of these scenarios, and it can serve this load with

very little impact on the propulsion system.

Figure 3.7 Propeller motor current at critical pulse load case (FPP)

38




SR

.
3

Figure 3.10. Converter output DC voltage at critical pulse load (FPP)
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Figure 3.11. Propeller motor current at critical pulse load case (CPP)
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Figure 3.12 Generator and motor speed at critical pulse load (CPP)

Figure 3.13 Generator/motor electric torques at critical pulse load (CPP)
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Figure 3.14. Converter output DC voltage at critical pulse load (CPP)

Table 3.6. Comparison of Critical Pulse Load with/without Propeller Motor

Speed (pu) Critical pulse | Critical pulse
load  without | load with
propulsion propulsion
motor (pu) motor (pu)

0.4 0.34 0.42

0.6 0.67 0.86

0.8 1.05 1.40

0.9 1.26 1.73

1.0 1.49 2.09

3.4. Conclusion

This chapter focuses on the dynamic performance of a variable voltage, variable frequency (VVVF) ship
propulsion system. In particular, the ability of this system to serve significant pulse loads is investigate.
The VVVF system operates with a direct electrical connection between the generator and propulsion motor,
reducing size, cost, and losses of this system. The system employs an ac-dc converter to serve the ship
service load. The ability of this system to provide propulsion power and ship service power has been
investigated. It is shown that the steady state ship service load can be served improvement as long as the
turbine-generator speed is maintained above a certain value. The ability for the VVVF scheme to serve
large pulse loads has been investigated, with the study model based on a 3.1 MVA generator. The study
suggests that the VVVF has the capability of serving large 1 second pulse loads under a variety of
propulsion considerations, up to a value of twice rated generator power. The study suggests that the critical
pulse load increases when the ship is underway, due to the regeneration of power by the drive motor. We
summarize and conclude the advantage of variable voltage/frequency drive system (VVVF) here:

1. VVVF can reduce system cost, size and complexity by eliminating the high power derive

rectifier/converter system and auxiliary system.
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2. VVVF has improved efficiency at steady-state over common fixed voltage/frequency

system.

3. The VVVF system will have the ability to serve significant pulse loads over a wide

variety of operating conditions.

These study results indicate that there are significant advantages to VVVF ship propulsion. Large scale
tests of this type of system should be pursued, particularly as regards to the pulse load capability of the

system.
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Chapter 4

Improved Motor Starting Capability of Three Phase
UPS Inverters

4.1. Introduction

Induction motors form a considerable portion of industrial loads; accounting for as much as 75% of the
system load[4.3]. Increasingly in specialized power systems, fixed frequency inverters are supplying
general loads, which include induction motors. These applications include stand large uninterruptible
power supplies (UPS), as well as installations where advanced generation technologies, such as fuel cells,
photovoltaics, and microturbines, are operating in the stand-alone mode. These inverters have sharply
reduced overload capability as compared to standard grid fed distribution systems. Induction motor starting
current can easily overload such an inverter, if the system is not properly planned. In many cases, the size
of the largest motor that can be fed by the inverter is limited, and the inverter must be derated to allow for
motor starting. This paper investigates the development of a current limiting strategy to overcome this
effect. In the following sections, two current limiting algorithms are introduced. The effectiveness of these
algorithms is investigated through simulation, and their relative merits are discussed. It is concluded that
either method would provide improvements in motor starting capability in these situations, and would

reduce the level of inverter derating that is required.

4.2 System Description

4.2.A. System Model In the case of stand-alone distributed generation systems and large uninterruptible

power system (UPS) installations, a PWM inverter feeds a set of general loads with standard frequency and
voltage magnitude requirements. This application is quite different from motor drive applications, where a

single induction motor is directly connected to the inverter, and no parallel load is permitted.

When fed by a source with fixed frequency and voltage magnitude, the starting current of three phase
induction motors is typically about 6 to 7 times of the rated motor current. This level of inrush current will
definitely overload the inverter when the motor rating is a significant fraction of the inverter rating. In a
simplified example, for a 100 KVA inverter, a 1 KVA induction motor would have a starting value of 6
KVA, so the maximum parallel load in this case is approximately 94 KVA in order to avoid overloading
the inverter during motor starting. The total load rating include parallel load and induction motor in normal

running condition is 95 KVA as 95% of the inverter rating. With the same inverter but increasing the motor
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size to 10 KVA, the maximum parallel load rating in this case to avoid overloading the inverter is
approximately 40 KVA, to allow 60 kva inrush current. The steady state loading of this inverter would

then be limited to the maximum parallel load plus the motor load—in this case around 50% of the inverter

rating.

This study proposes a new inverter control method that will improve the large motor starting capability of
these inverters. The proposed controller introduces a current limiter into the inverter control algorithm.
With its control, the inverter output voltage is decreased as the inverter current approaches the limit level of
current limiter. A simplified block diagram of the system is shown in Figure 4.1. The controller reduces
the total inverter current during motor inrush by introducing a voltage sag at the inverter terminals. The

controller must be designed so that these voltage sags allow successful motor starting, and do not affect the

parallel load.

Another possible control strategy would be to adjust the inverter frequency during motor starting, within

the standard limits. A preliminary study of this frequency modulation indicated that voltage reduction was

the more effective approach.

PWM
Inverter

A

An idealized inverter model is used in this

study. The model is based on the state space

Parallel average theory [4.4-4.5], which neglects the
Load
b PWM frequency effects of the inverter. In this

voltage command phase current model, the inverter is considered to
D instantaneously implement the controller
command voltage on a short term average basis.

This model is accurate for three phase voltage

source inverters, without regard to their
Figure 4.1. Inverter Control Block &

Diagram topology and PWM strategy, when the inverter

switching frequency is at least 20 times the

inverter fundamental output frequency.

The induction motor in this study is simulated with a flux linkage based dq axis model, with 4 electrical

states[4.1, 4.3]. The model study was conducted using Pspice circuit simulation package.

4.2.B. Control Methods Power electronic inverters have limited short term overload capability. As a

result, there are many applications where an inverter must be derated, in order to allow sufficient margin
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during motor starting. In this study, a method of avoiding overcurrent situations is investigated which

involves reducing the inverter output voltage as the current limit is approached.

Two methods of implementing the current limiter were investigated in this research.
1) Method I: Method 1 uses the rms current magnitude as the controlling variable and controls the rms
voltage.

This method results in balanced, sinusoidal voltages during overload conditions.
2) Method 2: Method 2 uses the instantaneous phase currents as the controlling variable in the limiter and
controls the instantaneous voltage of each phase independently.

This method results in distorted voltages which could have a slight imbalance during motor starting.

4.2.C. Controller Settings For the purposes of this study, the following parameters have been defined:

A: inverter rating, in per unit to the motor base;

C: parallel load rating, in per unit to the motor base;

A A
1.0 s
Voltage |\
Amplitude |
Multiplier ! \
A

Inverter Current

Figure 4.2. Limiter Table Settings.
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TABLE 4.1.

COMPARISON OF METHOD 1 AND 2 FOR A=3

Method R V.. (per I, (per T, (second) | VTHD
unit.) unit)

1 0.33 0.53 1.19 0.84 0

2 0.33 0.66 1.40 0.59 29.5%

1 0.67 0.48 1.21 1.17 0

2 0.67 0.60 1.45 0.77 31.3%

I 1ms 15 Per unit value to the inverter base. The motor rating is 1/3 of inverter rating. Parallel load rating is R of the inverter

base. VTHD is total voltage harmonic distortion rate. T; o i motor accelerating time.

TABLE 4.2
COMPARISON OF METHODS 1 AND METHOD 2 FOR A =5

Method R V. (per V.. (per VTHD
unit) unit) T, (second)

1 0.20 0.87 1.12 0.32 0

2 0.20 0.94 1.19 0.29 6.93%

1 0.40 0.77 1.14 0.39 0

2 0.40 0.87 1.26 0.33 11.90%

1 0.60 0.70 1.16 0.49 0

2 0.60 0.81 1.32 0.39 16.70%

1 0.80 0.63 1.17 0.62 0

2 0.80 0.75 1.36 0.46 20.20%

1 yms i Per unit value to inverter base. Motor rating is 1/5 of inverter rating. Parallel load rating is R of inverter base. VTHD

is total voltage harmonic distortion rate. TL o) is motor accelerating time.
R: parallel load rating, in per unit to the inverter base (equals C/A);

m: motor rating to inverter base (equals 1/A);
As mentioned in Section 4.2.A, the limiter design is a function of the inverter rating. In other words,

limiter settings will be proportional to the inverter rating A, the value of A is used to define phase current at

the midpoint of the limiter table height; the corner points of the limiter table are obtained by the middle

point value plus or minus a small deviation A.

The current at the midpoint of the voltage reduction is
X,=12x\2x4 [41]

The factor 1.2 allows for the short term overload capability of the inverter.

Fig. 4.2 shows settings of the limiter table. Preliminary results showed that a value of A= 0.75 per unit to
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the inverter base was reasonable, and that the results were not particularly sensitive to this value.

4.2.D. Comparison Results of Limiter Test results for method 1 and method 2 are shown in Table 4.1, for

the case of inverter rating of A=3, which corresponds to the motor rating being 1/3 of the inverter rating.
Without either limiting method in place, the starting current of this motor would be approximately twice the

inverter rated current, which is not acceptable.

The method 1 algorithm, however, successfully limits this current to an overload of approximately 20%,
even with parallel loads of one to two times the motor rating. In order to accomplish this, the inverter

output voltages are reduced to approximately half of the rated value.

The acceleration time for unloaded motors is shown in the column labeled as Tad . The acceleration time is

increased due to the lower voltage and higher starting current. Also, motors starting with large shaft loads
may not be able to start under these conditions. This was not investigated during this study. On the other

hand, it is clear that this motor could not start without a limiter, even when no other load is present on the

inverter.
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Compared to method 1, method 2 provides higher voltage levels and faster acceleration time. For the
parallel load of R=0.33 pu, the rms voltage is increased from 53.1 % to 65.5% of rated voltage. In a similar
fashion, the acceleration time of an unloaded motor is reduced. To achieve this, however, method 2 creates

significant harmonic distortion levels—VTHDs of around 30%.
Table 4.2 presents the corresponding study results for the case of the inverter rating equal A=S5, which

corresponds to the motor rating being 20% of the inverter rating. Table 4.2 shows similar trends to Table

4.1 with generally lesser sag levels and VTHDs, as could be expected.
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Tables 4.1 and 4.2 show that method 2 tends to have higher rms currents than method 1. The two methods,
however, have the same peak values regarding the inverter currents. Therefore, the comparisons between

method 1 and method 2 are reasonable although they have different inverter current rms values.

The study involved inverter ratings ranging from three to nine times the motor rating. In the following

sections, the range of effects of the two control methods is examined.

4.3. Effects of Limiter Implementation

In order to assess the impact of the voltage sag, the ITIC curve [8] was used. This curve was developed by
the Information Technology Industry Council, and was recently revised from the more familiar CBEMA
curve, which was cited by numerous IEEE standards and other documents. The ITIC curve allows voltage
sags to 70% of the rated values for up to 0.5 seconds, and voltage sags to 80% of rated values for up to 10
seconds. Fig. 4.3 and Fig. 4.4 record the voltage sag levels for the various levels of motor size considered
in this study for method 1 and method 2 respectively. The scale of the vertical axis is the inverter output
rms voltage; the scale of the horizontal axis is the motor accelerating time. The locus of points plotted for a
given m value result from increasing levels of parallel loads. The step curves in both Fig. 4.3 and Fig. 4.4
are part of the ITIC curves. That is for a given case of m the motor has a “good start” with the voltage sag
curves above the ITIC curve and has a “bad start” with the voltage sag curves below the ITIC curve with

limiting methods in place.

Fig. 4.3 shows that motor sizes corresponding to m=0.11 and m=0.14 will not violate the ITIC curve limits
for any loading levels up to the inverter rating. For motor sizes of m=0.25 and m=0.33, the voltage sag will
violate ITIC constraints for any starting situation. In the case of m=0.2, the motor could be started without

violating these criteria as long as the parallel connected load is below a certain level.

Fig. 4.4 shows that method 2 allows for the m=0.2 motor to be started without violations, and the m=0.25
motor to be started without violation for most of the range of inverter loading. Comparing method 1 and
method 2 considering sag levels and acceleration time, method 2 produces less severe voltage sags and
faster acceleration than method 1 does. However, method 2 has high distortion rates. It is unclear how

parallel loads would tolerate these distortion rates for short periods of time.
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Fig. 4.5 presents a summarized comparison among method 1, method 2 and method 0 (no control applied)
for the large motor cases. Method 0 is considered to fail if the motor starting current plus parallel load
current is greater than the inverter rating, when the inverter output voltage is at its rated value. This bar
diagram shows that motor starting performance has been improved by using both proposed control methods

and the instantaneous method is better than the average rms method for attaining a larger good start range

The scale of the vertical axis in Fig. 4.5 is the parallel connected load rating in per unit to the inverter base.
From the bar comparison, method 0 (no control applied) never allows starting for motors rated greater than
20% of the inverter rating, under any parallel loading conditions. With the inverter voltage controlled
through either method 1 or method 2, the unloaded motor is able to start for motor sizes ranging up to 33%
of the inverter rating. When the motor rating is 0.33 per unit to inverter base in both method 1 and method
2, however, the motor is in the “bad start” situation as it violates the voltage sag constraints of the ITIC
curve. When motor rating is 0.25 per unit to inverter base, the motor starting always causes an excessive
sag in method 1 but has the “good start” in method 2 when the connected load rating is less than 0.60 per
unit to the inverter base. When the motor rating is 0.20 per unit to inverter base, the motor has “good start”
in method 2 for the full range of possible parallel loads, and has “good start” in method 1 when other load

is above 0.58 per unit to the inverter base.

4.4 Conclusions

In this study, two alternate methods have been introduced which allow for increased motor starting
capability for fixed frequency inverters feeding general power system loads. Through extensive
simulations, both of these methods have been shown to provide substantial improvements to the loading
serving capability of these inverters. When operating the inverter in its standard mode, the inverter would

be limited to approximately 50% of the steady state full load capability for a motor sized at 10% of inverter
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rating, and would fail to allow any motor to start which is over 20% of the inverter rating, even with no
other load rating. When these alternate methods are implemented, however, the inverter is able to support
full steady state loading when the load mix includes individual motors as large as 20% of the inverter
rating. With the method 2 implementation, this can be done without violating the ITIC curve voltage sag
limits, while this limit would be violated at higher inverter parallel loading with the method 1

implementation. Larger motors can be started at light loads or with ITIC curve violations allowed.

Method 2 provides superior voltage sag performance. This method, however, creates significant levels of
harmonic distortion in the inverter output, with VTHD levels up to 30% in test cases. These levels are
above steady state VTHD limits, but persist only for short times, which corresponding to the motor starting

times. The effect of these short duration high VTHD levels is unknown.
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Chapter 5

The Application Of Wavelets To the Detection Of
Broken Rotor Bars in Induction Machines

5.1 Introduction

The induction machine is essential in many industrial applications. It is therefore desirable to reduce
downtime by employing methods of machine condition monitoring. A widely used method of induction
machine condition monitoring utilizes the steady-state spectral components of stator quantities. These
spectral components can include voltage, current and power and can be used to detect broken rotor bars,
bearing failures, air gap eccentricity etc. Traditionally these techniques have focused on the detection of
faults during steady-state machine operation [5.1], [5.2]. The accuracy of these techniques depend on the
loading of the machine, the assumption that the machine speed is constant, as well as the signal to noise

ratio of the spectral components being examined. The rotor bar frequencies are determined by

k[lgs]:i:s, .1)

f;‘otorbar = f.;

where, k/p=1,5,7,11,13...
f; is the supply frequency,
s is the machine slip,

p is the number of poles.

These frequencies form the stator current spectrum shown in Fig. 5.1 and are present irrespective of the
machine’s condition. The presence of broken rotor bars is indicated by the difference in amplitude between
the fundamental and the left sideband. A difference less than 50dB is an indication of broken rotor bars
[5.3]-[5.7]. The amplitude of the left sideband frequency component of the fundamental frequency is
proportional to the number of broken rotor bars present [5.8). The right sideband component, f;(1+2s),
could also be used in monitoring fault severity. The importance of the stator current frequency components

is well documented in [5.9]-[5.14].
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Fig. 5.1. A typical current spectrum of a fully loaded induction motor with broken

rotor bars.
From (5.1) it is evident that the rotor bar frequencies are a function of the machine slip. If the machine is
unloaded, the slip will be almost zero. The rotor bar frequencies will be masked by the fundamental
frequency and thus make detection difficult. The only solution is therefore to heavily load the machine in
order to separate the frequencies. Overloading a machine is undesirable since it reduces the machine’s
operating lifetime and is not generally under control of the operator. Accurate detection therefore is
difficult at light loading conditions. In addition many machines spend substantial periods at light loading

conditions.

A fundamental disadvantage of the assumption of steady-state speed in condition monitoring is that there
are many applications where constant speed operation is not achieved for example in wind generation or
motor operated valves. In addition, the steady state algorithms focus only on low slips, while improved

detection can be accomplished at high slips.

An alternate approach to the detection of broken rotor bars would be to examine the starting transient of an
induction machine. The advantages would be that the transient has a high slip and high signal to noise ratio,
which implies that the spectral components can be more easily separated. Loading does not affect the
amplitude of the transient during startup. The load only affects the duration time of the startup transient.

This implies that the detection can be done at low loading conditions unlike steady-state techniques.

In [5.15] a method for the detection of broken rotor bars and end ring faults, by examining the starting
transient, is proposed. The detection algorithm is based on steady-state detection techniques by monitoring
the sidebands of the current fundamental. Instead of using the Fourier transform to monitor the sideband
frequencies, a Phase Vocoder [5.16] based on the Short-Time Fourier Transform is used to produce a time-
frequency representation of the starting current. The shortcoming of the Short-Time Fourier Transform is
the fact that it analyses all the frequencies in a signal with the same window and causes resolution

problems. The wavelet transform was introduced to overcome the resolution problems encountered when
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analyzing transient signals using Fourier analysis. A detailed explanation of wavelets applied to power

engineering applications can be found in [5.17]-[5.26].

A challenge of transient analysis is the difficulty in trying to analyze the complex transient startup current
signal. This comprises a non-stationary fundamental frequency as well as non-stationary frequencies

associated with the rotor bars. The rotor bar frequencies are a function of the machine speed slip and

change as the machine runs up.

It is therefore desirable to be able to separate the fundamental frequency from the rotor bar frequencies.
Using a high order notch filter will not accomplish this goal because the fundamental frequency is not
constant. A filter that actively tracks the changing amplitude, phase and frequency is needed to extract the
fundamental from the transient. Once the fundamental frequency has been removed, the residual current

can be examined using wavelets because the entire analysis is done in the transient.

5.2 Description Of the Algorithm
Let u(t) denote a signal comprising a sinusoidal component and some undesired components:
u(t) = u(t) + w (t), (52

in which
u,(t) = A, sin(w,t + 6,) (5.3)

is the sinusoidal component of interest and u,(t) is the totality of the undesired components. The latter

may in general be comprised of noise, transient disturbances, and sinusoidal components at frequencies

other than w, . It is desired to obtain an estimate of wu,(t), denoted by y(t), out of the input signal wu(t).
Least squares error between the input signal u(t) and the estimated sinusoidal signal embedded in u(t),

i.e. y(t), is minimized by the method of gradient descent. The cost function is defined as

J(6,6) = S1ult) ~ s, OF = 22(19), 4

where § € IR" is the vector of parameters, e.g. the amplitude, phase angle and frequency, and is used to

define the output (sinusoidal) signal. The gradient descent algorithm provides a method of adjusting the
unknown parameter 8 so that the cost function J tends to its minimum point. This method is based on the
idea of starting from an initial point and moving any unknown parameter to the opposite direction of the

variations of the cost function with respect to that parameter. If n xn matrix u is defined as

diag{tu,--+, un} in which p;, i = 1---n are real positive constants, then the gradient descent method can

be written as
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do(t) _ _, 9l 00))] (5.5)

dt 86(2)

Fig. 5.2 illustrates the minimization process when achieved using the method of gradient descent in a
simple case of one parameter and a quadratic cost function. This method is guaranteed to yield the desired
solution if the cost function is globally quadratic in parameters. Otherwise, i.e. if the form of the cost
function is not quadratic, as is the case here, or not clearly described, a mathematical proof should be given
to guarantee the convergence of the solutions of the gradient descent method (5.5) to the minimum point of

the cost function (5.4).

aJ

9=—[.L-5'0—

J(6)

e
Fig. 5.2. Illustration of the convergence mechanism of the gradient descent method
employed to minimize a quadratic cost function.

The output signal is defined as

t

y(t) = A@)sin( [ w(r)dr + 5(1)).

0
Formulating the algorithm accordingly using the parameter vector 8 = [A,6,w], i.e. the amplitude, phase

angle and frequency of the desired component, results in the following set of equations [5.27] which

governs the dynamics of the algorithm':

! Strictly following the least squares error minimization using the method of gradient descent results in a time-varying set of equations
in which the time variable ¢ is explicitly present in the equations. In the equations presented here, the time variable ¢ is replaced by a
constant number. This replacement converts the time-varying system into a time-invariant system. The apparently arbitrary
formulation of the algorithm calls for mathematically rigorous justification which is presented in [5.28].
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At) = me(t)sin (z),

W(t) = pe(t)cos ¢(t),

$t) = pope(t)cos B(t) + w(t),
y(t) = A(t)sing(t).

(5.6)

The dot on top represents the differentiation with respect to time and the error signal e(t) is u(t) — y(t)
The state variables A(t), ¢(f) and w(t) directly provide instantaneous estimates of the amplitude, phase
angle and frequency of the extracted sinusoid, respectively. The totality of the undesired components and
noise imposed on the sinusoidal component of interest is provided by e(t) . The parameters p;, p, and s
are positive numbers which determine the behavior of the algorithm in terms of convergence speed versus
accuracy. This dynamics presents an algorithm, which is capable of extracting a specified sinusoidal signal,
estimating its amplitude, frequency and phase, and accommodating variations in the amplitude, frequency
and phase of such a sinusoidal component. In practice, the frequency w has a nominal value w, and varies
around this nominal value. The second and third equations in (5.6) may be rearranged in terms of the
deviation element Aw = w — w,. An implementation of this system is shown in Fig. 5.3 with three

integrators for three state variables.

A(1)

X J2

Fig. 5.3. Block diagram representation of the algorithm.

Fig. 5.3 shows implementation of the algorithm in the form of the composition of simple blocks suitable for
schematic software development tools. Numerically, a possible way of writing the set of equations
governing the present algorithm in discrete form, which can be readily used in any programming language,

is
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A +1) = An] + Tpucln]sin gin}

wln +1] = wn] + T,meln]cosg[n],

#n +1] = ¢[n] + T,pppze[n]cos gn] + Tywn],

yln] = Aln]sin ¢[n],
where €[n] = u[n] — y[n]. First order approximation for derivatives is assumed in deriving these equations;
in other words, the time-derivative of a generic quantity X is approximated by (X[n + 1] ~ X[n])/T, in
discrete form. 7, is the sampling time and n is the time index. It has been observed that using higher order

approximations does not present much improvement over the first order discretization presented here. This

may be attributed to the high robustness of the dynamics of the algorithm.

The state variables of the system of (5.6) can be envisaged in the spherical coordinate system of (4w,@).

They can be rewritten as
dA

- = ~mAsin® ¢ + 2y sin ¢ u(t), 5.7
dw .
i —p Asin(2¢) + 2u, cos ¢ u(t), (5.8
d d
F? = w+ pg d_‘:. (5.9

Let u(t) = u,(t) + w (t) where u,(t) = A, sin¢,(t) and ¢,(t) = w,t + 6,. The following theorem deals

with the existence, uniqueness and stability of a periodic orbit for this dynamical system. The proofs are
based on the Poincaré theorem and are presented in [5.28]. According to the Poincaré theorem, the behavior
of the dynamical system near its periodic orbit can be investigated using a discrete map. The fixed points of
this map correspond to the periodic orbits of the main dynamics and their stability types are equivalent.

Theorem 1. Let u(t) = A, sin(w,t + 8,) + w;(t) where A,, w,, and 6, are real constants and y (t) is an
arbitrary T,-periodic bounded continuous function, which has no frequency component at w, . With a
proper choice of parameters {y;,i = 1,2,3}, the dynamics described by equations (5.7) to (5.9) has a
unique periodic orbit (¢) in (4,w,¢) space in a neighborhood of u,(t) = A4, sin(w,t + 8,) . This
neighborhood is determined by the function wu;(¢) and the parameters  to 13 . Moreover, this periodic
orbit is asymptotically stable. The periodic orbit coincides with u,(t) when (t) is not present.

The theorem indicates that there is a unique periodic orbit to which the system converges. This periodic
orbit is located in a neighborhood of the ideal desired component. The tighter this neighborhood is, the

more accurately the desired component is estimated. The extent of this neighborhood is determined by the

level of “pollution™ w,(t) and the step sizes p;, p, and y;.
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The small values for step sizes g and p, result in a refined periodic orbit in a tight neighborhood. On the

other hand, the step-sizes determine the speed of the convergence to the solution of the differential
equations. As well, if the parameters in the input function (including amplitude and phase angle) vary with
time, the desired solution will follow those variations provided that the speed of the convergence to the
solution, determined by the step sizes, is sufficiently high. A trade-off, therefore, exists between the

transient convergence speed and the steady state accuracy.

The dynamics of the algorithm presents a notch filter in the sense that it extracts (i.e. lets pass through) one
specific sinusoidal component and rejects all other components including noise. It is adaptive in the sense
that the notch filter accommodates variations of the characteristics of the desired output over time. The
center frequency of such an adaptive notch filter is specified by the initial condition of frequency w. In

Fig. 5.4 this initial value, w, , is explicitly shown for easy visualization.

In terms of the engineering performance of the system, this indicates that the output of the system will
approach a sinusoidal component of the input signal u(t). Moreover, time variations of parameters in u(t)
are tolerated by the system. Fig. 5.5 shows a snapshot of the performance of the algorithm when the
frequency and amplitude of the input signal jump from 50 Hz to 100 Hz and 1 to 2, respectively. Initially,
the periodic orbit is a circle with unit radius which lies on the horizontal plane of = 50 Hz, then it flows to

another circle with radius 2 which lies on the plane of f= 100 Hz.

cos o

Fig. 5.4. Illustration of the performance of the algorithm when both the amplitude
and frequency of the input signal undergo a jump of 100%.

One of the issues that need to be considered when using the algorithm is setting of its parameters

M, pp, and pg. The values of the parameters uy, u,, and y; determine the convergence speed versus

error compromise. Specifically, parameter y; controls the speed of the transient response of the algorithm
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with respect to variations in the amplitude of the extracted sinusoid. Speed is traded off by the steady state

error. As long as the frequency of the input signal is close to its nominal value (e.g. 60 Hz), this trade-off

does not introduce a significant constraint. As the frequency of the input signal deviates from its nominal
value, the algorithm introduces more significant trade-off between the speed and steady state error; for

example, within a range of +2 Hz variations off nominal frequency, the algorithm can be adjusted to

catch up a 100 % step change in the amplitude of the desired sinusoid within 3 cycles with less than 2%

steady state error. Parameters p, and p; mutually control the speed of the transient response of the

algorithm with respect to variations in the frequency of the extracted sinusoid.
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Fig. 5.5. Response of the algorithm to a step change in the frequency of the input
signal. The sinusoidal component and all its parameters are tracked adaptively
over time.

The larger the value of parameter 1, is chosen, the faster the convergence is achieved in tracking the phase

(or frequency) variations over time. The cost is higher steady state error. Adjustment of the third tuning

parameter, 3, is interdependent on the adjustment of 1, . As a simple rule of thumb, one may pick a value
for parameter p, based on the potential frequency drift in the input signal (hence, the desired frequency

tracking speed) first, and choose the value of 3 such that the product u,u; becomes of the same order of
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pu for a balanced speed in terms of tracking the amplitude and total phase (or frequency).

In the simulations presented in this section, Matlab Simulink™ computational software is used as the main
computational tool. Fig. 5.5 shows the performance of the algorithm for an example in which the frequency
of the input signal undergoes a step change of 10%. It is observed that the variations are effectively tracked

with a transient lasting just a few cycles. Values of the parameters are chosen to be m =100,

My = 10000 and p3 = 0.02 for this simulation.

The algorithm is particularly efficient for real-time applications. To illustrate the real-time nature of the
algorithm, an example having a distorted sinusoid as the input signal is considered. Fig. 5.6 shows the
performance of the algorithm in the extraction of the amplitude and phase of the fundamental component of
this distorted sinusoid. The distortion in this case is of a harmonic form with 30% of the third and 10% of
the tenth harmonic. It is observed that the amplitude and phase of the fundamental component are estimated
almost within two cycles. Unlike the Fourier-based techniques in which only estimates of the amplitude

and constant phase are computed, the fundamental component itself is instantly generated and is available

in real-time. This is due to the fact that the algorithm instantly generates the total phase ¢ rather than &.
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Fig. 5.6. Illustration of the performance of the algorithm in the extraction of the
amplitude and phase of the fundamental component of a distorted sinusoid. Top:
input signal (solid), extracted fundamental (dashed), and its amplitude (dotted).
Bottom: actual (solid) and extracted (dashed) phase angles.

5.3 Application Of the Algorithm

The measured startup current transient of an 11kW induction motor is shown in Fig.5.7. Before

implementing the algorithm, the individual measured line currents are transformed into a single rotating

59




current vector as shown in Fig. 5.8 [5.29]-[5.30]. The reason for combining the three line currents is that no
two starting transients are exactly the same. The individual line currents will differ depending on
instantaneous value of the line voltages at startup. When comparing the three line currents under different

machine health conditions, it will be easier to compare a single rotating vector than three line currents that

are not similar.

The vector is then transformed into the time domain and used as an input to the extraction algorithm. The
algorithm estimates the frequency, amplitude and phase of the nonstationary fundamental as shown in Figs
5.38, 5.39 and 5.40. The fundamental component (which varies with magnitude, frequency and phase) can
be extracted with this algorithm. This estimate is then subtracted from the input. The resulting waveform

shown in Fig. 5.41 has information relating to the health of the machine including bad bearings, broken

rotor bars etc.
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Fig. 5.8. A plot of the current vector.
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Fig. 5.9. The time domain representation of the current vector.

The algorithm takes a few cycles to converge to the amplitude and frequency of the fundamental. This is
shown in Figs 5.10 and 5.12. As a result when the estimated fundamental is subtracted from the original

waveform, the algorithm’s output between 0 and 0.4 seconds should be discarded to allow for convergence.
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Fig. 5.11. Frequency of the algorithm.
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Fig. 5.12. The startup current after extraction of the fundamental.

Fig. 5.12 shows the estimated frequency of the fundamental. An accurate estimate of the frequency is only

available after 0.4s.

5.4 The Detection Of Broken Rotor Bars

The algorithm was used to detect broken rotor bars in a % hp induction motor. Two identical rotors were
used in this experiment except that one had a broken rotor bar. The same bearings and stator was used in
order to minimize their influences on the startup transients. The machine was tested under loading
conditions varying from 30% to 100% to determine if this method of detection could be successful and

independent of the loading conditions.

The current signals were captured using a PC based data acquisition system. The non-stationary
fundamental was removed using the system in Fig. 5.3 and implemented using Matlab’s Simulink. The

residual currents were analyzed using Matlab’s Wavelet Toolbox.

The discrete wavelet transform, using Daubechies 8 wavelet, was then applied to the residual current
vector. Figs 5.11 and 5.12 show the 9th scale detail coefficients of both healthy and damaged machine
under various loads. By inspection of Figs 5.13 and 5.14, two dominant features are present that
characterize the condition of the machine. The first feature is found between samples 8 and 13 of all the
loading conditions. This feature is present in both the healthy and damaged machine. The second feature
found between samples 45 and 53 is only present in the case of the damaged machine. The second feature
can be used to discriminate between a healthy and a damaged machine. An automated fault detection

analyzer is envisioned based on this algorithm.
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5.5 Conclusions

A new algorithm for use in transient motor current signature analysis has been introduced and applied to
the detection of broken rotor bars in induction machines. The algorithm is able to extract a single non-
stationary sinusoid embedded within a non-stationary waveform. This is then applied to the transient inrush
current of an induction motor and a wavelet analysis is conducted on the balance of the current. Although
results presented here are unique to the machine being diagnosed, the methodology applied to extracting
the transient fundamental current and analysis of the residual currents is universal and can be applied to any

machine.

The analysis clearly shows that the broken rotor bar can be detected using measured transient inrush
currents. This method can be used for standard induction motors during startups as well as machines that

operate predominantly in the transient like wind generators or motor operated valves.
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Chapter 6

Measurement of Surge Propagation
in Induction Machines

6.1 Introduction

Winding failures in induction machines have been a major concern in the past several years, and more so
recently with the addition of variable speed drives (VSDs). Both the introduction of the vacuum breaker,
and the introduction of PWM drives, utilizing fast switching IGBT’s, have resulted in an increase in

winding failures in induction machines.

There are two mechanisms causing winding failures; steep-fronted surges, like those caused during the
opening and closing of vacuum breakers, and transient overvoltages caused by impedance mismatch
between cable and load during VSD operation. There has been a fair amount of work done to date on the
propagation of vacuum breaker induced steep-fronted surges in the windings of large induction machines
[6.5,6.6,6.8-6.14,6.16]. The majority of this work has focused on a single event surge entering one winding
of a multiphase machine. In addition, the winding parameters have been limited to calculated values. Here
the intention is to present a measurement technique for determining the motor parameters in different
sections of the coil so that surge studies may be conducted. Attention is also paid to the mutual inductive

and capacitance coupling between turns and the dependence of these parameters on frequency.

The machine under study is form-wound, hence parallel plate capacitance theory has been applied by other

researchers for capacitance calculations as shown in figure 6.1.
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Figure 6.1. Capacitance in a 2-turn coil.

The individual values of C, and C, are calculated using parallel plate approximations and the e, value of
the respective insulations. This can give reasonably accurate capacitance values. For inductance values,

some have used finite element methods[8], but most have used the equation
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where [L] is the inductance matrix, [Co] is the capacitance matrix found as mentioned above with the
exception that all €, = 1, and ¢ is the velocity of propagation [6.6]. This method requires knowledge of the
velocity of propagation in the coils. One study [6.6], assumed the wave propagation velocity in the
overhang section of the coil is the same as within the slot region. This assumption is not supported by [6.9]

which report the velocity of propagation in the slot as been lower than in the overhang.

More recently, work has been progressing on overvoltages at the machine terminals as a result of VSD’s
operating with long cables connecting drive and machine [6.1-6.4]. The long cables have impedances
significantly different from the impedance of the induction machine. When a steep fronted wave traveling
along the cable encounters the impedance mismatch a voltage reflection occurs resulting in an overvoltage
at the location of the mismatch, i.. the machine terminals. As switching ﬁ'eque‘ncies increase so do the rise
times on the devices, translating into a higher dv/dt pulse/wave traveling down the cable. The higher the
dv/dt the steeper the wave front impacting the impedance mismatch. Thus, peak overvoltages increase as
the rise time of semiconductor devices reduces [6.1]. The result is that voltage reflections are dependent on

VSD output pulse rise time and cable length.

The work further focuses on the measurement of surge propagation differentiating between the impedance
of the slot sections and that of the overhang sections, of each turn. Detailed parameter measurements are
made of each turn section (slot vs. overhang), which are then used to determine the surge impedance of
each section. Reflection and refraction coefficients are calculated, which can then be used to map, via

lattice diagrams, the propagation of surges within the turns of one coil.

The paper is divided into seven sections. The first is a review of the problem. Second, discuses the
parameter measurements and the method used to obtain the measurements. Third, experimental set up for
surge measurements. Fourth, single section lattice diagram simulation and measurement. Fifth, the Bewley
lattice diagram is extended to map all sections of a coil within the induction machine. Sixth, PWM pulse

tracking within the turns of a coil using a lattice diagram. Finally, the conclusions are presented.

6.2. Parameter Measurements

The stator coils sit in slots, where the coils are surrounded on three sides by iron; in the overhang the coils
are surrounded by air only. These two distinctly different environments cause the coils to have different
surge impedances. For the slot region, because of the presence of the iron the inductance is much higher

than for the overhang region. The effect on the capacitance is also greater in the slot, than in the overhang
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where the only coil coupling is to the adjacent coil. These regions become important when steep-fronted
surges attempt to pass between them. An incident surge will experience reflections, refractions and cause

overvoltages at impedance mismatches.

There are also mismatches at the phase terminals, where the connection from the terminal meets the coil.
The coil can be divided into six distinct regions of differing impedances. Since the wave front duration is
much shorter than the coil propagation time each turn acts as a separate conductor, even though they are
connected to one another. However, this only holds during the transient period of a few microseconds.
Because of this, a coil can be modeled like a multiconductor transmission line [6.8-6.10,6.16] with many
series segments consisting of slot sections and overhang regions. The theories of wave propagation on
multiconductor transmission lines can be applied to the coils of a machine. Figure 6.2 shows a diagram of

a three-turn coil segmented into five regions, with slot and overhang regions marked.

sectionB
section A
Phase
Terminal ) .
2
3 Slot
section C
Siot
_—__' n
to next
coll
section E
I
sectionD

Figure 6.2. Multiconductor transmission model of induction motor coil with series

sections.

In previous work done, the capacitance and inductance values for the different regions were calculated. In
this work the coil parameters are measured. A 150 hp, 3-phase, form wound induction machine was
obtained for use as the test motor. To perform the required measurements the machine was disassembled
down to the stator and frame, with only the coils left in place, as shown in figure 6.3. It has been shown in
previous work [6.5,6.6,6.8,6.9,6.11] that it is not necessary to have the rotor present when performing

experimental research on surges within the stator windings.
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Figure 6.3. 150 HP, 3-phase, form wound induction motor used as test motor.

In addition because of the air gap the effect of the rotor on the parameter measurements is negligible.

Several coil sections were removed to gain clear access to the stator core from each end for measurement

purposes. Figure 6.4 shows one complete coil as removed from the machine.

Figure 6.4. Shows one coil after being removed from the stator.

Five regions in each coil are identified as having different impedances from one region to the next.
However, this does not necessarily imply that there are five different sets of parameters to measure. The
two slot sections (B and D figure 6.2) of each coil will be considered the same, as they are the same size
and composed of the same materials. Likewise, overhang sections A and E, figure 6.2, are the same with
the exception of their incoming and outgoing connections. To obtain each section’s parameters the coil
must be cut into the respective regions and each placed back into its working environment. Figure 6.5

shows the actual test machine coil cut into the sections representing the different impedance values as

shown in figure 6.2.
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Figure 6.5. Test coil cut into sections representing different zones of impedance.

The parameter values were obtained using a Hewlett Packard (HP) 4284A 20Hz-1MHz Precision LCR
Meter. Due to the size of the machine the standard leads for measurement, supplied with the LCR meter,
were not able to be used. Even though a custom (non-calibrated) set of test leads were used the LCR meter
had a correction capability via open circuit and short circuit tests to remove any errors introduced. A test
sctup was built to perform the capacitance measurements in the slot sections, which were placed back into
the stator core. Figure 6.6 shows the capacitive setup. The capacitive measurements required only two
contact points between the LCR meter test leads and the device under test (DUT). For the mutual, turn to
turn inductances the test set up was modified to allow for four contact points to obtain the measurements.
Also cach contact point had to be independently movable to enable the complete set of turns to be

measured. The test sctup is shown in figure 6.7, while an inductance measurement is shown in figure 6.8.

Figure 6.6. Test setup to measure capacitance in slot sections.
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Figure 6.8. Inductance measurement of slot section of coil.

With these two setups, all turn to ground capacitances, turn to turn capacitances, self inductances and
mutual inductances were measured for each conductor/turn in both the lower and upper coils in the double
layer winding. As frequency plays an important role in impedance values all parameter measurements
where taken over a range of frequencies from 60Hz to 1MHz in ten steps, as limited by the LCR meter.

The ten frequencies used were 60Hz, 120Hz, 500Hz, 1KHz, 5KHz, 10KHz, 50KHz, 100KHz, 500KHz and
IMHz.

The process was repeated for the overhang sections. A jig was constructed, matching the inside shape of
the stator core on to which the overhang sections were mounted. From detailed, full scale drawings,
templates were made to hold the coil sections in their proper alignment. The complete jig with coil sections

installed is shown in figure 6.9. Adjacent coils need to be in placed to account for mutual coupling as well
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as surge propagation from coil to coil and the impedance mismatch between coils. The adjacent phase
groups must also remain in place for phase to phase coupling, as the problem occurs during normal

operation. Previous research has only examined one phase.

Figure 6.9. Form to hold overhang sections in proper alignment.

As with the slot setup, an additional support structure was needed to hold the test leads in place on the
conductors while the measurements were taken. This additional structure needed to be completely and
independently adjustable for each of the four contact points from test lead to the conductor being measured.
Figure 6.10 shows the complete test setup to perform capacitance and inductance measurements on the
overhang sections of the coils. Figure 6.11 shows a mutual inductance measurement being conducted on
one of the overhang coil sections. In the slot measurements, only turn to turn and turn to ground couplings
associated with the two coils residing in the slot werc considered as the stator core acts as a barrier to
coupling with coils in adjacent slots. Since the machine used in the experimental tests and measurements is
double layer, both upper and lower coils have to be considered. Within the slot region, since both coils are
parallel, a significant coupling exists between the two coils. However, in the overhang, due to the nature of
the double layer winding, the upper and lower coils do not run parallel they run in opposite directions.
There is only minimal overlap at the exit of the slot before turning in opposite directions. This would allow
minimal coupling between upper and lower coils, and is supported by the measurements. The measured

values show the coupling at a significantly low value as to be neglected.
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Figure 6.11. Inductance measurement of overhang section of coil.

It is necessary, for determining the characteristic impedance of the turn sections, to have the parameter
values in units per meter. Hence, all measured data was divided by its respective conductor length,
0.3842m for the overhang region and 0.1619m for the slot. Figure 6.12 shows the self inductance of all 16
conductors (8 per coil) of the double layer winding for both the overhang and the slot regions in
frequencies from 500Hz to IMhz. The left half of the figure shows the overhang values 1 to 16 (left to
right), while the right half show the slot region, | to 16 (left to right). It can be seen in Figure 6.12 that in
the overhang section of the coil, where the conductors are surrounded by air, that the self inductance is
fairly equal among all turns and is somewhat constant as frequency increases. However, in the slot section
of the coil, where the conductors are surrounded by iron, the self inductance varies greatly depending on

the position of the conductor in the coil as well as with the frequency.
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Self Inductance: Turns 1-16 in Slot and Overhang
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Figure 6.12. Measured self inductance of turns in overhang sections (left half) and

in slot sections (right half).
Figure 6.13 shows a comparison of the self inductance in the overhang turns versus that in the slot for a
frequency of 500Hz (same data as used in figure 6.12). The slot values show a linear decrease from turn
one in the bottom of the slot to turn 16 at the top (nearest to rotor), as expected, while the overhang shows a
reasonably constant value. This is for the same reason given above, in the slot the flux couples through the
iron and for each turn has more distance to travel in the iron path. Where as, for the overhang the coupling

is through air and the adjacent turn thus the flux path as more uniform among the turns.

Self Inductance: Tums 1-16 at S00Hz
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Figure 6.13. Comparison of self inductance in overhang vs. slot at 500Hz.

Figure 6.14 shows that as frequency increases the inductances within the slot regions converge. This is
expected, as the frequency increases the flux penetration into the iron becomes less and must travel more
within the slot region and the adjacent turns yielding a lower inductance value and a more uniform path

among the turns, hence the convergence of the values for each turn.
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Self Inductance: Tums 1-16
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Figure 6.14. Self inductance in slot converging as frequency increases.

Figure 6.15 shows turn to adjacent turn capacitance in both the slot sections and overhang sections, for
frequencies of 60 Hz to 1 MHz. The left half shows the slot measurements for both the lower and upper
coils. The sharp drop is associated with the last turn of the lower coil and the first turn of the upper coil,
where additional insulation is present. The overhang capacitance values (right half) are significantly lower
than for the slot at all frequencies. This occurs because in the overhang the turn to tumn capacitance only
occurs between the parallel “primary” faces of the conductors, where as in the slot, because of the close
proximity of the iron core, the perpendicular faces (sides of the conductors) become part of the turn to turn

capacitance as a “secondary” capacitance in parallel with the primary.
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Figure 6.15. Measured turn to adjacent turn capacitance in slot sections (left half)

and in overhang sections (right half).
Figure 6.16 shows as frequency is increased the slot capacitance values decrease and trend towards a

constant value at high frequency. The turn to ground capacitance in the slot region also decreases as

frequency increases but at a lesser rate than for the turn to turn values, as seen in figure 6.17.
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Figure 6.16. Turn to adjacent turn capacitance in slot converging

as frequency increases.
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Figure 6.17. Turn to ground capacitance versus frequency in slot.

6.3. Experimental Setup For Surge Measurements

To obtain experimental results a test set up was assembled. The two main components necessary were a
source of steep fronted waves and a device to accurately measure the source and the propagating waves.
For the source, two choices of function generators were used. A Tektronix FG 503 3MHz function
generator, which had a slower rise time of 54 nsec on a pulse train waveform. The second was an Hewlett
Packard 3314A function generator, which had a faster rise time of 5.2 nsec. Both generators had internal

impedance values of 50 Q.

For waveform measurements two CompuScope 85G waveform digitizers were used. Each device has two
input channels having 5 GS/s A/D Sampling simultaneously, with 500 MHz bandwidth and 8 bit resolution.
This level of measurement capture was necessary due to the short rise times of the source, as well as the
short propagation times of the coil sections. The sampled data was viewed and stored using GageScope

Oscilloscope Software.
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To obtain measurements of waveforms at impedance boundaries within the coil, modifications were made
to allow connections from the digitizers to the coil. At the location of a boundary change, i.e. slot to

overhang, the insulation was removed and small leads attached, as seen in figure 6.18.

Figure 6.18. Leads attached to coil for waveform measurement.

6.4. Single Section Lattice Diagram

To verify the operation of the experimental setup a simple system with conductors of known impedance
values and propagation times was examined, figure 6.19. To the left of point ‘A’ is the source, with
internal impedance, connected to a 50 Q coaxial cable. At point ‘A’ the cable connects to channel 1 of the

digitizer, set to an impedance of 50 Q. A second, longer length, coaxial cable is

500 Zos50 0 Zoa50 0

L2 Vi $500em v2 ¥ 1M ch2

Figure 6.19. Simple experimental system.

connected from channel 1 to channel 2, where channel 2 is set to an impedance of 1 MQ, making an
impedance mismatch with the cable. There is also a mismatch in impedance with point ‘A’ and the coaxial
cable. Thus points ‘A’ and ‘B’ were used as the boundary points for a single section Bewley [6.15] lattice

diagram analysis.

Since the rise time of the source is long compared to the propagation time of the cables, a stepped
approximation of the rising edge, shown in figure 6.20, is used for evaluation of the wave front at the

boundaries. Figure 6.21 shows the lattice diagram of reflections occurring between boundaries ‘A’ and
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‘B’. There are several lines, shifted in time, propagating simultaneously as a group representing the

stepped edge approximation shown in figure 6.20. Figure 6.22 shows the resulting waveforms at points ‘A’

and ‘B’ for a simulated 1.5 per unit generated pulse. The voltage at point ‘A’ initially rises to 1v per unit

and propagates down the cable to point ‘B’ where it encounters the IMQ impedance and reflects the full

voltage becoming 2v per unit and propagating back towards point ‘A’ where it is again reflected but with a

lower value. The process repeats approximately five cycles before settling at a steady state value of 1.5v

per unit, equal to the initial pulse value.

Figure 6.20. Stepped approximation of source rising edge.
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Figure 6.21. Lattice Diagram of simple system.
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Figure 6.22. Simulation results at points ‘A’ and ‘B’.

Figure 6.23 shows the measured waveforms for the actual 1.5 per unit pulse, where the voltage follows the
same pattern as with the simulated system. The simulation results match up accurately to the measured

values verifying the functionality of the experimental set up.
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Figure 6.23. Measured results at points ‘A’ and ‘B’.

6.5. Multiple Lattice Diagrams

With the coil parameters obtained, the impedance values associated with the coil sections were determined.
These values were then used to determine the reflection and refraction coefficients associated with the
boundaries between regions of differing impedance, i.e. slot to overhang. With reflection and refraction
coefficients Bewley lattice theory[6.15] is used to map the propagation of a pulse/surge through the turns of

a coil.

80




The machine under test has four turns per coil, with two conductors per turn, a total of 8 conductors per
coil. Here the two parallel conductors are modeled into one conductor having the appropriate impedance
value. Initially only one coil is examined under surge conditions. With no inter coil connections both
overhang sections are modeled having the same impedance values, with the exception of the connection to
the source cable which is handled separately. One complete turn includes four regions of impedance
mismatch, slot ‘A’ — overhang ‘A’ - Slot ‘B’ — overhang ‘B’. Hence, the lattice diagram must have four
regions, each representing an impedance region of the coil. As each subsequent turn passes through the
same four regions in sequence the lattice is further expanded to have 16 distinct regions. A seventeenth
section representing the lead in, half overhang section, at the beginning of the coil is added, which has the
same impedance value as a full overhang section. These 17 sections represent the complete coil. As the
coil must be connected to a source via a cable, an eighteenth region is added to the front of the lattice.
Figure 6.24 shows the multiple lattice diagram to track pulse propagation through the coil as each

discontinuity is reached.

A program using MATLAB was written to evaluate the pulse, the boundary conditions, reflections,
refractions, traveling waves and voltages occurring at each location of impedance mismatch. Figure 6.24 is
the lattice result for a test simulation on a simplified coil model, in which the effects of mutual inductive
and mutual capacitive coupling were not included. Figure 6.25 shows the tracking of voltage versus time
occurring at the first boundary. Also shown in figure 6.25 is the source voltage as reference. The voltage
at all eighteen boundaries are determined and shown in figure 6.26, while only the first and last boundary
results are shown in figure 6.27.

Lattice Diagram
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Figure 6.24. Lattice diagram of 4 turn coil differentiating slot sections from
overhang sections, with a supply cable section first.
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Figure 6.25. Voltage vs. Time diagram for the first boundary condition.
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Figure 6.26. Voltage vs. Time diagram for all 18 boundaries.
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Figure 6.27. First and last boundary voltages.
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6.6. PWM Pulse Tracking

With single pulse tracking completed, the MATLAB program will be modified to accept variations in the
source. A PWM source is added to supply a train of pulses to the coil. The lattice diagram tracks multiple
pulses traveling in time at the impedance boundaries. With several pulses entering the coil and being
reflected and refracted along with the variations in velocity of propagation from one turn section to another,
there is a much greater chance that several reflections will arrive at a boundary simultaneously causing
greater overvoltages than predicted in earlier works.

Further use of the PWM lattice program allows the variation in PWM strategies to be tested, identifying

which are most benign to the coil insulation.

6.7. Conclusions

This work makes contributions on the measurement of motor parameters for surge propagation studies. A
single coil of the machine is divided into regions of differing impedance namely the slot and the overhang
regions. Detailed parameter measurements are made of each turn within each region, to include turn to
ground and turn to turn capacitance and self and mutual inductances. This is then used to determine the
surge impedance of each section. Bewley lattice theory is extended to track surge propagation within the
coil. Boundary voltages located at the impedance mismatch are calculated to determine the magnitude of
the overvoltages occurring within each turn of a coil. Future work will focus on PWM interaction inside the

windings.
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Chapter 7
The Application Of Wavelets to Shipboard

Power System Protection

7.1 Introduction

The Intergrated Power System (IPS) is ungrounded to allow operation during faults yet cable capacitance
and filters provide stray paths to the ship’s hull. The fault current is very low for a single line to ground
fault in an ungrounded system and the line to line and phase voltages are unchanged. This ensures a high
continuity of service which is the Navy’s motivation for installing ungrounded systems in ships. These
systems are however subject to high transient overvoltages to ground and consequently are a potential

hazard to equipment and personnel. These faults also cause insulation stress and lead to failures and more

severe faults [7.1-7.5].

In this report the output line to line voltages are used as the medium for fault detection. A line to ground
fault is defined as a single connection between an output phase voltage and the ship’s hull. PSPICE is used
to generate the line to line voltage data for the various faulted conditions. The data is then imported to
MATLAB where the fundamental is removed. A wavelet analysis is applied to the residual voltages [7.6-

7.15]. The coefficients of the detailed levels are examined for fault detection.

7.2 PSPICE Simulation
The IPS consists of a 3-phase generator, 3phase transformer, bridge rectifier, a one quadrant chopper and a

three-phase inverter as well as ungrounded ship loads as shown in figure 7.1. These modules are coupled to

the ship’s hull through filters and the cables’ capacitance.

3 L
3Phase 1 Quad ANW\I Phase | Ungrounded
i [ Ship Loads

Generator

PWM
Inverter

| |
[ Vitual Ground { Ship Hull) 1 T

Figure 7.1. A typical integrated power system
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1
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Figure 7.2. Generator and transformer of the IPS

The system is fed by generation rated at 4160V, 3phase 60Hz with capacities ranging from 3.75MW to
2IMW. The voltage is stepped down to 430V ac using the transformer modeled in figure 7.2. The
transformer is coupled to the ship’s hull or ground via a series resistance and capacitance. The
transformer’s output is connected to a three phase bridge rectifier. This is connected to the smoothing
capacitor via the line impedance. The rectified DC voltage across the smoothing capacitor is 1000V. This

rectification module module is also capacitively coupled to the ship’s hull as shown in figure 7.3.
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Al
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B2
0.0038 0.0526mh i l
0.0432uT
D1 Ship Hull , . 0.0432u D2

Figure 7.3. The rectifier, line impedance and filter

The 1000V DC voltage is then stepped down to 800V DC by means of the one quadrant chopper shown in
figure 7.4. The switching frequency of the chopper is 4kHz with a duty ratio of 0.8 .
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Figure 7.7. The three phase Inverter

The 800V dc link volage is converted into a three phase PWM waveform using the three phase inverter
shown in figure 7.7. The PWM waveform is generated using sinusoidal PWM with a modulation index of

1. The switching frequency is 4.5 KHz and a frequency moduation index of 75 is utilized.

Figure 7.6 shows the line impedance, PWM filters and balanced three phase loads. The filtered output
voltages are coupled to the ship’s hull through the EMI filters. A single line to ground fault between Phase

C and the ships hull is indicated by the dashed line.
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Figure 7. 6. The line impedance, PWM filters and ship loads

7.3 The Detection Algorithm

7.3.1 Single Phase to ground faults

It is desired to be able to detect a line to ground fault by analysing the output line to line voltages. Figure
7.7 shows the line to line voltages for an unfaulted condition. Figure 7.8 shows the three line to line
voltages with a 100ms fault on phase A which occurs between 0.32 and 0.42 seconds. By comparing

figures 7.7 and 7.8 it is difficult to detect if a fault has occurred as well as which phase is faulted.
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Figure 7.7. The unfaulted line to line voltages
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Figure 7.8. The output line to line voltages with a fault on phase A
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X |2

Figure 7.9. Block diagram implementation of the fundamental extraction algorithm
[7.16].

It has been found that changes in the high frequency content of the line to line voltages occur when a
fault is present. It is therefore desirable to remove the lower frequency fundamental component. The
fundamental is extracted using the adaptive notch filter shown in figure 7.9. This filter has been selected to
remove the fudamental frequency because it is a zero phase filter. This is advantageous during transient

analysis when amplitude, frequency and phase is used to characterize waveforms.

The governing set of equations of this algorithm can be written as

A= Hesing, (7.1)
@ = p,eAcosg, (7.2)
é= Hiecosd + o, (73)
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y(t) = Asing, (7.4)
e(t) =u(t) - (1), (75)

in which u(2) and y(?) are the input and output signals to the algorithm, respectively. State variables 4, ¢and

o directly provide estimates of amplitude, phase and frequency of u(?). Parameters 4, 4, and y; are

positive numbers which determine the behavior of the algorithm in terms of convergence speed and

accuracy [7.16].

After removing the fundamental component of the line to line voltage, the residual waveform containing
the high frequency content of the original waveform is shown in figure 7.10. The discrete wavelet
transform, using Daubechies 4 wavelet, is used to decompose the residual line to line voltages. The lowest

scales of the discrete wavelet transform is shown in figures 7.11-7.19.
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Figure 7.10. The residual line to line voltages after extraction of the fundamental.

7.3.1.1 A single line to ground fault on phase A

A single 100ms line to ground fault is applied to phase A between 0.32 and 0.42 seconds. The resulting
wavelet decomposition after filtering is shown in figures 7.11-7.13. Figures 7.11 and 7.13 show similar
coefficients thoughout the detailed scale levels 1 to 4. These represent the coefficients for line voltages AB
and CA respectively. The 3 and 4" detail levels of these line voltages clearly indicate that a disturbance

has occurred.
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Figure 7.11. Wavelet Decomposition of Phase AB

Figure 7.12, shows that the decomposition of line voltage BC does not have any significant changes in the

coefficients during the fault. This fact can be used to unambiguously detect the faulted phase.

Sample [n]

Figure 7.12. Wavelet Decomposition of Phase BC

Figure 7.13 shows the wavelet decomposition of line voltage CA. Similarly to figure 7.11, the presence of a
disturbance is detected as shown encircled. The faulted phase can be detected by identifying the line to

neutral phase which is common to the two line voltages that show a change in the coeficients during the
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fault. Since disturbances only occur in the decompositions of phases AB and CA, the common line to

neutral phase is phase A.
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Figure 7.13. Wavelet Decomposition of Phase CA

7.3.1.2 A single line to ground fault on phase B

Sample [n]

Figure 7.14. Wavelet Decomposition of Phase AB
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Figure 7.17. Wavelet Decomposition of Phase BC
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Figure 7.16. Wavelet Decomposition of Phase CA
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7.3.1.3 A single line to ground fault on phase C
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Figure 7.17. Wavelet Decomposition of Phase AB
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Figure 7.18. Wavelet Decomposition of Phase BC
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Table 7.1. Truth table for faulted phase discrimination

Phase | Phase | Phase Fault | Fault | Fault

AB BC CA onA |onB |{onC
0 0 0 U U U
0 0 1 U U U
0 1 0 U U U
0 1 1 U U 1
1 0 0 U U U
1 0 1 1 U U
1 1 0 U 1 U
1 1 1 U U U

1 1
0 1000 2000 3000 4000 5000 600D 7000 6000 9000 10000

1 i 1
0 500 1000 1500 2000 2500
Sample [n]

Figure 7.19. Wavelet Decomposition of Phase CA
A distinct trend arises when examining the decompositions of the different faulted conditions. If a fault
occurs on phase A then changes can be seen in the wavelet coefficients of line voltages AB and CA but
phase BC is unaffected. If a fault occurs on phase B then changes can be seen in the wavelet coefficients of
line voltages AB and BC but phase CA is unaffected. Similarly, if a fault occurs on phase C then changes

can be seen in the wavelet coefficients of line voltages BC and CA but phase AB is unaffected.

This trend can be used to discriminate between the phases as shown in table 7.1. Changes observed in the

coefficients for a phase is represented as a 1 and no change is represented by a 0. The U represents an
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unfaulted condition. This logic can be integrated into a fault detection system.

7.3.2 The Detection of Line-Line Faults

A 100ms line to line fault is applied between phases A and B as shown in figure 7.20. In this case there is
no need for the algorithm presented here because the detection is done directly using the low frequency line
to line voltages. The first four detail levels of the resulting wavelet decomposition are shown in figures

7.21-7.23.

Figure 7.21 shows that the coefficients for line voltage AB are zero during the faulted state for all the detail
levels. When observing the decompositions for line voltages BC and CA, it is evident that the coefficients
during the faulted state are non-zero. The presence of a line-to-line fault is therefore indicated by zero
amplitude coefficients on the faulted phase and non zero coefficients on the other phases. This trend can be
used to detect a single line-to-line fault. It does not indicate whether the two lines are faulted to the ship’s
hull. This fault condition will result in the circuit breakers opening and both lines will be examined. If one
line is connected to the ship’s hull after the fault has been cleared, it will be detected by the previous
detection methodology. A similar trend exists when faults occur between phases B and C, and also between

phases C and A.
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Figure 7.20. The output phase voltages with a 100ms line to line fault between line
voltage AB and BC.
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Figure 7..22. Wavelet decomposition for line voltage BC
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Figure 7.23. Wavelet decoposition for line voltage CA
7.3.3 The Detection of Tthree Phase Faults

A 100ms three phase fault is applied to the output line to line voltages as shown in figure 7.24. The first
four detail levels of the resulting wavelet decomposition are shown in figures 7.25-7.27. By observing the
wavelet decompositions of all three phases it is evident that the coefficients are zero during the fault event.

This is indicated by the circlements in figures 7.25-7.27.
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Figure 7..24. The output phase voltages with a 100ms three phase fault.
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Figure 7.26. Wavelet decomposition for line voltage BC
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Figure 7.28. Flowchart for fault classification.
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Figure 7.28 shows a fault classification flowchart that summarizes the methods used to detect line to
ground faults, line to line faults and three phase faults. While the line-line and three phase faults are easy to

detect, the contribution here is the fault detection of the line to ground faults in an ungrounded system.

7.4 Conclusions

In this chapter the discrete wavelet transform is applied to the shipboard Integrated Power System for the
detection of faults in an ungrounded system. An algorithm for the exctraction of the sine wave is used. A
method of fault discrimation that determines the faulted phase is presented and applied to the identification
of all three single line to ground fault scenarios. A method for detecting both line to line and three phase

faults is presented and the results indicate that this detection algorithm can be used in future fault detection

systems.
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Chapter 8

Investigation of Partial Discharge in Motor Windings

8.1 Introduction

This research evolved into studying the effects of Adjustable Speed Drives, or ASDs, on random
wound induction motors. The work is specifically focused on partial discharge type detection. Partial
discharge (PD) refers to the small electrical discharges generally found within insulating materials when
voltage is applied. PD can also occur on conductor surfaces in free air or other insulating gasses. Of
concern for this research is detecting PD within the windings of a common random wound induction motor.
These motors are routinely used in industry and are generally the type paired with ASDs. The reason why
PD is of concern is because the presence of partial discharges within insulating materials leads to
degradation of those materials over time and eventually to motor failure. The usual mechanism for this is
actually two fold. First the discharges themselves tend to decompose the insulating material.
Decomposition products of typical polymer insulating coatings include short chain hydrocarbons and free
carbon. The deposition of carbon over time can cause short circuits between turns, windings, or even to
grounded components, ultimately failing the motor. Secondly partial discharges will ionize surrounding
gases. For air-cooled machines, oxygen will form ozone, which itself is reactive with the insulation and
other motor components, causing further degradation and failure. PD has been studied in detail and many
of the causes are well known. Problems can lie in both design and choice of material. Fabrication problems
can also arise. Many times when an insulating material is applied to a conductor small voids from the
application process are present. Differences in permittivity cause raised voltage stresses to appear across
the voids within the material. The electric strength of the gas in the void is significantly less than that of the
solid insulation and so a discharge process begins. The shape and size of the voids has a significant effect
on the partial discharge inception voltage, discharge severity, and discharge frequency. These voids are also
a larger problem within AC systems than DC systems. The reason is that the small voids are capacitively
coupled, discharging one or more times per cycle. The DC systems lack this form of cycling and so the
voids charge resistively through the insulator, which is extremely slow. Extraneous causes of PD can also
be present. Generally these external causes are related to ASDs in some way. If the motor is operating from
a sine wave supply directly from the grid, small line transients or overvoltages can cause PD within the
motor. These however are of lesser concern because they are short in duration and cause little or no damage
to the motor. Alternatively, if large transients reach the motor breakdown can occur directly causing local
damage. PD is usually only a factor when it is sustained over long periods of time, continually degrading

the system and its components.
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8.2 Speed Control

Before ASDs were available there were few ways to adjust the speed of an induction motor. Normally these
methods would include altering the resistance of the rotor or possibly the number of stator poles. These
methods work but have many disadvantages. The rotor resistance method requires slip rings and caused
poor efficiency. The stator pole method requires complicated switching and provides a rather poor speed
range adjustment. A new method was introduced with the advent of modemn solid-state switches. These
switches are used to essentially alter the synchronous frequency of the supply. Generally the sine supply is
first converted to DC through various rectifying methods. The DC supply is then switched to create an
adjustable frequency AC supply. The switching schemes can vary but Pulse Width Modulation is
commonly used. These systems produce a voltage waveform that changes extremely quickly from one DC
value to another. However, since the motor is highly inductive, the current waveform is an integration of

the voltage waveform or an approximate sine wave of variable frequency.
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When such a wave is fed to the motor it will then have an adjustable speed. These drive systems have

the advantages of being both easy and flexible to implement as well as being efficient. Unfortunately these

drives also have some drawbacks, some of which concern PD.

8.3 External Causes of PD

There are some conditions that can exacerbate PD that are not related to motor design or construction.
One such cause appears when an ASD is connected to the motor with long feeder cables. Because the ASD
produces a voltage waveform that quickly transitions from one voltage extreme to another, large voltage
overshoots can be created at the motor terminals. This is caused by impedance mismatches between the
motor and the feeder cables. A steep fronted wave, similar to the ASD waveform, travels down the feeder

cable that now acts as a transmission line. Once the wave reaches the end of the cable and the beginning of
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the motor terminals it experiences an impedance mismatch, which causes the wave to be reflected. This
reflection can cause the voltage wave to double or in some conditions be even larger. The motor now

experiences an extremely large voltage across the terminals and overstressing the windings.

Yot r ¢

4 Dk

Fig 8.3. Over-Voltage at Motor Terminals Fig 8.4 Voltage Spike Generating Corona

This problem is more complex than it appears. The impedance mismatch is not directly at the terminals
of the motor as is predicted by a simple lumped parameter model. In fact the impedance changes as the
wave travels deeper into the motor. As the motor is a relatively large inductor, steep fronted waveforms
penetrate only a short distance into the windings. This causes much of the voltage to be dropped across the

first few turns of each winding.
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Steep fronted waves can cause the insulation to discharge or possibly even fail at the end of the motor
winding. To counter this problem motor manufactures now make an inverter duty class of some common
motors. These motors include thicker insulation on either the first few turns or sometimes on the entire
windings of the motor. This helps to compensate for the larger than rated values that appear due to the
ASDs. But, unfortunately, even with an inverter duty motor PD may still be present and can lead to drive
failure. It would be useful to detect the existence of PD within the motor and take corrective actions before
the motor sustains permanent damage. In fact it would be even more useful if the motor could be tested

while online instead of removal and testing as required with some methods of gauging insulation

degradation.

8.4 Detecting Partial Discharge Signals

A partial discharge signal waveform is a rather small steep fronted pulse that generally occurs
randomly in time and only if the voltage stress is above the partial discharge inception voltage. These small
PD pulses are very similar in shape to the ASD voltage pulses but several orders of magnitude smaller in
amplitude. This makes detecting PD within an online motor extremely difficult. The research discussed
here has focused on this problem, with a need to develop a method of detecting the PD while rejecting the

ASD pulses that drives the motor.

8.5 Conventional Partial Discharge Quantification

Initial tests were performed to determine the characteristics of some common PD pulses. For this work a
conventional 60Hz sine wave PD detection system was used. Basic information about the PD pulses was
gathered using this approach. RMS values for PD inception voltage were obtained, which provided an
estimate of the inception voltage that should be expected for the ASD cases. Secondly the size of
discharges was measured and to provide a target sensitivity for a detection method for ASD operation. An
attempt was made to observe the wave shape using a PC with a high-speed analog to digital card. The
intent was to match this characteristic waveform to those of the ASD partial discharge. This technique
proved less usable because the output of the partial discharge detector produced an integration of the PD
voltage pulse. This method resulted in a loss of information as it gave a measure of charge instead of an

accurate representation of the voltage waveform itself.

8.6 Preliminary Measuring Circuit

A method was developed that enabled the PD waveform to be viewed. For this a filter with a vacuum tube
amplifier circuit was devised. Upon consideration it was decided that PD would most likely be detectable
from a phase winding to a grounded surface within the motor. This is approach was similar to the
functioning of a conventional sine wave PD detector. The motor ground was floated and the filter circuit

was connected between the case and ground. The filter circuit allowed the low frequency sine components
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to pass to ground, while the high frequency components were passed to the amplifier. A vacuum tube
amplifier was chosen for two reasons. Firstly, the tube amplifier provided good protection as a buffer for
the data acquisition equipment. Should the motor insulation fail under the high stress of the PD detection
test it could short and place that large voltage on the equipment. Secondly the tube amplifier offered a high
impedance and high gain needed to detect the small PD pulses. Although this method worked well to
collect the wave shape of the PD pulses, there were some impracticalities associated with the circuit
configuration. It would be extremely difficult to electrically isolate the motor case in a normal field
application. There was also the concern that because the motor case was not solidly grounded the wave
shape of the PD may have been altered by stray capacitance. While suitable for the AC case, this method
was not applicable for use with ASD type waveforms because of their high frequency components. This
method, however, did provide a starting point, and enabled the gathering of small signal waveforms for the

motor environment,

8.7 Differential Measurements

The next approach was to devise a method to separate the PD pulses from the ASD pulses. First windowing
of the data acquisition samples was considered so that they ignored the ASD pulses. Unfortunately this
would limit the data because PD would most likely occur at the beginning of the ASD pulses where the
voltage overshoot would be greatest. It was decided to make comparative measurements using different
windings in the machine, to enable rejection of the ASD pulses. Many low voltage motors are dual wound
to accept either 230V or 460V. This type of construction makes one of the motor star points accessible for
outside connection. The motor was opened and a connection was made to the other winding star point.
With access to both star points differential measurements could be made between them. The concept of the
differential measurement was based on both windings having the same number of turns and therefore
comparable characteristics for transient parameters. The ASD waveforms would travel through the separate
windings in a similar manner, and therefore appear at the starpoints such that they would cancel one
another in a differential measurement. Conversely, a PD pulse appearing in a winding would appear across
the differential connections. This is based on the fact that PD occurs randomly in time and location and

therefore would not occur in both motor windings simultaneously.

There were, however, some difficulties in measuring signals at the starpoints. Normally if the motor is fed
from a normal three phase sine wave supply the star points can be expected to be at ground potential or at
least close to it. This would allow a high-sensitivity differential probe to be used. This, however, does not
hold for a motor driven by an ASD. When an ASD is driving the motor the starpoints are not at ground
potential for a large portion of the operation. Instead, because of the ASD waveform, the starpoints can
swing in potential to approx 2/3 of the DC link voltage, which represents a significant common voltage
value. For this type of measurement a differential probe is needed that is capable of high-resolution

measurements coupled with the ability to tolerate a high voltage level offset. Usually this is opposite of
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what is available. If a probe can function at high voltages then it is usually low resolution and vice versa.
The probe also is required to measure at high frequencies in order to capture the fast PD pulses. A circuit
was developed that had to satisfy these characteristics. The circuit front end used a small high frequency
transformer placed across the starpoints with an insulation barrier capable of withstanding the high voltages
at the starpoint. The coil ratio was selected to be a 1:10 ratio so that the secondary provided voltage
amplification of the differential signals. This was then coupled into a differential amplifier with a high
common mode rejection. A single ended output was taken from the differential amplifier to supply the data
acquisition hardware. Due to the very large ASD amplitude compared with the PD pulse, it was not
possible to remove the entire common mode signal, however, this circuit was able to reduce it to a

manageable level.

8.8 Data Extraction and Processing

The developed differential amplifier permitted the acquisition of data in sufficient detail to search for PD.
The high-speed data acquisition board was capable of sampling at 5GHz. An extensive custom-built GUI
was constructed in LabView that was capable of gathering and presenting the data. This oscilloscope
emulation system allowed not only viewing in the time domain but was also able to perform FFT (Fast
Fourier Transform), STFT (Short Time Fourier Transform), an averaged Time, and a Wavelet Transform.
When the data was gathered it became clear that detecting the PD would take some digital signal
processing before it would yield consistent results. At first the FFT was used to find differences in the
frequency content of signals known to have PD and those known not to have PD. While the FFT provides a
perfect frequency representation of the signal, it provides no time representation. The FFT approach,
therefore, was unable to distinguish which components belonged to the ASD pulses and which belonged to
the PD pulses since their components were so similar. Another approach was taken, using STFT. While this
yielded a significant improvement it still was not capable of separating the signals. Finally Wavelets were
chosen due to a unique ability to represent high frequencies well in the time domain but also to represent

low frequencies well in the frequency domain.

8.9 Wavelet Transform

The wavelet transform was developed in order to overcome the deficiencies within the FFT and the
STFT. It provided both time and frequency information about a waveform at the same time. This permitted
a determination of which frequencies occurred, and at what time in the wave. For example, when looking
for a specific frequency or frequencies of a certain event such as PD, it is possible to separate the
components that contain the pertinent signals and remove the background noise and interference. The time

waveform can then be reconstructed without the other unwanted components.
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In the wavelet transform a time domain signal is passed through a set of high and low frequency digital
filters to separate them into equal spectral ranges. Either of these two signals, but usually only the lower,
can be decomposed further to form lower levels of frequency. Usually the lower frequency signals are also
down-sampled by two. The Nyquist theorem indicates that there are more samples than needed to
completely represent the signal so the redundant data is removed. Once the original waveform has been
decomposed to the desired level it is then passed through the wavelet transform. This is a process where the
signal is multiplied by a mother wavelet, which is both scaled and translated. The output is a signal that
shows how well the scaled and translated mother wavelet matches the base signal. This allows the
extraction of signals that are otherwise hidden deep within noise and interference. The caveat is that the
mother wavelet must be properly selected. When using wavelets this selection process is of the greatest

concern, for if the wavelet is chosen incorrectly the transform will provide little or no information.

8.10 Conclusions

While the analysis in this work is not yet complete there are some general observations that can be
made. Using the developed differential circuit measurement method coupled with the data acquisition and
wavelet transform system it is apparent that motor load should have less of an effect on this PD detection
system than with conventional methods. This will permit a variety of motors to be evaluated with this
technique. From the preliminary results obtained with the motors examined here there appears to be a
correlation between pulse width and partial discharge inception voltage. It has been observed that as the
drive pulse decreases in width the inception voltage rises significantly. Based on observations in this work

it should be possible to determine improved methods of driving motors that avoid the damage caused by

long-term partial discharge exposure.
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Chapter 9

Project Overview and Conclusions

9.1 Project Overview

The research project “Power Quality Study for the Proposed Integrated Power
System”, ONR no. N00014-01-1-1028, has addressed a range of shipboard power quality
issues. The research has delivered a number of key results, as detailed in the previous
seven chapters. In some cases, the results of this research are ready to move on to
product implementation. In other areas of this research, the results are intermediate and

further research is needed to bring the results to implementation.

The following list contains information on each key aspects of this research, and

an assessment of the current status of this work at this point in time.

Generator Grounding Study The research has proposed a method for operating a

pair of direct connected generators. The generators are operated with a high impedance
grounding system. The study has shown that a pair of these generators can be operated
on shipboard systems with a bus tie circuit breaker, so that the units can be operated
either with the breaker opened or closed. Detailed simulations of the ground faults on
this system show that a protective function can be implemented which would sense the
presence of a ground fault on either of the given generators. We believe that such a

system could be designed and successfully built at this time.

Novel electric_drive with power-regenerating capability. This study has

investigated the development of a variable voltage, variable frequency electric propulsion
system for application on shipboard systems. It is our position that the current generation
of power converters makes this approach practical. The results of this study show that

this proposed approach has the potential to provide an attractive shipboard propulsion
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system with reduced space, weight, and cost, plus increased fuel efficiency, as compared
to the conventional electric propulsion systems. The study included an analysis of using
the drive momentum to regenerate power for a pulse power load. There are indications
that this could provide increased pulse load capability over conventional designs. As a

result of this research, it would be desirable to conduct scaled tests of this proposed

system.

Improved Motor Starting Capability of Three Phase UPS Inverters This study has

proposed a method to provide improved motor starting capability for fixed frequency
inverters supplying general loads. This is an item of concern throughout the industry as
more inverters are being applied in this mode. The proposed work has suggested that the
inverter capability can be increased through the judicious introduction of voltage sags
during motor starting. This work is at the stage where a prototype should be constructed
and tested. If the prototype functions as predicted, the resulting inverter could be turned

into a marketable product.

The application of wavelets to the detection of broken rotor bars in
induction machines This study has proposed a new algorithm that can be used to detect
the presence of broken rotor bars in induction machines that operate under transient
conditions. The new methodology is immune to loading effects unlike the classical
steady-state condition monitoring algorithms. A wavelet analysis of the starting current of
an induction motor is presented and the results show that there are clusters of wavelet
coefficients that are only found when analyzing a machine with broken rotor bars. It is
envisioned that this study could form the foundation of future condition monitoring
techniques of machines that operate predominately in the transient such as motor

operated valves, launchers and wind generators.

The Application Of Wavelets to Shipboard Power System Protection. In this

study, the discrete wavelet transform is applied to the shipboard Integrated Power System
for the detection of transient faults in an ungrounded system. An algorithm for the

exctraction of the fundamental sine wave is used. A method of fault discrimation that
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determines which is the faulted phase is presented and applied to the identification of all
three single line to ground fault scenarios. A method for detecting both line to line and

three phase faults is presented and the results indicate that this detection algorithm can be

used in future fault detection systems.

Measurement of surge propagation in induction machines This study
contributes to the measurement of machine parameters used to determine surge
propagation. A single coil of the machine is divided into regions of differing impedance
namely the slot and the overhang regions. Detailed parameter measurements are made of
each turn within each region. This includes turn to ground and turn-to-turn capacitances
and self and mutual inductances. These parameters are then used to determine the surge
impedance of each section. Bewley lattice theory is extended to track surge propagation
within the coil. Boundary voltages located at the impedance mismatch are calculated to
determine the magnitude of the overvoltages occurring within each turn of a coil. The
results produced by this research will give motor designers an insight into designing

machines that are resilient to surges.

Investigation of Partial Discharges in Motor Windings. This research has

highlighted the need to examine motors controlled by adjustable speed drives for partial
discharges. While partial discharges do not immediately cause breakdown their continued
presence degrades the material and failure will ultimately occur. Conventional equipment
used to detect such pulses operates under steady state ac conditions. However, when an
adjustable speed drive is used a pulse waveform is applied to the motor rather than an ac
supply. Under these conditions transient voltages are created throughout the windings.
Tests have shown that voltage amplitudes are significantly in excess of the normally
expected steady state values. The partial discharges that result are in a noisy electrical
environment and are impossible to detect with conventional equipment. Using the
probing techniques and algorithms presented in this work it has been shown that these
pulses can be detected. This approach permits a quantification of partial discharge
activity and hence a means of assessing motor life under the pulse conditions presented

by adjustable speed drives.
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9.2 Conclusions

This document is the final report for the research project “Power Quality Study
for the Proposed Integrated Power System.” This research has led to a number of
important results, as described in the previous chapters and summarized in Section 9.1.
Several of these results are ready to be moved to the development or prototype stage,
while others need further research to demonstrate their viability. The continued
development of these research thrusts will provide improved power quality to both

shipboard systems and power systems in general.
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