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ABSTRACT

AC drives with variable loads operate at maximum efficiency when they are operat-
ed at adjustable speed. Speed variation of ac drives can most effectively be attained
through change of supply frequency. Normal electromechanical frequency conver-
sions do not meet the criteria of stiff frequency operation {i.e. frequency deviates
with drive condition without any desirable control). Modern static converters, spe-
cially the inverters and the cycloconverters provide solution to the stiff frequency
source. Pulse width modulated (PWM) inverters in this respect also allow one to
change voltage and frequency of the supply in one conversion stage requiring mini-
mum filters or no filters at all between a supply and the motor. This thesis aims at
the stability analysis of conventional synchronous motors fed from PWM inverters.
- Particular emphasis is given to the stability study of motors supplied by inverters

having open loop v/f control.

This thesis contributes in two major areas. These aré the determination of switch-
ing points of PWM waveforms using a simplified technique and formulation of a
new operating strategy for maintaining stability of synchronous motors fed from
~ pulse width modulated inverters. This strategy at the same time enhances the load

bearing capability of synchronous motors without loosing the synchronism.

Neﬁ formulations in the form of algebraic equation have been proposed to find the
switching waveforms of PWM converters. The approach is completely new and dif-
ferent from conventionally used simulation and numerical techniques, and provides
a method of easier and computati.onally fast analysis of sine PWM waveforms. In
the present thesis the proposed technique is utilized in the analysis of triangular sine
PWM and delta sine PWM inverter waveforms for subsequent use in the stability

analysis of inverter-fed synchronous motors.

Stability analysis of synchronous motors has been carried out extensively in this
work considering the variable-voltage variable-frequency supply. The analysis is
based on the small signal perturbation and eigenvalue search techniques. In the

formulation of linear differential equations small signal perturbation of all the pos-



sible variables are considered. It has been established in this thesis that normal
control scheme with rated v/f to ensure constant air gap flux is not appropriate for
maintaining stability of synchronous motors in low frgquency range. This research
proposes a new control scheme with v/f ratio other than its rated value to main-
tain stability of synchronous motors fed from variable-voltage variable-frequency
sources. The results of the analysis have also been substantiated by time domain
analyses and experiments. A suitable modulation scheme is proposed in the thesis
for an inverter-fed synchronous motor to obtain the desired v/f ratio in open-loop
contro! to maintain the motor stability. The scheme has been developed from the
results of inverter waveform analysis and the stability analysis of the synchronous

motor.

Accurate repres'entat'ion of a machine by its parameters is necessary for the sta-

bility investigations. During this research, problems were encountered in measur-

ing the required parameters from tests. It was found that available test methods
were not equally applicable for large and small machines. Parameter estimation
of synchronous machines is a topic of continuous research even today. Many of
the methods proposed in recent years are computationally involved, requires costly
instrumentation and are based on assumptions which are not valid under various

operating conditions. A simple test method based on input impedance meastire-

ment has been developed. This method is applicable for finding the parameters of

synchronous machines of any size.

xxd



CHAPTER 1

INTRODUCTION

1.1 Introduction

Technological advancements in the field of solid-state static converters have Widened
the field of application of synchronous motors. Static converters having the capa-
" bility to change voltage and frequency of available utility supply have extended the
scope of synchronous motors to contribute significantly in adjustable-speed drive
systems [1,2]. In some applications inverter-fed synchronous motors provide certain
features that make them preferable to other motor drives [3]. Synchronous motors
respond more quickly to change in load torque than any other ac motors. They
can be used where simultaneous speed control of a number of motors are required.
The variable-speed synchronous motor drive provides the means of simple precise
position control [4]. Since a synchronous motor can conveniently be operated at
nearly unity power factor the resulting commutation problem of converters is great-
ly alleviated. The operation of synchronous motors at nearly unity power factor
decreases the armature copper loss and hence reduces inverter size [5,6]. Therefbre,
an inverter-fed synchronous motor has advantages of higher energy conversion than
its counter-parts. In large installations where even a fraction of efficiency increase
would save substantial amount of energy, synchronous motors are the better choice
[7]. Synchronous motors supplied by static-converters make it possible to achieve

good dynamic behaviour in high power range [8] of drive systems.

There are many problems associated with variable frequency drives which are still

being investigated. The stability problem is one of the concerns in the design of




~ a synchronous motor drive system. As a result, the phenomenon of stability of
synchronous motor drives has received a great deal of attention in the past and will
continue to receive attention in future. In general, instability of a synchronous mo-
tor supplied from é, voltage source inverter results either from inherent instability
of the motor or from its interaction with the source for a given operating condition
[9,10]. Motor parameters, source parameters, load characteristics and operating
conditions all affect the system stability [11,12]. Use of solid-state converters im-
proves the performance of synchronous motor drives and adds new dimensions to
the stability study with other performance criteria of synchronous motors. Stability
study requires investigation of solid-state inverter waveforms, inverter-motor-load
modeling and solution of models by computer aided fast numerical techniques [13].

Each of these steps is involved and complicated in nature.

A synchronous motor fed from a pulse width modulated (PWM) inverter system
must be operated within the range of stability limit to ensure reliable performance.
The system instability might occur in the form of sustained speed oscillations or of
complete loss of éynchrom'sm. The stability depends on system parameters and ter-
minal constraints and the cause of instability of the inverter-fed synchronous motor
may be minimized by introducing appropriate system damping through modification
of these quantities. In some instances, it may be convenient to modify the‘system
parameters so as to improve stability. The modification of system parameters of
motor-inverter system is .only possible in design and construction stage. However, in
bther applications it may be desirable to introduce system damping by controlling
the effective value of the voltage applied to the stator [14]. It has been found that
during low frequency operation a synchronous motor is lightly damped [5] which
can cause sustained speed oscillations or lead to pulling out of step. The stébility
of a synchronous motor drive with sirnple frequency control [9] was analysed. Tt is
possible to obtain stable, well damped response from such a drive provided that the

steady-state torque does not change rapidly and the rate of change of frequency is




limited. At low frequencies there is a tendency towards greater instability, which can |
be explained qualitatively by observing that low frequency operation is equivalent
to the operation at rated frequency with added armature resistance. The fact that
increased armature resistance results in a more lightly damped-electromechanical

system has been demonstrated by several authors [15].

The advent of solid-state inverters with improved modulation techniques extend-
s the facilities of control of the voltage and frequency. One approach to improve
the stability of synchronous motor is to introduce positive damping by simultane-
ous adjustment of the applied stator voltage and frequency. As this method uses
control of both the voltége aﬁd the frequency the effective damping may be high-
er than the conventional methods for stabilizing the synchronous motor operation.
Modern pulse width modulation technique as applied to the static inverter wave-
form modulaﬁion can meet the criteria needed for controlling voltage and frequency

simultaneously.

The analysis of stability control can be carried out by employing the theory of
small perturbaf:ion to the governing equations of synchronous motors. This analysis
stems from the logical inference that in constant volt/hertz mode of synchronous -
motor operation the maximum torque limit can be enhanced by increasing the
amplitude of the applied stator voltage and by decreasing frequency of the supply.
Therefore, simultaneous increase in voltage and decrease in frequency can boost
up the maximum torque limit which should be higher than that caused by either

voltage change or frequency change individually.

1.2 Review of Sine PWM Techniques for Inverter Opera-
tion

Pulse width modulated (PWM) inverters are popular in ac drive systems. Normal

voltage source inverters (VSI) and current source inverters (CSI) have the inconve-



niences of generating square waves at the output of the inverter containing undesired
low frequency harmonics. They also need double power conversion process for si-
multaneous voltage and frequency control. These probléms can be reduced by using
pulse width modulated operation of VSIs or CSIs. In pulse width modulation tech-
nique the switches of power converters are operated at high frequencies according to
a particular modulation mode so as to produce pulsés of varying widths at .thé éut-
put of an inverter. The earliest modulation techniques applied to inverter oﬁerat;ion
are single pulse modulation and multiple pulse modulation.[16-20}. These techniques
are capable of providihg inverter output voltages with low harmonic contents. As
investigations continued single pulse and multiple pulse modulation techniques were
replaced by the sine pulse width modulation [20,21]. Asynchronous and synchronous
sine pulse width modulation schemes were used for switching the power converters
[22]. For drive applications the fixed frequency modulation was found problematic
at different operatiﬁg frequencies. In order to overcome the drawbacks of ordinary
sine pulse width modulation, variable ratio PWM scheme was introduced. Present-
ly, three distinct sinusdidal pulse width modulation schemes are in use for inverter
operation [22-26). They are the (1) natural sampling method, (2) regular sampling
method, and (3) optimal switching technique. In the first method a sine w.ave is
compared with a high frequency triangular wave to determine the switching points
of modulated waves. In the regular sampliné technique, the sine wave is replaced by
a sampled or a stepped sine wave and the switching points are determined from the
crossover points of the carrier triangular wave with the stepped sine wave [27-29].
The third approach uses optimized switching technique based on certain perfor-
mance criteria.[30-32]. Due to the devélopments of n:ﬁcroprocessor technology, the
implementation of optimized pulse width moduiation for switching inverters has
become feasible [33-36]. Two types of PWM strategies have been uséd recently for
inverter operation. They are bang-bang sampled PWM technique and the delta
modulation (DM) technique. The principle of bang—bang sé.mpling is based on the



motor output current hysteresis comparison with a reference waveform to gener-
ate the modulated waveforms [37-40]. The current hysteresis controller governs the
converter switching pattern to maintain the mean value of the load current at the

required value.

]jelta modulation technidue allows easy implementation retaining all the features
of triangular carrier wave modulated sine PWM technique. It uses sine and carrier
wave comparison to generate switching waveforms as that of triangular modula-
tion [41,42). Delta modulation technique is capable of operating in both PWM
and square wave modes of operation. The closed loop arrangement of the delta
modulator ensures that the polarity of the pulses are adjusted by the sign of the
error signal which causes the locally decoded waveform to track the input signal.
The primary delta modulation circuit consists of single integrator in its feedback
path. Double integrator, multiple integrator or their counterparts in digital form
have also been used in the feedback path for more precision in digitization [43].
Some investigators replaced the integrator of the feedback loop by RC network [44]
giving rise to exponential delta modulated encoders. To suit the delta modulation
technique for uncorrelated signal, sigma delta modulation was introduced [45,46].
This type of DM uses an integrator to integrate the input signal prior to DM coding.
For using variable step- size quantization to compete with pulse code modulation
adaptive delta modulation (ADM) was suggested [47,48). Two other kinds of delta
modulation schemes encountered in literature are companded delta modulation and -
asynchronous delta modulation [49,50]. The companded DM technique uses com-
pression of large signal levels as compared to the smaller ones. The asynchronous
delta modulation systems have digital output quantized in amplitudé but not in
time. The rectangular wave delta modulation (RWDM) is an asynchronous DM
technique which has been used for operation of single phase and three phase volt-
age source PWM inverters [51-53]. Introduction of tuned filter in the feedback
path of RWDM has led to the benefit of waveform optimization by varying modu-



lation parameters [54,55], which allows the reduction of low order harmonics easily.
Though various PWM techniques have been developed to meet the requirements
of power converters, the switching point determination, analysis of harmonics of
voltage and current waveforms and drive performances remained complicated and

tedious.

1.3 Review of Stability Aﬂalysis of Conventional Synchronous
Machines '

1.3.1 Review of Machine Modeling

In the past, stable operation of synchronous machine had been the subject of nu-
merous research. Study of the behaviour of synchronous machine requires deriving
machine equations valid for general operating conditions. Classically, the theory
of synchrohous machine was presented in terms of traveling air-gap flux, current
and emf waves [56]. This has the advantage of close adherence to physical reali-
ties within the machine and serves excellently the limited purpose of explaining the
elementary steady-state operating characteristics. This approach becomes almost
impractical when it becomes necessary to study the behaviour of the machine under
transient conditions and its interactions with external network. The initial worké on
this subject dealt with formulating sets of differential equations having time varying
éoefﬁcients. The equations, though linear for.constant speed, but become nonlinear
as speed variation is encountered and require numerical solution by computer [57].
However, it is possible to simplify these equations by a special technique which was
- introduced by Andre Blondel in 1904 and is known as the ’two-reaction theory’ [58].
A simplification of synchronous machine modeling was obtained by the introdue-
tion of this theory. The method was examined in detail by Doherty and Nickle [69].
In the late 1920s, RH Park introduced a modified approach to electric machine
analysis [60-61]. He formulated a change of variables which in effect replaced the



variables (voltages, currents, and flux linkages) associated with the stator windings
of a synchronous machine by variables associated with fictitious windings rotating
with the rotor. The rotor circuits of Park’s model was modified by I.M. Canay in
1969 [62]. It was shown by Canay that the usual method for calculation of field cur-
rent or field voltage did not agree with rneasuremenfs. He proposed a synchronous
machine model based on equivalent circuit with representation of field and damper
circuit through introduction of a characteristic reactance which was independent of

rotor reference frame quantities, replacing the armature leakage reactance.

1.3.2 Review on Determination of Machine Constants

Machine parameters are necessary in the formulation of modeling and controt pur-
poses of a machine. Design data and dimension of a machine govern these parame-
ters significantly. Some of the parameters necessary for steady-state, transient and
dynamic performance study can be obtained directly from design data. However,
many of the parameters are to be found by tests and computational techniques on
data obtained from tests. The test methods for cylindrical rotor and salient-pole
machines are available in standard text books [63,64] and in recognized standards
[65-67]. Among these tests the synchronous-impedance method, Old AIEE method,
Potier triangle method, the magnetomotive-force method, ASA method, etc. are
‘conventionally used for finding stator parameters required in steady-state analysis.
Transient and dynamic performances, speciaﬂy the stability analysis of synchronous
machine, however, require the steady-state stator circuit parameters, magnetic cou-
pling, and the rotor circuit parameters. The short-circuit test, in which the three
terminals of an unloaded synchronous machine are short-circuited simultaneously, is
. a well established method to identify machines’ transient characteristics and various
time constants [68,69].‘ This method provides the information from which th;e pa-
rameters of the field winding and damper winding in the d-axis can be determined.

There has been a general lack of procedure to find information on quadrature axis



parameters [70]. In small machines where stator resistance cannot be neglected
compared to its leakage reactance, the short-circuit test method does not produce
correct results {71]. In many cases it was thought that two rotor circuits in ad-
dition to the field winding circuit might better identify the direct axis equivalent
circuit used in these studies. Similarly in the quadrature axis it has been felt that
certain types of rotor design could call for as many as three equivalent rotor cir-
rcuits, acknowledging the fact that no field winding exists in the quadrature axis.
The identification of additional parameters is troublesome considering conventional
short-circuit test data. The advent of digital computers made it possible to exam-
ine various models for greater accuracy of representation. One possible method by
which the above problems could be alleviated is use of frequency response method to

derive the accurate machine parameters [72]. A number of approaches were consid-

ered and measurements were carried out under loaded [73,74] and stand-still [75-79]

conditions. The theory and practical details of this method for direct and quadra-
ture axes model have been developed [80-82]. The stand-still frequency response test
method requires costly and unconventional instrumentation. It has been practically
realized that it is very difficult, if not impossible, to carry out these tests at higher
current levels (50% - 100% of thev rated current) for large machines due to the lack of
large power supplies at low frequencies [83,84]. During test performance it has been
noticed that application of variable field current in the measurement, quadrature
axis mutual inductance changes more significantly than direct axis inductance {85].
Though frequency response method is a very useful tool in parameter identification
for synchronous machines the difficulties of this method has led to researches on time

domain identification of synchronous machine parameters from stand-still measure-

ments. Recently a set of stand-still measurements for time-domain identification of -

linear model parameters for direct and quadrature axes of synchronous machine is
proposed [86-88]. This method uses the topologies same as used in frequency re-

sponse method and requires rigorous computation. The research and investigation



in this area are still continuing [89-94] and it is expected that newer test methods

to identify synchronous machine parameters will be proposed in future.

1.3.3 Review of Stability Study

Stable operation of synchronous machines is an important subject of research. The
articles of Nickle and Pierce [95], Wagner [96], Prescott and Richardson [97], Park
[60,61), Lauder [98], Kron [99] etc. on this subject were to insure efficient and eco-
nomic design and satisfactory operating conditions considering stability aspect of
synchronous machines. The analysis of synchronous machine operation is complex
and the pumber of variables under study is so large that thé-physical aspects of
the problerh have tended to become submerged completely in mathematical ma-
nipulation. The first of the major steps by which the designers were extricated
from this maze of mathematical transformations was due to Park whose generalized
two-reaction theory was applicable directly to the analysis of synchronous machine
operations. The next major step was the application of the Kron’s tensor analysis
{100} by which the multiple mathematical equations could be handled in groups ,
rather than individually. Calculations were still complex and time-consuming to(""} ig é "
permit. their application to routine design problems. A solution to these difficulties
appeared in the form of generalized equivalent circuits presented by Kron [100-102].
Applying Kron'’s formulae and equivalent circuits calculation of torque developed by
a machine becomes easier. In the next phase, stability of conventional synchronous
machine was assessed through observing ;h_e nature of torque developed by a ma-
chine. Two types of electrical torque are coﬁsidered responsible for influencing the
stability. These are the damping torque and synchronizing torque. Damping torque
is defined as the tofque in-phase with rotor speed while the synchronizing torque is
in-phase with rotor angle. The operation of a synchronous machine is endangered
when damping torque developed during hunting of the machine becomes negative.

Reduction of synchronizing torque also affects the stable operation. As a result,



stability studies of synchronous machines were concentrated towards the investiga-
tion of the magnitude and characteristics of these torque. Literature survey on this
area shows that a series of papers were published for evaluation of damping and
synchronizing torque of ac machines [103-110]. It has been known for a long time
that high armature resistance tends to produce a component of negative damﬁing
in synchronous motor or generator operating in parallel with other synchronous
machines {95]. On the other hand, if the armature resistance becomes extremely
high it contributes towards a positive torque [96]. In a study the starting prob-
lem of electrically connected synchronous machines in rest [111] neglecting rotor
resistance showed that in some cases oscillations may be sufficiently amplified af-
ter synchronizing, to cause loss of synchronism. Later, a study with the inclusion
of rotor resistance proved that damper windings were essential to prevent negative
damping during the starting period [107]. A stability study of synchronous machine
operation has been made by applying Routh’s criterion i:o the linearized equations
describing behaviour for small perturbatic;hs about a steady state operating point in
reference [15]. In the study the stability boundaries have been examined in a torque

vs. armature resistance plane for various machine parameters and constraints. The

effect of frequency, load torque, rotor inertia, stator resistance , and other machine

parameters and constraints have been included in the analysis.

1.4 Review of Stability Analysis of Variable-Speed Syn-
chronous Machines

Application of static converter in synchronous motor drives has extended the scope
of research on performance analysis, particularly in the field of stability of syn-
chronous motor drives. In the synchronous machine family, stability analysis was
first carried out on reluctance-synchronous machine in variable frequency operation

[10]. In this analysis the equations which describe the behaviour of a reluctance
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synchronous machine have been established and method of small displacement tech-

nique has been employed to linearize the motor equations. In a subsequent work
several methods of sta:bilizing the reluctance machine during operation at low speeds
were proposed (14]. The work showed that the system damping could be introduced
in a synchronous reluctance machine by adjusting the effective value of the applied
voltage in accordance with the change of speed. The report also suggested a con-
trol system which would continuously adjust the amplitude of the source voltage

by employing controlled rectifiers. To investigate the feasibility of the synchronous

machine as variable speed device, a detailed study has been carried out over a wide

range of frequency in constant volt/hertz mode in reference [5]. The approach of
analysis is similar to that as followed in the stability study of reluctance synchronous
machine. The study reveals that when a synchronous machine is lightly damped
it may be unstable at low speeds. However, a well-designed synchronous machine
may generally be stable over all regions of operation. In this paper the authors
also detailed the results of the effect of varying the excitation and the amplitude
of the applied voltage on stability. The stability has been found to improve as a
result of an increase in the amplitude of the stator voltage and decrease in the
field excitation. The influence on stability of the machine due to changes of ma-
chine parameters were also investigated [5]. Steady-state properties and stabilii:y
aspects of a variable-speed synchronous motor using current source inverter have
been derived from an equivalent circuit model in reference {4]. The analysis shows
that the motor should exhibit no spontaneous sustained oscillations when dperated
within its steady-state torque limits. This has been shown to be true even if the
motor has saliency. The analysis also shows that the field winding enhances the
damping of forced oscillations under loaded condition and quadrature axis damper
winding is required to provide damping at no load. The stability behaviour of a
synchronous motor drive was studied with simple frequency control in reference [9].

~ The study reveals that it is possible to obtain stable, wéll—damped response from
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a drive provided that the steady-state load torque does not change rapidly and
the rate of change of supply frequency is limited. If, however, the mechanical load
torque contains transients and if quick response in speed is required, simple frequen-
cy control is inadequate. A step application of rated torque may readily result in
loss of synchronism.. Incori)oration of power factor control can change the operating
point stability of a synchronous motor drive which was investigated using a supply
of current source inverter in reference [112]. In the study the direct axis damper
windings have been found to be most effective in achieving stable operation. The
size of the stable operating region remains relatively insensitive to damper resis-
tance. Imperfections in the current source inverter has little effect on the stability

boundaries but reduce the damping in the stable region.

1.5 Objectives of the Thesis

Stability of a synchronous motor is an important factor during its operation. Steady-
state and dynamic stability studies are standard practices in the design and opera-
tion of a synchronous machine fed from utility power supply. Advent of solid-state
static converters in variable-speed operation has regenerated the studies in all types
of ac motors. Objectives of such studies aim at finding suitable operating conditions
for motors in stable region when fed from static converters i.e., inverters, cyclocon-
verters and controlled ac/ac converters. Synchronous motors are not exception to
this. However, such an study in complete form is involved and tedious.-As a result,
investigations are usually carried out individually and the results of a number of

studies are put together to formulate a control strategy.

So far stability study of static converter-fed variable-speed synchronous motors are
carried out either in constant voltage mode or in constant volt /hertz mode. Con-
stant voltage mode is not a practical situation in variable-speed ac drives. Constant

volt /hertz mode is adopted to maintain constant air-gap flux in ac machines. How-
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ever, constant volt/hertz mode at the rated value of v/f is not advantageous for
stable operation of a synchronous motor, specially in low frequency range. In view
of this, one of the main objectives of this research is to find a proper volt/hertz re-
lationship that would result in an improved stable operation of synchronous motor
fed from a PWM inverter. Analysis of a conventional synchronous motor fed from
a PWM inverter having variable voltage and variable frequency operation has been
undertaken in this thesis; Stability analysis of inverter-fed motors involves sever-
al steps. Identification of inverter fundamental voltage through harmonic analysis,
choice of proper motor model with correct parameters of the motor and formulation

and solution of linearized motor equations are necessary for this purpose.

Performance of inverter-fed synchronous motors can be studied with the knowledge
of inverter voltages and the machine models. Representation of inverter voltages
in mathematical form and finding the various voltage components of harmonics
require solution of switching points of converter voltages. The analytical means of
determining switching points of conventional triangular sine pulse width modulated
and delta modulated inverter waveforms until now requires numerical solution or
simulation. In this thesis, simplified techniques can be developed in the form of
solution of algebraic equations to find the switching points of sine PWM inverter
waveforms. The developed equations can be used in the harmonic analysis to find
the fundamental voltage of inverters in order to incorporate the results in stability

analysis.

Stability analysis of the conventional synchronous motor is carried out using ma-
chine model based on d-g axes transformation. Park’s model can conveniently be
used to obtain the performance equations of the synchronous motor. The eguations
are then linearized by employing small-signal perturbation theory. The stability
is assessed by computing eigenvaiues of the synchronous motor using a standard

cigenvalue routine [114]. The results of the stability analysis obtained by cigen-
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value technique can be justified by time domain simulation of the performance of
the synchronous motor. The time responses due to change of voltage, frequency
and load can be found from the solution of simultaneous differential equations by -

- Runge-Kutta method.

Variable-voltage, variable-frequency ac drives are usually operated at a constant
volt/hertz mode in order to maintain constant air-gap flux over the entire operat-
ing range. It is an established fact that in constant volt/hertz mode synchronous
motor becomes lightly damped or may even become unstable during low frequency
operation. Stability study described in this thesis stems mainly from the instability
occurring at low frequency operation. The stability investigation of utility-fed syn-
chronous motor reveals that an increase of applied voltage to the statof improves
the stability while a decrease in frequency increases positive damping during nor-
mal operatiqn of the synchronous motor. A combination of voltage and frequency
other than constant volt/hertz improves the motor stability even at low frequency
range of operation. Stability is investigated for different volt/hertz ratio. For a
synchronous motor when incorporated with such a control, the variation of air-gap

flux must be kept within its allowable linear range of operation.

In stability investigation of a synchronous motor the pdrameters of the machine
have a significant role in obtaining accurate results. To determine the parameter-
s of synchronous machines a modified input impedance measurement method has
been developed. The modified methed is simpler, requires corﬁmonly ﬁsed instru-

mentation and is valid for all size of conventional synchronous machines.

1.6 Thesis Organization

Chapter 1 contains the introduction of the thesis and provides an idea of the pro-
posed research described in five chapters. Various advantages and requirements of

synchronous motor drives and basic concepts of their stability aspects are discussed
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~ at the beginning of chapter 1. Literature reviews on PWM techniques, synchronous
machine modeiing including parameter estimation, and stability analysis of syn-
chronous motor are presented in this chapter. Objectives.of the present research

are also incorporated.

Methods of simplified swit.ching point determinatibn of triangular sine pulse width
modulation and delta modulation for inverter switching are proposed in chapter
2. Results of harmonic analysis of single-phase and three-phase inverter waveforms
based on the proposed techniques are presented in chapter 2. The last section of
chapter 2 includes the analysis of three-phase voltage waveforms of a PWM inverter.
Expressions of line-to-line voltage, line-to-neutral voltage and d-q axes voltage are
derived in this section by incorporating the proposed switching point formulation of
pulse width modulation technique. The practical waveforms of a three-phase PWM

inverter‘are presented to validate the results of theoretical waveform analyses.

Development of the synchronous machine model, particularly the Park’s model is
presented in chapter 3. Machine parameters required for this model have been
determined by a modified test method outlined in Appendix B. The Park’s syn-
chronous machine model is then linearized employing small signal perturbation
theory for subsequent stability analysis. Chapt‘._er 3 also investigates the influence
of the change of terminal quantities on the stability of the synchronous motor fed

from variable-voltage variable-frequency supply.

The resiilts of chapter 3 leads to the formulation of volt /hertz relationships required
for improved‘ stable operation of PWM inverter-fed synchronous motors. The for-
-mulation of proposed volt/hertz relationéhjp is presented in chapter 4 of this thesis.
The analysis, theoretical and experimental verifications are presented in chapter 4.
The new volt/ hertz relationship proposed.in this thesis is different from that used’
to maintain constant air-gap flux of the motor. It has been shown that the new

technique would perform better in terms of stability of the experimental motor.
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This chapter also illustrates the choice of PWM control strategy of an inverter to
obtain the proposed volt/hertz control on the basis of the results of chaptér 2. It
has been shown that delta modulated inverters with proper parameter selection
would provide the desired volt/hertz control by invefters in a very simple manner.
The selection of modulator parameters for inverter control to achieve the proposed

volt/hertz control is outlined. in this chapter as well.

Chapter 5 of this thesis describes the salient features of the work and summarizes
the contributions of this research with certain suggestions for future work on the

subject.
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CHAPTER 2

ANALYSIS OF STATIC PWM INVERTER
WAVEFORMS

2.1 Introduction

A new approach for simplification of the analytical method of studying pulse widtlg
modulated (PWM) waveforms for friangular sine modulation and delta modulation fs
described in this chapter. Of various types of inverter waveform modulations, trian-
gular sine pulse width modulation and delta modulation are extensively used in power
converter apblications. The analysis of pulse width modulation technique requires the
knowledge of switching points of modulated waveforms. Analytical methods for deter-
mining switching points have been simplified for both the triangular sine modulation
and delta modulation. The constant of proportionality encountered in ﬁhe equatioil
for switching point détermination of triangular sine pulse width modulation is formu-
lated based on certain approximations without loss of accuracy. The transcendental

equation involved in determining the switching points of the delta modulated converter

waveforms has been replaced by a simple algebraic equation.

The features of the PWM techniques as applied to the operation of inverters are in-
vestigated and summarized. Spectrum analysis has been carried out for modulated
inverter waveforms. Analysis of d — g axes inverter waveforms is provided in this chap-
ter. The results of waveform analysis are subsequently used in the stability analysis of
the PWM inverter-fed synchronous motor. Through harmonic analysis, proper choice

of modulation parameters has been made for stability analysis.

‘&n
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2.2 Pulse Width Modulation Techniques

Modulation of static-converter waveforms is a common method of harmonic minimiza-
tion and simultaneous voltage and frequency control. High frequency carrier modulation
reduces filter size in converter applications. Sine pulse width modulation is the most
common technique'for obtaining switching waveforms of different types of static pow-
er converters. Triangu!ar sine pulse width modulation and delta modulation are two

common techniques used for generating modulated control signal for power converters.

Sinusbidai PWM technique also known as triangular modulation is very popular in
‘industrial applications and is extensively reviewed in the literature. The principle of
. sinusoidal PWM technique is illustrated in Fig. 2.1. The sine modulating wave is
compared with a triangular carrier wave, and the points of intersections of two ‘w‘a.ves
determine the switching points of the inverter power devices. The frequency and am-
plitude of the modulating wave can be varied to obtain variable voltage and variable
‘frequency output. On the other hand delta modulation is the simplest method for
modulating an analog signal to its digital form. This is also a PWM scheme suitable
for waveform modulation of power converters. The basic delta modulator consists of
a comparator/quantizer and an integrator as shown in Fig. 2.2. The comf)arator at
the input of this block compares the input signal with the stepwise approximation of
the input signal. The quantizer quantizes the error ‘signal according to the sign of the
error signal to produce the positive and negative pulses of the modulated wave. The
function of the integrator in the modulator is to reconstruct the input signal from the
output modulated signal. Thus input to the integrator is the modulated waveform. The
inﬁegrator acts as a low-pass filter and estimates the modulating signal. The waveforms

of delta modulation scheme are illustrated in Fig. 2.3.
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Figure 2.1:  Illustration of triangular sine pulse width modulation:
(a) modulating wave and triangular carrier wave;
(b) modulated wave.
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2.3 Proposed Method of Determining Switching Points of Tri-
angular Sine Modulated Inverter Waveforms -

The method of determining the switching points for a typical triangular sine pulse width

modulation is described with the help of Fig. 2.4.
The number of pulse per cycle of modulating wave is determined by the following rela-

tion:

_ L |
N = . (2.1)

- where,
f = frequency of modulating sine wave

| f. = frequency of triangular wave

Let 6; be the middle point of the i-th pulse produced by the intersection of two waves

at the points #; and =y as shown in Fig. 2.4. 6; can be expressed as,

_2i—1
N

8; ™ (2.2)

Also, assuming the slope of the triangular wave to be S where,

5= 2 (2.3)

W
~ Expression for the slope can be written as,
INE,
S = - (2.4)

where, F, = magnitude of the triangular carrier wave

'Determination of the switching points of the triangular modulation shown in Fig. 2.4

is based on the following observations [20]:
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o Pulse widths are directly proportional to the instantaneous value of F,, siné; at

6;

e Pulse widths are inversely proportional to the magnitude of o

These relations can mathematically be expressed as,

Tg— 1 = 6,', X Em sin91- (25)
1

5 o« — (@

< | _ (2.6)
E. sin®;

- g EmSHE 5
b; K; T (2.7)
61' = K,-ms‘inBi . (28)

where,
§; = width of the i-th pulse
m = modulation index = %5

K; = constant of proportionality.

Though equation (2.8) is a simple one, no quantitative value of K; was available [23].
In the following analysis a definite expression for K; is suggested. From Fig. 2.4, an

equation of the slope for any falling section of the triangular wave can be written as,

L, sin:

S = SiN &y (29)
. T

E'm smxp = S —¥ + (9, - Eﬁ)] (210)

Similarly, the equation of the slope for any rising scction of the triangular wave can be

written as,

B, sinzy, =85 [:132 — (Bi + 2—}?)} _ (2.11)

Solving the transcendental equations (2.10) and (2.11) by numerically would give switch-

ing points z; and x;. But the proposed method provides a simpler solution as follows:
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Combining equations (2.10).and (2.11) and replacing (zs — 1) by &, one obtains,

Em (Sil’l T+ sin SEQ) = 361 - —WNS (212)
Sé‘i = Em (Sin.’l-'] 4 sin .’Bg) + %S (213)
& = :S:” (sinz; + sinmzs) + % (2.14)

Since equations (2.8) and (2.'14.) represent the same quantity, substituting the expression

of &; from equation (2.8) in (2.14) one obtains,

Em . . '
Kmsin®;, = —S—(sm €, + sinzs) + % (2.15)
K = o, ?—(sm x| + sins) + N (2.16)

With a fair accuracy, E., (sinz)+sin ;) can be approximated by 2E sin #;. 'This
assumption is valid for regularly sampled sine wave modulation where the reference
signal is a steppéd sine wave. Substituting E, (sinz; + sin ©2) by 2F,, sinf; in equation

(2.16), one obtains,

1 owS :
K, = —— |2F,sin0; + — .
' Stsin 6; ( L sin 6 + N) (2.17)
2F,, 1
K = - (2.18)

Sm | Nmsin6;
Replacing S by equation (2.4) and the modulation index m by En  equation (2.18)
becomes ‘ |

s T 1

A ﬁ_i—j\f_msin& (2.19)
T - 1 '
K, = —{1 )

Once the value of K; is known, the pulse width can be determined using equation (2.8)
as? .

6,‘ = I{,"Iﬂ, sin 9,‘ . (221)
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Substituting equation (2.20), equation (2.21) becomes

T 1
=T iné; 9.22
2 N (l-l_msiné’i)msmg1 (222)

or

5 = % (14 msin6;) ‘ (2.23)

However, the pulse width can directly be written without the constant of proportionality

obtained from equation (2.14). Substituting I, (sinz; + sinzy) by 2L, sinf; , one

obtains,
T 2E,sinf;
6= — + ——* 2.24
- or,
il QEm Sin 9.5
b = Nt —ms (2.25)
or,
x  wmsing; '
6= — 4t 2.26
i=wt (2.26)
or, :
b= (1-+msin9-) o (2.27) |
1 N 1 -
If the pulse widths are known,r the switching points can easily be found as,
6; |
b;
T, = 0; + 2 (2.29)

Once the switching instances of the modulated wave are determined for certain modu-
lation index, number of pulse per cycle and operafing frequency, the modulated wave
and inverter output wave can be represented analytically as described in the following
section. lThese may be used for inverter waveform study and subsequent application in

the stability study of the synchronous motor.

The switching points of triangular sine pulse width modulation obtained by the pro-

posed simplified method are compared with the results of the natural intersection of
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modulating wave and triangular carrier wave as well as with those of transcendental e-
quation solution by the Newton-Raphson method. Three set of results have been sliown
graphically in Fig. 2.5 and in tabular form as in Table 2.1. A modulating signal of 30
Hz, carrier wave of 510 Hz and modulation index of 0.8 are used for the comparison.
The comparison of the rcsultb shows that the SWltthl’lg points of the proposed method
have close agreement in middle zone and insignificant difference in the two ends of each
half wave of the modulating signal. The small difference found from comparison of the

results have insignificant effect on fundamental voltage of the inverter.

4

2.4 Triangular Sine PWM Inverter Waveform Analysis

Switching of single phase inverters can be done in such a way that the output waveform
appears like a modulated wave as shown in Fig. 2.6. The switching waveform can be
represented by the following expressions. -

For one cycle:

Np
H T T
me(t) = ) [Q(t, tai, toin) — 9(E b + Eat"!i-l-] + 5)] (2.30)
i=0,1.2...

For multiple cycles:

2 T T
m(t) = Y Y, [ﬂ(t, by + Ayton + A) — gt ta + - + Aoy + 5 A)]
A=0,T,2T.. 1i=0,1,2... 2 2
- (2.31)

where,

N, is the number of pulses in one cycle

T is the period of one cycle

A=0,T,2T..etc. (Z+ 1) is the number of cycle of the input signal to be simulated
to; is the starting position of (i + 1)-th pulse '

t9;+1 is the end position of (i 4+ 1)-th pulse
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“able 2,1;  Comparison of switching points of Lriangula.r SPWM

No. | A (sec) | B (sec) | O (sec)
1 0.0000 | 0.0000 | 0.0000
2 0.0005 | 0.0005 | 0.0004
3 0.0016 | 0.0016 | 0.0015
4 0.0023 | 0.0023 | 0.0022
9 0.0037 | 0.0037 | 0.0036
6 0.0042 | 0.0042 | 0.0041
7 0.0057 | 0.0057 | 0.0057
8 0.0060 | 0.0060 | 0.0060
9 0.0077 | 0.0077 | 0.0077
10 0.0079 | 0.0079 | 0.0079
11 0.0097 | 0.0097 | 0.0097
12 0.0099 [ 0.0099 | 0.0099
13 0.0116 | 0.0116 [ 0.0116
14 | 0.0120 | 0.0120 | 0.0120
15 0.0135 | 0.0135 | 0.0135
16 0.0141 | 0.0141 | 0.0141
17 0.0153 | 0.0153 | 0.0153
18 | 0.0161 | 0.0161 | 0.0162
19 0.0171 | 0.0171 | 0.0172
20 0.0183 | 0.0183 | 0.0183
21 0.0190 | 0.0190 | 0.0190
22 0.0204 | 0.0204 | 0.0204
23 0.0208 | 0.0208 | 0.0208
24 | 0.0224 | 0.0224 | 0.0224
25 0.0227 | 0.0227 | 0.0227
26 0.0244 § 0.0244 | 0.0244
27 | 0.0246 | 0.0246 | 0.0246
28 0.0264 | 0.0264 | 0.0264
29 ) 0.0266 |-0.0266 | 0.0266
30 | 0.0283 | 0.0283 | 0.0283
31 0.0286 | 0.0286 | 0.0286
32 -1 0.0301 | 0.0301 | 0.0301
33 { 0.0307 | 0.0307 | 0.0307
34 | 0.0319 | 0.0319 | 0.0319
35 0.0328 | 0.0328 | 0.0328

A: Values from intersection
B: Values from numerical solution

C: Values from proposed method
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Switching points of a single phase triangular modulated PWM inverter can be obtained
from equation (2.28) and (2.29) and converted to one cycle or multiple cycles of a single

phase inverter waveform using equations (2.30) and (2.31).

Analysis of triangular sine PWM inverter waveforms is usually performed on parameter
variations of modulation index and munber of pulse per cycle of the mndulaim[_, WAVC,
Simulated waveforms of a single phase inverter for 30 Hz operation are shown in Fig.
9.6 for constant number of pulse per cycle. Corresponding spectra of the waveforms
are shown in Fig. 2.7. Typical spectral variation of the triangular modulated inverter
waves for variation of modulating index, carrier frequency and operating frequency are
shown in Figs. 2.8 ,2.9 and 2.10, respectively. Figs. 2.11 and 2.12 illustrate the practical
SPWM waveforms generated by natural comparison method. The necessary simulated
waveforms and their spectra of single phase SPWM inverters are shown in Figs. Alto
A.6 in Appendix A. Features of modulation of inverter waveforms are evident {rom these

illustrations. The results of triangular modulated waveform analysis can be suminarized

as follows:

e Increase in carrier frequency causes dominant harmonics to occur at higher fr(!a-
quency. This is advantageous, because higher frequency dominant harmonics
would requife small filters for smoothing the converter waveform. However, the
increase in carrier frequency is limited by the switching frequency of the static
devices used in the converters. Number of switching per second of these device
increases with the increase of carrier frequency. As a result, the carrier frequency

.
increase is limited by the highest switching frequency of the static device in the
converter. The highest switching frequency in the static devices vary from device

to device resulting in the variation of cost of the converter.

e Increase of modulation index m (other parameters remaining constant) causes
an increase in fundamental output voltage. Increase of voltage with modulation

index is linear. Thus variation of modulation index provides a means for voltage
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variation in applicatiofl where controllable voltage is desired.

e An ac drive requires simultaneons voltage control and carrier frequency control.
Carrier frequency adjustment is necessary to maintain the switching frequency
within the devices switching llimil: and to control switching loss within an allow-
able range. Voltage control is necessary to maintain constant t(')rque operation
( ?:const). Under these conditions the waveforms of the inverter gradually turn

into square wave mode of operation and the spectra of waveform contain dominant.

harmonics which are low order mmltiples of the fundamental.

2.5 Proposed Method of Determining Switching Points of Delta
Modulated Inverter Waveforms ' :

-

The method of determining switching points for typical delta modulated waveforms is

explained with the help of Fig. 2.13.

For any rising section of the carrier wave, equation can be written as {113],

4 2AV + Vi, (sinwt; — sinwt; 1) (2.32)
(t; — ti-1)
2AV + Vy(sinwt; — sinwtig) = At — ti1) (2.:33)

where,

A is the slope of any rising section of the carrier wave, #; and #; , are the switching
points of the i-th pulse for leading and trailing edges of the rising section of the carrier

wave, respectively and AV is the window width as shown in Fig. 2.13.

Similarly, the eciuation_of the slope for any falling section of the carrier wave can be -
written as [113], | , :
‘ _2AV + Vi (sinwt; — sinwt;_1),
B (t; — tic1)

AV + Vin( sinwt; — sinwt; 1) = B(ti — i 1) (2.35)-

B (2.34)
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where, "B is the slope of the falling section of the carrier wave.

Switching points can be determined by solving equations (2.33) and (2.35)' as reported
previously [113]. But these equations are transcendental in nature and computational

time required for solution of these equations is quite snbstantial.

These transcendental equations for determining the switching points of delta modu-
lation can be simplified with fair degree of approximation within the operating range
of converters. The simplification of these equations can be made through replacing

Vi(sinwt; — sinwt;_1) by (t; — ti1) x slope of Vi, sinwt in equation {2.33) to gi_ve;

2AV + (t; — t;_1) x slope of V,, sin wt = At —ti1) (2.36)

Since the slope of Vi, sinwt at t = ;) is wV;, coswt;_y, equation (2.36) can be written

as,

2AV + (t,‘, — t,-_l)me coswt;_; = A(ti‘— ti_]) (237) ‘
20V

2.38) -
A —wV, coswt;_ (2.38)

=1t t

Similarly, for falling edge equation (2.35) can be modified to,

2AV — (t, - t,-_l)me COS wti_l = f))(lf1 - ti-—l) - (239)
' 20V
t, =1t;_ 24
1t B+ wV,, coswt;_4 (240)

A peneral equation of switching point determination of the delta modulated wave can

be written, which represents both equations (2.38) and (2.40). The first switching point
is t; = 0, and the subsequent switching points can be expressed by a general expression

as,
2AV
S+ (1)1, weoswt;

where,
S = A, slope of rising section for i = even

S = B, slope of falling section for i = odd
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Equation (2.41) is a simple algebraic equation and requireé the knowledge of preceding
switching point for finding the present switching point. Once the switching instances of
the modulated wave are determined for certain reference voltage, operating frequency,
window width and slope, the modulated wave and inverter output wave can be repres:
sented analytically as described in ‘the following section. These may be used for inverter
waveform analysis and subsequent application in the stability study of the synchronous

motor.

The switching points of delta modulation wave obtained by the proposed simplified
method are compared with the results of the intersection of carrier wave with upper and
lower bands as well as with those of transcendental equation solution by the Newton-
Raphson method. Three set of results are shown graphically in Fig. 2.14 and in tabular
form as in Table 2.2. .A modulating signal having maximum amplitude of 8 volts,
operating frequency of 30 Hz, window width 1.0 volt and slope 3000 volt /sec are used for
comparison. The comparison shows that the switching points of the proposed method
have close agreement .with the other two methods and insignificant difference in the

results found from comparison virtually has no influence on the fundamental voltage of

the inverter.

2.6 Delta Modulated Inverter Waveform Analysis

The modulated waveform of a rectangular wave delta modulator as shown in Fig. 2.3
can be used to switch an inverter to produce the same waveform at the output of the
inverter. In order to achieve this, the positive pulses are used to gate one pair of active
“devices, whereas, the negative pulses are used to gate the other pair in a single phase

inverter. The switching waveform can be represented by the following expressions.

For one cycle:

N, -
sp(t) = > (1) [g(t, ti, ti)] (2.42)
“i=1,23.. :
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Table 2.2: Comparison of switching points of delta modulation

No. | A (sec) | B (sec) | C (sec)
1 0.0013 | 0.0013 | 0.0013
2 0.0018 | 0.0018 | 0.0018
3 0.0031 | 0.0031 § 0.0031
4 | 0.0035 | 0.0035 | 0.0035
5 0.0046 | 0.0046 | 0.0046
6 0.0051 | 0.0051 { 0.0051
7 0.0061 | 0.0061 | 0.0061
8 0.0066 | 0.0066 | 0.0066
9 0.0074 | 0.0074 j 0.0074
10 { 0.0080 | 0.0080 | 0.0080
11 | 0.0087 | 0.0087 | 0.0087
12 | 0.0094 | 0.0094 | 0.0094
13 | 0.0100 | 0.0100 | 0.0100
14 | 0.0108 | 0.0108 | 0.0108
15 | 0.0113 | 0.0113 | 0.0113
16 | 0.0123 | 0.0123 | 0.0123
17 | 0.0128 | 0.0128 | 0.0128
18 | 0.0138 -] 0.0138 | 0.0138
19 | 0.0143 | 0.0143 | 0.0143
20 | 0.0155 | 0.0155 | 0.0155
21 | 0.0159 | 0.0159 | 0.0159
22 | 0.0180 | 0.0180 | 0.0180
23 | 0.0185 | 0.0185 |-0.0185
24 | 0.0198 | 0.0198 | 0.0197
25 | 0.0202 { 0.0202 | 0.0202
26 | 0.0213 | 0.0213 | 0.0213
127 | 0.0218 | 0.0218 | 0.0218°
28 ] 0.0228 | 0.0228 | 0.0228
29 [ 0.0233 | 0.0233 | 0.0233 |
30 | 0.0241 | 0.0241 | 0.0241
31 0.0247 | 0.0247 | 0.0247
32 | 0.0254 | 0.0254 | 0.0254
33 | 0.0261 | 0.0261 | 0.0261
34 | 0.0267 | 0.0267 | 0.0267
35 | 0.0275 | 0.0275 | 0.0275
36 | 0.0280 | 0.0280 | 0.0280
37 | 0.0290 | 0.0290 | 0.0290
38 | 0.0295 | 0.0295 | 0.0295
39 | 0.0305 | 0.0305 | 0.0305
40 | 0.0310 | 0.0310 | 0.0310
41 | 0.0322 | 0.0322 | 0.0322
42 | 0.0326 | 0.0326 | 0.0326
A: Values from intersection; B: Values from numerical solution; C: Values from proposed method
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For multiple cycles:

s(t) = . (1) [g(t, t; + At + A)] (2.43)

where,

N, is the number of pulses in one cycle

T is the period of one cycle

A=0,T,2T...etc.

(Z + 1) is the number of cycle of the input signal to be simulated
t, is the starting position of ¢ th pulse

t;,1 is the starting position of (¢ + 1)th pulse

From the knowledge of switching points as obtained by solution of equation (2.41) and
using equations (2.42) and (2.43), the inverter output can be simulated for harmonic
studies; The analysis of the delta PWM inverter waveform is usually done on harmonic
determination with variation of modulator parameters, such as window width, slope,
magnitudé of reference wave and frequency. Simulated delta modulated éingle phase
inverter waveforms for 30 Hz operation are shown in Fig. 2.15. The spectra of these
wavef_orms are shown in Fig. 2.16. Results of parametric variations of the modulator
on the wa\l.fef()rm spectra m‘e‘sh.own in Figs. 2.17, 2.18, 2.19 and 2.20 for rceference
voltage, frequency, window width and slope variations. Figs. 2.21, 2.22, 2.23 and 2.24
are the practical waveforms showing the effect of parameter variations. In each of the

‘experimental waveforms the upper wave represents the carrier signal while the lower

one is the modulated output. The necessary simulated waveforms and their spectra of .

single phase delta modulated inverters are shown in Figs. A.7 to A.16 in Appendix A.
Features of the delta modulated waveforms are evident from spectral illustrations and

are summarized below:

e With all other parameters remaining constant, the fundamental of the DM inverter

output voltage increases with frequency maintaining an almost constant v/f. In
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doiﬁg so the number of pulses per cycle are reduced and pulse widths are increased.
Hence an automatic v/ f = constant is maintained in DM inverter and also pulse
dropping occurs with increase in operating frequency of the inverter. The v/f =
constant feature is essential for the operation of ac drives. The pulse dropping is
also necessary for keeping the switching frequency of static devices of the inverter

within their allowable operating ranges.

Due to pulse drop_ping and pulse width increasing natures with increase of oper-
ating frequency, the inverter waveform gradually turns to square wave IhO(le of
operation and maintains this mode of operation at higher oi)era.ting frequency.
In the square wave mode of operation a DM switched inverter exhibits coustaﬁt

voltage characteristics.

During low frequency operation, the inverter waveforms contain high frequency
dominant harmonics. During high frequency operation, the low order harmonics

begins to appear in the inverter waveforms.

Parameters like window width and slope of the modulator determine available
fundamental voltage and magnitude of harmonics contained in the inverter wave-
forms. Higher slope and smaller window width basically increase the oscillating
frequency of the estimated wave, and thus moves the dominant harmonics to high-
er frequencies. These parameters can be varied on-line to achieve harmonics at

desired range and level.

Magnitude of the reference wave also significantly controls the available funda-
mental voltage of the inverter. Increase in magnitude of the reference wave {(while
all other parameters are maintained constant) increases the available fundamental

voltage of the inverter:

One significant aspect of the delta modulated inverter is that it controls the ex-

cursion of current when feeding inductive loads. This is due to hysteresis band
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of the modulator imposed by the hysteresis quantizer. As a result, the current
of the inductive load is always bound by a limit. This limiting characteristic of
the load current within a band is inherently achieved in delta modulation. It such

current control is desired in other modulation technigues, extra control circuits

are necessary.

One of the fundamental features of the delta modulation i.e., v/f = constant control

can also be explained from the modulator operation.

If V,. is the fundamental voltage of modulator cutput, then considering the filter in-
put /output relationship we have,
Vi 1

—_—

I/;n.] Wt

(2.44)

where, T is the time constant. But fundamental component of the filter output is cqual
to magnitude of the input reference sine wave. Hence Vp, = V.. Equation (2.44) can be

rewritten as,

— =VnT = VVrT (245)

As long as the magnitude of the reference sine wave and modulator’s filter time constant
are maintained constant (which is true if the values of modulator’s components are not

changed), then the product V,7 is constant. Hence

Vi -
M _ 9xV.r = constant (2.46)

f

2.7 Three Phase PWM Inverter Waveform Analysis

In order to investigate the stability of a synchronous motor fed from a 3-phase PWM
inverter, it is essential to represent inverter ontput voltages as line-to-line, line-to-neutrat
and d — ¢ axes mathematically. Knowing the representation of the switching waveforms,
by proper phase staggering (+-120°, —120°) and addition of scaled waves, output intages

of three phase PWM inverter can be obtained. The method for obtaining inverter
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output voltages is illustrated in Fig. 2.25 for square wave mode of operation. line to
line voltages of three phase inverter are obtained by the addition of scaled modulated
wave with phase shifted scaled modulated wave.

To represent inverter output voltages in various forms a switching function mi(t) as
obtained from a modulated waveforms of Fig. 2.6 is necessary and m(t) can be defined )

by following expressions.

For one cycle:

£ T T
2 . .
] mp(t) = : [Q(t,tzi,tzi-n) — gt to + 5,@-“ + 5)] (2.47)
i=01,2.. '
For muliiple cycles:
zZT Eza T T
m(t) = [!J(tatzi + Aty + A) — gt i + 2t A, toi + 2 + A)]

A=0,T2T..i=0,12..

(2.48)

" Three phase PWM inverter waveforms are obtained by multiplying time addition of
phasc staggered switching waves and gating the resultant waves by the line to line
voltage waveform of unity magnitude of square wave mode of operation. Gating by line
to line voltage of square mode of operation is necessary because inverter line voltages
can not be more than V. in either direction. The analytical expressions for line to line

voltages in terms of switching waveforms shown in Fig. 2.25 are obtained as,'

1. [ T -
Va = 5Va|m(®) -|-m(t—|—F)] on (2.49)
L ) .
1. T T
Vie = —Vi|m{t — =) +m{t — )| ult)s, 50) -
be 2Vd,_ Lm(t 6) - on{t .5)} 1w(t) s, (2.50)
1. 7 T T
Ve = 3Va m(tm§)+m(t+~§)] u(t)ss (2.51)

where, V() = Vay, Vie, Vea line to line voltages of the inverter.
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Figure 2.25: Illustration of obtaining three-phase inverter output
from switching waveforms.
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Since,

m (s g) — —m() | (2.52)
m (t #%) = = (t + %) (2.53)
m (t + :—g) = —m (t - %) | (2.54)

Equations {2.49) to (2.51) can be written as,

Vab %Vdc :m(t) + m(t + %)] u(tjs1 ' | | (2.55)
Vie = %Vdc %m(t - %) —m(t + %;)} u(t) sz | (2.56)
Vo = %Vbc _-m(t) + m(t - %)] w(t)ss | (2.57)

In equations (2.55) to (2.57), 81,52 and s3 are line to line voltage waveforms of unity
magnitude in the square wave mode of operation. The line to neutral voltages of the

inverter are given by following expressions,

1
. . '
Vbn = E (ch - I/ab) ' (259)
1 .
uzn ?; (‘/ca - V,bc) (260)

where, V.., Vi, and V,, are line to neutral voltages of the inverter.

The expressions for line to neutral voltages of the inverter can be written in terms of

switching waveforms as,

Vn = = [(m(t) +mlt+ %)) s = (=m(t) ~ mit - %)) gg} u(t) (2.61)
Vin = % [(m(t - %)— m(t + %1-)) Sy — (m(t) + m(t + %)) s]} u(t) (2.62)
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L Vdc

Vcn
6

(——m(t) ~ it - ?6:)) 53— (m(t - %) —omft+ %)) sz] w(t)  (2.63)

For machine performance analysis using d — ¢ transformation, we require direct and
quadrature axis voltages V; and V; [13], which also refers to a3 transformation. The

reference voltages can be written as,

Vi

wi_2ft 4 ][

)3l b a )| xn
V, = 2V Vie—Val (2.65)
Va = — . [Vee — Ve | (2.66)

By substitution of equations (2.55) to (2.57) in equations (2.65) to (2.66), V; and V,

can be expressed as,

V, = If;c [2 (m(t) + m(t + %})) 8 — (m(t - E) — m(t + %)) 52]

[ (=m0 +mle = ) ss] wtt) (2:67)

V.

23

Typical voltage waveforms for V, Vi, V; and Vy are shown in Figs. 2.26 and 2.27.

Vv, = [(m(t - %-) —mii+ %)) 5 — (—m(t) +m(t— %)) 53] uft)  (2.68)

for modulation index of m = 0.2 and carrier frequency of 1.2 kllz. Figs. 2.28 (a) - (e)
illustrate practical waveforms of line to neutral voltage obtained from a PWM inverter
for 20, 30, 40, 50. and 60 Hz operation with pulse dropping characteristics as inverter
goes into higher operating frequency. -Figs. 02.29 (a) - {¢) show practical waveforms
of line to neutral voltage at constant 50 Hz operation of PWM inverter illustrating
the trend of change in carrier frequenf:y. Typical spectra of 3-phase PWM inverter

waveforms are shown in Figs. 2.30 and 2.31.
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An attempt has been made to simulate the above mentioned situation and to produce
same voltage waveforms practically while maintaining same operating conditions. The
practical waveforms shown in Figs. 2.28 and 2.29 are found to have close agreement

with the theoretically obtained waveforms.
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Figure 2.26: Simulated waveforms of three phase PWM
inverter for f = 50 Hz, m = 0.8 and N = 80:
(a) line voltage; (b) phase voltage.
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Figure 2.27: Simulated waveforms of three phase PWM
inverter for f = 50 Hz, m = 0.8 and N = 80:
(a) d-axis voltage; (b) g-axis voltage.
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Figure 2.28 Practical waveforms of phase voltage of three phase
PWM inverter for the modulating frequency:
(a) 20 He; (b) 30 Hez.
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(d)

Figure 2.28 Practical waveforms of phase voltage of three phase
PWM inverter for the modulating frequency:
(¢) 40 Hz; (d) 50 Hz.
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(¢)

Figure 2.28 Practical waveforms of phase voltage of three phase A"*""ﬁ
PWM inverter for the modulating frequency:
(e) 60 He.
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Figure 2.29 Practical waveforms of phase voltage of three phasé
PWM inverter for (N; < Ny < Ny):
~ (a) N, pulses; (b) N, pulses.
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(c)

Figure 2.29 Practical waveforms of phase voltage of three phase
PWM inverter for (N} < N, < Ny):
{c) Ny pulses.
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CHAPTER 3

STABILITY ANALYSIS OF SYNCHRONOUS
MOTORS

3.1 Introduction

Stability of a conventional synchronous motor is its ability to return to normal stable
operation after being subjected to a disturbance. Instability of a synchronous motor is
experienced in the form of loss of synchronism. Momentary load change or disturbance
torque exceeding the motor’s limiting torque angle swing results in loss of SjynChI?O—
nism. Study of synchronous motor stability both theoretically and experimentally is
important for design and operation of the motor and for its control. The mathematical
formulations in the form of differential equations are necessary for studying stability
of synchronous motor. The differential equations which describe the behaviour of syn-
chronous motors are in general nonlinear. However, considerable insight regarding the
stability can be gained from the linearized version of these equations. Linearization
approximates tlie equations by small signal deviation around a steady-state operating
pdint. This involves a set of linearized equations derived in rotor reference frame of
the synchronous motor by assuming that each variable is composed of a steady-state or
bias component and a small time varying component, or perturbation. Each of the two
term variables can be substituted for corresponding original variable and second order
perturbations are neglected. A set of linear differential equations result in small signal
perturbation variables around a steady-state operating point of the synchronous motor.

Using the linear set of equations, various methods have so far been used for stability
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assessment of ac machines including that of conventional synchronous motors. Of these
methods eigenvalue determination and transfer function formulation applying Rouths

or Nyquist criteria of classical control theory are common.

Tn this chapter linearization of synchronons motor cquations for sinusoidal excitation
having variable voltage and variable frequency characteristics are used to study the
efTecté of operating constraints on motor stabilify. Eigenvalue determination of the
machine equations by state matrix solution has been used to study the stability of the
synchronous motor. The method requires the knowledge of elements contained in the
state matrix for't.he steady-state operating conditions. Effects of terminal constraints on
the stability are investigated by varying one quantity, while holdil_lg the others constant.
The résults on stability obtained by eigenvalue search technique are substantiated by

time domain simulation of torgue, torgne angle and speed etc. .

3.2 Synchronous Machine Models

In order to understand the behaviour of a synchronous machine under both the steady-
state and dynamic conditions, machine equations valid for general operating conditions
arc required. Classically, the theory of synchronous machine was presented in terms of
traveling air-gap flux, current and mmf waves. This l;heor'_y’ has the advantage ol close
adherence to the physical réalities within the machine and serves the purpose of explain-
ing elementary steady-state operating characteristics. However, the approach becomes
extremely impractical when it is necessary to study the behaviour of a machine under
transient and.dynamic conditions. In modeling, a synchronous machine is considered
of (2()llf;ilil'lil'lg four basic windings i.l-,;., three symmetrically placed stator windings and
a rotor winding. An actual machine contains one or more d;unp(;r windings. With full
knowledge of all circuit parameters, sets of circuit equations can be formulated to obtain
all information related to both the transient and dynamic studies. In such a situation

general differential equations, which represents the dynamic behaviour are lincar with

72




time-varying coefficients [56]. Under influence of clectrodynamical torque, change of
speed makes these differential equations nonlinear. The two drawbacks of representing
synchronous machine characteristics by straightforward differential equations are thus

time-varying machine parameters and nonlincar dynamic machine equations.

Blondel two reaction-theory introduced by Andre Blondel of France and subscquent
developments carried out by Doherty, Nickele, Park and others [58,59,60] simplified
the differential equations of ac machines to a great extent. The teclinique involves
transformation of voltage, current, flux and other variables to a reference frame where
these components are represented by direct axis (d), quadrature axis (q) and zero axis (o)
components. These transformations result in new inductances referred to as d—qg—o axis
machine inductances. The transformation redm':es the complexity of machines analysis

in two ways:

1. The differential equations have a set of constant- parameters instead of time-

varying parameters.

2. Transformed equations contain comparatively few terms and transformed currents

are weakly coupled to each other than actual stator currents.

If the power supply is a balanced three phase, the d — q axes theory is a standard
analytical tool for dynamic modeling of ac machines. Several steady-state and dynam- |
ic machine models based on two-reaction theory are available. Of these models, the
Parl’s d — ¢ axes model [60,61] is considered to be one of the most practical model of
synchronous machines, because of the presence of rotating field winding and saliency of

rotor poles.

3.2.1 Park’s Model-

The Park’s model [60,61] is based on transformation of stator variables of synchronous

machine to a reference frame fixed in the rotor. As a result, the time-varying inductances
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from the voltage equations disappear. The parameters of rotor winding in Park’s model
are referred to the stator quantities by multiplying the rotor quantities by a constant
of proportionality based on turns ratio. The voltage equations describing the behaviour

of a synchronous machine are [80],

vy = R+ ot DA (3.1)
Vg = Ratgs — wpAgs + phus - (3.2)
Vs = Rylos +PAos | (3.3)
Vhg = Rigirg + PArg (3.4)
vig = Rpalja+pia - | (3.5)
Upg = Drgia + P | (3.6)

where, A represents flux linkage, p is the operator d/dt, w, is the rotor angular speed.

The expression of flux linkages are related to the currents by,

Aps = Lyigs + Ingirg (3.7)
Ais = Laigs + Lialipa + ica) o - (3.8)
Aes = Lisios | (3.9)
My = Lig+ Digis O (3.10)
i = Lpdiga+ Loalics + ixa) | (3.11)
Apd = Lkd"':kd'*."Lmd(ids'i‘ifd) (3.12)

where, L denotes the inductance with appropriate subscripts for direct and quadrature
‘axes . Ly and L, are the d — ¢ axes magnetizing inductances, respectively.

These well-established equations are derived using the following assumptions:

e Bach stator winding is described so as to produce a sinusoidal wave of magneto-

motive force.

~ e Stator slots produce negligible variations in the rotor inductances.
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o Saturation of magnetic circuits and eddy cutrents are neglected.

e The damper circuit may be represented by a single equivalent winding in each

axis.

o Direct axis mutual inductance between the field and the armature is same.

Based on the assumptions above and the voltage equations (3.1) to (3.6) and flux linkage
equations (3.7) to (3.12)‘, the equivalent circuits of a synchrondus machine are repre-
sented as shown in Fig. 3.1. These equivalent circuits are the representation of Park’s
model for synchronous machines.

Since machine parameters are usually given in ohms or in per unit, it is convenient
to express the voltage and flux linkage equations in terms of reactances rather than

inductances. Hence, equations (3.1) to (3.12) are rewritten as [80], -

. Wy ) )
vy = Ruig + —ipus + Sty (3.13)
W Wy .
. W, )
vy = Rglas — _T/)qs + l_'l/)ds (314)
Wy . Wy .
UOS = Rsius + —12-71[)05 (315)
B wh ‘
- . ) > .
”kq = ququ + g):'ljbkq - (3.16)
: . P '
vpg = Ryalpa+ ;,—btbfd (3.17)
. 4 .
ey = Ilatrg + i_‘ﬂ[’kd (3.18)
‘ b

where, 1 = wy), represents flux linkage per second and wy, is base angular speed used to

calculate the inductive reactances. The flux linkages per second are,

’dqu = Xqiqs + er'tq?:kq ' A (3]9)

Yas = Xatas + Xpalisa + ika) . (3.20)

Pos = Xistos (321) |

'l:bkq = qu -+ qu.?:qs ' : (322)
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Figure 3.1:  Park’s equivalent circuits of synchronous machine:

(a) quadrature-axis equivalent circuit;

(b) direct-axis equivalent circuit.
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VYo = Xpaisa+ Xmalids + ika) (3.23)

Yra = Xigira + Xmalias + isa) : (3.24)

where, X denotes the inductive reactance with appropriate d, g subscripts.

For convenience of per unitizing field variables, the field voltage vy, is replaced by the

following relation [80),
de
€rfd = Ugd
f f Rfd

(3.25)

“Substituting this relationship into equation (3.17) the expression for field voltage be-

comes,

X , i 0 o
Caufd = ??_T(Rjd'fffd ‘+ f;’ébfd) (3.26)

To obtain voltage equations in terms of currents as state variables, the flux linkages per
second equations (3.19) to (3.24) are substituted into cquations (3.13) to .(3.18). The
field voltage equation (3.26) is used instead of equation (3.17). The resulting voltage

equations are expressed in matrix form as,

B ‘R‘ + ULLXG :_;le 0 ({i‘xmq ' gixmd %Z‘de i
g9 wh r o, P B . g
Vs - SZXQ ) 7, 4+ o Xy 0 - w_f qu b Xmd b Xond i
Vos 0 0 Ry + w—%x;, ] 0 0] | s
= ZX 0 0 Rig+ 2X a 0 ;
Vky g mg kg 7 Ly Eg tkg
X , -
Exfd 0 ﬁ?f(;%xmd) 0 0 ‘)}(il‘?j(Rfd + u'Lbed) l_:;"?j Q‘E'thd) 7’_1"1
Vkd 0 ,'_'J% X,,,d 0 0 wj_b Xrud H-kd +- %Xkd ed
' (3.27)
where,
X, = Xp+ Xug (3.28)
Xd = Xf.s + Xm,d (329)
4 F)
‘qu = Xlkq + ‘errlq (3-;0)
de = Xu'd + X (331)
Xew = Xiat+ Xoa (3.32)

The reactances X, and X, are generally referred to as g—axis and d—axis reactances,

respectively. The flux linkages per second may be expressed from equation (3.19) to
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(3.24) as,

[ thgs | [ X, 0 0 Xn O 0 ][ igs
'lybds 0 Xd 0 0 de de ids
tos | _ 0 0 X 0 0 0 igs (3.33)
Wiy | Xmg O 0 X 0 0 Lig )
Y4 0 X, O 0 de X g

| Yka | | 0 Xpa O 0 Xma Xea || tra

If flux linkages per second are selected as state variables it is convenient to express

equation (3.33) as,

11bq Xq qu [ iqs .
s == . 3.34
[@bkq Kmg  Xkg ikg (8:34)
and,
"/) ds X d de X md ids :
hra | = | Xona Xja Xuw ifd < (3.35)
Yid Xd Xind  Xpd ikd

Solving the above equations for currents yields,

'I:qs — S/t-"l(],.l) }/;{(],2) ?'qu' g; ‘36
[ikq] [Yq(m Yoo | | Yk (3.36)
and, :
ts Yooy Yaun Yeu ) (2 _
igg | =] Yaey Yien Yaes | | ¥ (3.37)
ikd Yyany Yapz Yass) | | P :

where, ¥, and Y; are the elements of admittance matrix obtained by inversion of
matrix equations (3.34) and (3.35). -

Rearranging the matrix equation (3.27) in terms of flux linkages per second one obtains,

Vs R,Yq(l'}) -+ w—% E: 0 RaYou 0 . -0 e

Vit - ;‘,; Ity Yd(l,t) |- uL,, " 0 0 "sv.J(|,-z) R, Y4(1 ) e

s o ] 0 w F i 0 0 0 om

Ukq quyq(zll) ] 0 0 qu}’q(?’,z) + 3:; 0 1] Wiy

Vrd 0 RpaYae1y 0 0 RyaYapz -+ w_L,,, RyaYaea,s) Wpa

Vi 0 RraYogs 1 0 0 RiaYasgy  ReaYagn + 2 Vid
(3.38)

It is important to note that each of the g—axis and d—axis voltage equations contains

two derivatives of currents when currents are selected as state variables. But it is shown



from equation. (3.38), when flux linkages per second are selected as state variables,
both the g—axis and d—axis voltage equations contain only one derivative of ¢, It is
more convenient to implement a computer simulation of a synchronous motor with flux

linkages per second as state variables rather than with currents.

The expression for the instantaneous electromagnetic torque is obtained by employing
the principle of arbitrary displacement assuming current as state variable. The per unit

torque can be expressed [80] as,

Te = de(ids + ?:fd + 'ikd)iqs - X'mq(z'qs + ikq)":as (339)

The per unit relationship between the torque and the rotor speed can be written as,

T, = 2Hp~" + T, (3.40)
W

where, H represents the rotor inertia and T} is the load torque.

The position 8, of the reference axis at any instant is,

0, = wet | | (3.41)

and the rotor position 8, and its speed w, are expressed as,

0, = wet+6 (3.42)

Wy == We + P (3.43)
§= (M) ©(3.44)
P wy,

where, § is known as torque angle, the value of which is negative for motor action. The
equations of a synchronous machine are used in various performance studies such as

steady-state, dynamic performance and stability analysis etc.
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3.3 Linearization

3.3.1 Motor Model

The equations of the synchrononus motor and their derived versions as used in various

performance study, have been outlined in section 3.2. These equations are based on

equivalent circuits of the motor as shown in Fig. 3.1. For balanced operating conditions

the o quantities of the dgo variables may be omitted from all the 'volta.ge and flux linkage

equations. The d — q axes stator voltages in the rotor reference frame are function of

the torque angle § and are expressed [80] as,

Vys = V2u, cos 8 .
= Veoséd
v, = V2u,siné

= Vsind

Substituting equations (3.46) and (3.48) into equation (3.27), the voltage

synchronous motor in the rotor reference frame modifies to,

Vcosd s+ :dEqu :JL:Xd wle"i? :;L;de %X:nd
Vsiné _E:Ir)(? 1, + ixd 75&‘){'"‘3 ,_,L;de Uj_lxami'
Viy = &Xrnq . 0 Ry - f—b Xiq . 0 ] 0
€y fd 0 T (E X ) o R (Ryy o+ EXpa) T (E Xoua)
Vkd 0 . ;%X,,,d 0 h—%X,,,d g - ;%Xk,,

where, .the reactances are defined by equations (3.28) to (3.32).

3.3.2 Steady-State Operating Characteristics

(3.45)
(3.46)
(3.47)

(3.48)

equations of

s
ik'}
if,[
Txd

(3.49)

The theoretical treatment regarding synchronous motor stability requires values of all

the variables in steady state condition. During balanced steady-state operation the rotor

windings do not experience a change of flux linkages, hence current is not flowing in the -

short-circuited damper windings. The field voltage and its current remain constant. In

this mode of operation, since the machine rotates at a constant speed, the time rate of
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change in rotor angle pf, is a constant. Therefore, the equations for the steady-state
operation arc obtained by néglecting the terms having time derivatives from differential

equations (3.49). The steady-state version of equations are derived as follows.

wT' ' - . w:' .
TJ(;SU = Rsiqsﬂ -+ “—nﬂxd"“dsﬂ + —'Ude?'fd[) (350)
Wy W
. . W, .
Vs = Rszds[] - '—EXqqusU (351)
eyfdn = Xmdlfao (3.52)
Tqusjﬂ : Xqiqsﬂ ‘ ‘ (353)
Yaso = Xalaso + Xmdlgao (3.54)
Prao = Xmallaso + igdo) (3.55)

Here the steady-state values, about which small changes occur, are indicated by suffix

0. The quantities mentioned in the above e(iuations are defined by equations (3.19) to

(3.24) and (3.28) to (3.32). During steady-state conditions, the electrical angular speed

of the rotor w,g is constant and equals to w.. The steady-state torque T and torque

angle & are defined as,

Tj(‘.ﬂ = de(?:ds() + zfdﬂ)?’qsﬂ - Xﬁuqiqs()idsﬂ (356) .

by = B — wa ' : (3.‘57)

1t is clear that the frequency ratio 2t depends upon the value of the electrical angular
y ratio o8 def P . g

velocity of the applied stator voltages.

3.3.3 Lineariiation for Small Perturbations '

Stability of synchmnous-mc)tnrs poverned by non-linear equations can be assessed with-
‘out complete solution, when the motor is subjected to a small disturbance. I“m: small
variation relative to a given steady-state condition, the non-linear differential equa-
tions can be approximately converted into linear ones. Such linearized equations can

conveniently be used for studying the stability of synchronous motors.”
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The method of analyzing the small changes is applied to the motor equations for study-
ing stability by imagining a sudden change in any of the applied quantitics, vy, Vas, Vig,
Viay Vga, 11, Or f and finding the resulting change in 44, iy, trqs Lfd, thd, Wy OF é.

In order to illustrate the method, let us assume that a motor variable fi changes from a
steady value fi to a slightly different value fio+Af;, where A f; is the small excursion of
this motor variable about its steady value. Applying the small signal perturbation the-

ory to equations (3.46), (3.48) and (3.49) and-expressing all the variables in perturbed

form,
Vcos(bp + A8) = V(cosby — sinbAd) (3.58)
= Vcoséy — VsindyAb (3.59)
Vsin(§y+ A8} = V(sinfy + cos byAd) (3.60)
= Vsiny + Vcos§Ad (3.61)
Vieouby — VsinboAS = (R4 = Xg)(igen 1 Biga) + wro Tk Buir y o + Digy)
’ Wy ’ wh
. . o+ A . . + A . . o e
+£‘Xmu(’*kqu + Bigg) + Y0 T B X onaligao + Aiga) o L0 T2 Xpnalineo + Diga)  (3.62)
w ' s
Vsindg + VcosbAS = —%‘“‘”’xq(iq,o + Aig) 4 (Ra + wﬂxd)(-sd,n + Adg,)
b b
weo - Dwy X , . . ) i . o pe
— R T g D) w%%..u(?,mn A Atgg) A uITmed(".lni() |- Adgy) (3.63)
Uggo + Avgg = wLb‘X,,,q(iq,u 4 Aiyy) - (Mg L—;qu)(‘akqu 4 Aigy) (3.64)
. Kond o P . : A Kt P N .
Exfdu | AE:;_,M = R}'d (bemd)(idaﬂ -+ A"‘-ds) | Rfd (Rfd K w_bxfd)(‘fdu + Azfd)
X on . .
+ 2 Py )i + Aika) (3.65)
. Rig “wy
Vpao - Avgg = ixmﬁ(id.lﬂ + Adgy) + w%/\'ma(i,w + Adgg) 4 (Rea + ;%Xkd)(ikau + Aig) . (3.66)

The quantities vy, Va0, Vjd, fos0s Ldso, a0, Wro and & describe the steady-state oper-

ating points and can be determined using the equations presented in section 3.3.2. It

is to be noted that under steady-state conditions, damper windings do not expcrience
any change of flux linkages. Thus the induced damper currents (kg0 tkao) are zero and

they will not be included in final linearized equations.

Similarly, applying the small perturbation theory to the torque expressions of equations
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(3.39) and (3.40), the linearized torque equations can be obtained as,

To+ AT, = Xpa[Aisin(8y +8) + Isin(éy + 0) 4 I cos(by + O)A6 + Tyao + Diga+ Ayl

[Ad cos(8y + 8) + T cos(8y 4 0) — Isin(éy + 8)Ad]
X [Ai cos(by + 8) -+ I cos( + ) — I'sin(dg + 0YAS + Ady,]

[Adsin(6y + 0) + Isin(§ + 8) + I cos(éy + 0)Ad] (3.67)

and,

T, + AT, = 2Hp

v Ao, ' '
% + Tio + AT} (3.68)
b

Small controlled changes in the frequency of the applied stator voltages, as in variable-
speed drive system, may be taken into account analytically by replacing w, with w.g+Aw,

in the expression for § in eguation (3.43),

])((50 + Aé) =ty + Aw,. — Weg — Awe ‘ (369)

Under steady-state condition, the rotor of the synchronous motor rotates at synchronous

speed, hence equation (3.69) becomes,

pAS = Aw, — Aw, | (3.70)

If the steady-state expressions are canceled from both sides of equations (3.62) - (3.69)
and if the square or the products of small changes are neglected, the differential equa-
- tions are linear. Combining these equations yields a linearized model of synchronous

motor equations in matrix form as,

) > 3y w, wh .
0 Ry + EJI;'; Xq TJL,‘Q Ay DLE Xmgq _wthu Ty Tj‘f andd 4G V sin 60 Al
wrl > whr(y . , UL
o _‘.J_rbx‘] 1t + u—Lth - Jﬁ X""] %)md fyﬁxmd 7Aq’uaﬂ —Vcosét Big,
Av & X 0 - R+ X 0 0 i 0 Ai
kg wy, e ¥ ky oy ke kq
e = 4 X . X . Ai
oxpd 0 T{;"f (B Hona) 0 T#:‘f(ffjd X -RL}’;‘ (& ) o b N;{:
kd
AT, 0 X . & ¥ Regt & Xpa 0 st S
Bwe u51 v62 Xm0 Xmdlgs0 X lqav —2Mp 0 A8
0 Q 0 0 ] oy -
(3.71)
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Where a;; are defined as,

a1 = Xalgso + Xmaljao
gy = (de - qu)jds() + deIfd()

gy = (deﬁqu)Iqsn

It is easy to sort out the derivative terms and write equation (3.71) in the state variable

form as,

where,

Epx =IFx +u

- u vector represents input state variables -

X vector represents outputb state variables

Both the state variables u and x can be expressed in matrix form as,

(x)" =

()" =

B ag
Wy

[A'U,‘,s, A'Uds; A'qu, A(izfd, A'de, AT;,, Awe,]

Adgs, Nigy, Nirg, Aiga, Alpa,

where, superscript T denotes transposed matrix form.

"I and B are the cocfficients matrix of x and its derivatives, respectively.

E matrix can be written as,

(X, 0 X, O 0 0 0
0 Xd 0 de de 0 0
| Km0 Xy 00 0 0
X X X
E = w—b 0 . 2—}‘27:; 0 Tilff(de) 2—153"‘1- 0 0
0 de 0 de Xkd . 0 0
0 0 0 0 0 -—2Hw, 0
0o 0 0 0 0 0 -1
84"
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(3.73)

(3.74)

(3.75)
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Similarly, the F matrix can be written as,

- Rs %?Xd 0 u_;f rd L:jq md [15TH V sin 6{]
— R, — 0 0 —X . —Vcosd
0 0 Ry .0 0 0 0
F==10 0 0 Xt O 0 0 (3.76)
' o 0 0 0 Rig 0 0
agr ez Kmadgso Xmalgso 0 0
00 0 0 0 w, o |

In linear analysis it is convenient to express the linear differential equations in the form

as,

pPxX = Ax-l—Bu

Equation (3.77) is the state form of the linear differential equations.

referred to as the state-space equation.

Equation (3.71) may be written as,
px = (E)'Tx + (E) 'u

~which is in the form of equation (3.77), where, A and B are given as,

A = (EY'F
B=(E)™

It is to be noted that {I)~? is the inverse of E matrix of coefficients.

3.4 Eigenvalues for Stability Analysis

(3.77)

It is commonly

(3.78)

(3.79)

(3.80)

The method of eigenvalue determination is a convenient means for predicting the sta-

~ bility of a system in lincarized mode. Eigenvalues provide the range of stability as well

as the oscillating frequency of state variables of a system.

The linear differential equations for synchronous motors are derived in state variable

form where u vector represents the forcing functions of the motor. 1f u is set to zero,
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the general solution of the force free linear differential equation (3.77) becomes,
x = Keht (3.81)

Where, K is a vector determined from the initial conditions. The exponential et rep-
resents the unforced response of the system, which is known as state transition matrix.

Stability is assured if all elements of the transition matrix approach.zero asymptotically

as time approaches infinity. Asymptotic behaviour of all elements of the matrix occurs, -

whenever all of the roots of the characteristic equation of A is defined by,

det(A — AI) =0 (3.82)

In equation (3.82) I is the identity matrix and X are the roots of the characteristic

equation of A referred to as cigenvalues. Eigenvalues may either be real or complex.
When complex, they occur as conjugate pairs siguifying a mode of oscillation of the state
variables. Negative real parts correspond to the stafe variables or oscillations of state
variables which decrease exponentially with time indicating the system to be stable.
Positive real parts refer to an exponenti})l increase with time, indicating an unstable

condition.

3.5 Methods of Stability Studies

The linearized form of state matrix equations which have been illustrated in section 3.4

offer a convenient means of predicting the stability of synchronous motor. All the ma-
chine parameters and the terminal constraints used in stability studies of this research

are in per unit values which are given in Table 3.1. These values have been determined

for the synchronous machine using the modified method of parameter estimation pro-

posed in Appendix B. A change of supply frequency is taken into account by change
in the value of the angular speed, w, throughout this study. The rated frequency is
assumed to be 50 Hz which is denoted by w, as the base angular speed, the per unit

system employed is based on the operation at this frequency. Thus, the ratio ¥* can be
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Table 3.1:  Synchronous Machine Parameters

Parameters

Values in p.u.
Stator resistance, I, 0.06211
Stator leakage reactance, X, 0.0606
Q-axis mutual reactance, X, (0.4875
D-axis mutual reactance, Xy 0.4875
Q-axis damper resistance, L8, 0.0380
Q-axis damper reactance, Xy, 0.0548
D-axis damper resistance, Iy, 0.0264
D-axis damper reactance, X 0.0590
Field circuit resistance, Ity 0.0448
Field circuit reactance, Xjsq 0.5548
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interpreted as the st;ead);—st‘.ate operating speed expressed in per unit. The influcuce of
various machine parameters and terminal constraints on the stability of a synchronous
motor can be examined by determining the eigenvalues of the characteristic equation of
A of the state trar'lsit:ion matrix. Thé value of each of the motor quantities are varied
in a number of steps. Prior to the determination of <-‘.ig(-mvall1(-33'(')f the state mal‘.rix,. the
values of steady-state operating points contained in the state matrix have been deter-
mined using equations (3.50) to (3.57). The seventh-order eq-uations of the synchronous
motor yield seven éigenvaiues in each step of calculation. For variation of each quantity
seven sets of eigenvalues are obtained. Since the real parts of the eigenvalues are the .
determining criteria for stability, imaginary parts are not shown in the results, only
the real parts are presented in graphical form. FEach graphical representation illustrates
the effects of change on relative stability of the synchronous motor. The straight line
parallel to the x-axis passing through zero value of the ordinate forms the boundary
between stable and unstable region of operation. The lower part of the boundary rep-
resents the stable region and the upper part signifies the unstable region of operation.
The eigenvalueé are obtained by using a standard eigenvalue computer routine [114].
A cross check of the computed eigenvalues has also been done by the popular software

MATLAB [115].

T

3.6 Effects of Terminal Quantities on Stability

The investigation of the 1'elai;i've stability due to the variation of terminal quantities is
important in the formation of a convenient basis of stability analysis of synchronous
motor drives. This study is.intended to explore the criteria for stability irhprt,)vemen-
t of synchronous mofors in constant volt/hertz mode of np(\_ruti()n.- The analyses for
variable-voltage and variable-frequency operation are carried out for finding proper
choice of volt/hertz ratio in a variable-speed synchronous motor drive. In order to

investigate the stability for each operating point seven sets of eigenvalues are computed
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from the seventh order characteristic equation of state transition matrix. Each of the
eigenvalues is examined and the plots of only the dominant eigenvalues will be presented

for observations.’

The stability study in constant volt /hertz mode of operation of a synchronous motor has
significant aspect when the motor is operated at variable speed. The results of the study
are presented by plots of eigenvalues against normalized frequency. In this investigation
it is assumed that the amplitude of the stator applied voltage decreases linearly vﬁth
decrease in frequency. In order to investigate the stability of a synchronous motor it is
necessary to vary-the frequency at all operating speéds and at all practical steady-state
torque angles. Since we are concerned with the investigation of stability, the l'.r;'msitio_ns
of eigenvalues from stablé region to unstable region are important. Therefore, the study

is mainly focused near the boundary of stable and unstable regions.

The excursion of eigenvalues computed for the rated values of machine variables and
parameters in constant volt/hertz mode are shown in Fig. 3.2. In cach step of compu-
tation the applied voltage is decreased line_arly with frequency. The results of this plot .
show that synchronous machines become unstable at low frequency. The eigenvalues
are found to cross the boundary at low frequency of 0.305 p.au. ( 15.25 Hz) at the stator

volt&ge of 0.305 p.u. indicating unstable operation below the frequency of 15.25 Ha.

The influence of the amplitude of the applied sta‘tor voltage on stability is illustrated
in Fig. 3.3 by two additional curves in Fig. 3.2. The curves are obtained by in(:reasing‘
the stator voltage to 1.1 and 1.15 per unit. The two 'additional curves demonstrate that
the stability of the synchronous motor is improved.as a result of increase in the applied
stator voltage [5].

To establish that the eigenvaiuerm‘ethod (;f stability analysis con‘fbrms with real situa-
tion, the machine performance with changes in voltage and frequency have been studied
in time domain as well. For time domain simulation the set of equations (3.34) to (3.40)

and (3.43) have been solved using the fourth order Runge—l(utta'method with an in-

89



Eigenvalue (real part)

Eigenvalue (rea) part)

0.5

: v/t=1.0 (rated ratio)
0.0 4
-0.5
-1.0 1
-1.5 : : : :
0.25 0.30 0.35 0.40
Normalized F requency
Figure 3.2: Ilustration of stability of synchronous motor for
rated v/f operation.
0.5
oo V! V=100 for V1
v/f=1.10 for V2
v/t=1.15 for V3
-0.5 ]
-1.0
-1.5
VI <V2<V3
-2.0

0.25 0.30 . 0.35 0.40

Normalized Frequency

Figure 3.3: Effect of increase of stator voltage on stability

of synchronous motor.
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terval of 10~ second. The results of the stability study in time domain are shown in
Figs. 3.4 - 3.7 for a reduction of voltage and frequency to 0.305 p.u. Sustained oscil-

“lations are observed in the traces of torque and torque angle versus time as shown in

Figs. 3.4 - 3.5, respectively for the change of voltage and frequency to 0.305 p.u. The

change of voltage and speed from their rated values to 0.305 p.u. which cause sustained
oscillations are also depicted in Figs. 3.6 and 3.7, respectively. When the stator voltage

and frequency are both decreased to 0.28 p.u. the motor under investigation becomes

completely unstable which is evident in torque and tdrque angle variations as shown -

in Figs. 3.8 and 3.9, respectively. A positi\_re damping can be introduced by increasing
the applied stator voltage keeping the frequency unchanged. This phenomenon is illus-
trated in Figs. 3.10 and 3.11. The effect of increasing the stator voltage for improving
stability is observed in these Figures, where, the oscillations of torque and torque angle
have been significantly damped. The increase of the stator voltage is shown in Fig. 3.12
and Fig 3.13 represents the trace of speed versus time where the frequency remains at
0.305 p.u. The results substantiate the observations made by eigenvalue method that

the stability of the synchronous motor can be improved by increasing the stator voltage.
When the torque angle increases as a result of additional load and .exceeds the limit
cycle, the stability of the synchronous motor may be improved by reducing the supply

frequency. Power demanded by the load is reduced as a result of reduction of frequency

and consequently, instability is avoided. The improvement of stability is demonstrated

in Fig. 3.14 by showing the excursions of eigenvalues for frequencies of 1.0, 0.90 and
0.85 p.u. while all other variables are kept unchanged. It can therefore be inferred that
a change of frequency may be utilized to restore stable operation of the synchronous

motor.

From the study of constant volt/hertz mode it has been observed that applied voltage,
and frequency hadve significant effects on stability of the synchronous motor. It may be

mentioned at this stage that during operation the applied stator voltage and frequency
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motor showing sustained oscillation.
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Figure 3.6: Stator voltage vs. time characteristic of synchronous

motor for sustained oscillation.
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Figure 3.10: Torque vs. time characteristic of synchronous motor
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Figure 3.11: Torque angle vs. time characteristic of synchronous motor
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are the two quantities that can be externally controlled to maintain stability of the
machine. Observation reveals that the stability of a synchronous machine improves
with higher stator voltage as shown in Fig. 3.3. However, such voltage increase cannot
be done beyond certain range due to insulation and other related causes. It is noted
that stability also improves.with decrease in frequency as shown in Fig. 3.14. Therefore,
from the study in constant volt /hertz mode it may be concluded that it is possible to
improve the stability of the synchronous motor by increasing the applied stator voltage

and decreasing frequency simultaneously.
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CHAPTER 4

STABILITY ANALYSIS OF PWM
INVERTER-FED SYNCHRONOUS MOTOR
OPERATION

4.1 Introduction

The adjustable speed synchronous motors are generally (‘)per-dte‘d ‘in constant torque
mode so that the air gap flux is kept at a fixed value. Fixed air gap-flux operation calls
for maintaining constant ﬁolt; /hertz ratio of rated voltage to rated frequency which can
conveniently be obtained from a static inverter. But it is found that during low fre-
quency operation a synchronous motor can demonstrate sustained oscillations and may
pull out of step in rated volt/hertz mode of operation. A sudden change of load or any
sort of disturbance may cause sustained speed oscillations. In these cases the regions of
instability occur even with balanced sinusoidal applied stator voltage. Incorporation of
damping to the system can ensure stable operation in such adverse circumstances. An
appropriate damping may be 'introduced by simultaneous adjustment of stator voltage
and frequency of synchronous motors. During the investigation of stability of syn-
chronous motor it has been found that proper choice of volt/hertz ratio other than the
ratio of rated voltage to frequency can improve the stability of the motor within the
linear range of operation. A relation between applied stator voltage and frequency can
be developed to improve the stability of a synchronous motor. This chaptef is intended
to describe the relationship between voltage and frequency to achieve stable operation

over low frequency range. The study of loading effect on stability and necessary criteria
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to maintain stability are also presented in this chapter. The influence on ﬁmtor stabil-
ity due to variations of inputs like voltage, frequéncy and load torque are considered.
The stability of the synchronous motor operation is assessed by employing eigenvalue
method which gives information about stability properties of a system. To subétantiate
the eigenvalue results time domain analyses have been carried out for the proposed volt-
s/hertz control of synchronous motors. The validity of the theoretical results on stability

improvement of synchronous motors has been verified by laboratory experiments.

4.2 Principle of Stability Improvement

In constant volt/hertz opefation of an inverter-fed synchronoﬁs motor the supply fre-
quency is changed with the change of eipplied stator voltage to maintain rated value of
air gap flux. For a fixed power output in the constant volt/hertz operation of‘ a motor
any reduction of stator voltag(-e results in an increase of stator current. As a consequence
torque is increased. If the stator voltage is continuously decreased torque increases until
the point of pull out is reached. The pull out torque occurs at a particular voltage and
frequency for a particular motor. The motor cannot be operated below this frequency

in the rated volt/hertz mode without loss of stability.

An increase only in the applied voltage to the stator increases the maximum torque
limit and can stabilize the operation even at the boundary of stability. On the other
hand, for same output a decrease in frequency can increase maximum torque limit of
the motor at the cost of lowering the speed in constant volt/hertz mode. Simultaneous
adjustment of voltage and frequency can improve the stability as well as enlarge the
region of stable range of operation of synchronous motors. This phenomenon can be
explained with the help of steady-state torque-frequency characteristics as shown in Fig.
4:1. Curve A represents torque versus frequency characteristic for the rated volt,/hertz
ratio. Tf the volt/hertz ratio is increased 10% above its rated value by decreasing the

frequency, the torque characteristic B is obtained indicating higher torque limit than
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the torque characteristic A at the expense of lowering the speed. Curve C corresponds
to the torgue characteristic o;fIIO% increased stator voltage while the frequency is at the
rated value producing higher torque limit than characteristics A and-B. Curve D Shows
that torque limit has been significantly increased by increasing the stator voltage and
decreasing the frequency simultaneously. It is, therefore, evident that the stability of
synchronous motors ca-n.be irﬂproved and the region of stable operation can be enlarged

by simultaneous adjustment of stator voltage and frequency.

4.3 Analytical Procedure

PWDM inverter' waveforms can be used as variable-voltage variable-frequency source to a
synchronous motor so as to obtain desired volt /hertz ratio to maintain its stability. The
voltage waveforms of liné to line, line to neutral and d — ¢ axes etc. of PWM inverters
have been analyzed in chapter 2. Using the equations of chapter 2 it is possible to obtain
the required voltage equations either by triangular or delta sine PWM technique. It
has been observed in chapter 2 that PWM techniques reduce the low order harmonics
of inverter output voltages. The frequencies of higher order harmonics, usually of the
order of carrier frequency and thé multiples of carrier frequency get filtered out ,-by
the motor inductances. Hence, neglecting the harmonics, only the fundamental of the
inverter output voltages may be transferred to rotor reference frame to be used as applied
stator voltage for the analysis. Since motor stability is to be established by small
excursion about steady-state operating point, sinusoidal supply voltage representing
the fundamental component of the inverter voltage is sufficient for analytical purposes
[8,12]. The cqntribution of the harmonic voltages on electromechanical behaviour is
insignificant for most operating conditions and hence they are not considered in the

analysis. With the d — ¢q axes voltages thus determined, the linearized motor model of

synchronous motor derived in state space form as (3.77),

pr = Az + Bu (4.1)
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is used in the stability analysié of this chapter. The analysis consists of establishment of
volt /hertz control to maintain stability of a particular synchronous motor by eigenvalue
search technique using equations of variable-voltage variable-frequency supply and the
motor model in d — ¢ axes. The results of eigenvalue search method and the proposed
volt /hertz control is also verified by time domain analyses of torque, torque angle,
current, voltage and speed to observe the condition of stability from the variation of

these variables with time.

4.4 Volt/Hz control of Synchronous Motors

The variable-voltage variable-frequency operation of synchronbus motors has been in-
troduced to increase the controllability of motor performance. Any change of frequency
requires corresponding change in stator voltage so as to maintain constant air gap flux
in the motor. This mode of oI;eration is usually known as volt /hertz mode and it makes
the magnetizing current constant providing constant torque up to the rated stator volt-
age and frequencjf of the supply. .If the frequency is set to a higher or a lower value,
stator voltage is to be increased or decreased proportionately to produce same maximum
torque. This control of voltage to frequency ratio is possible in linear region of oper-
ation. Beyond the rated value of stator voltage, increase of frequency reduces torque
because the magnetizing current is reduced with the reduced volt /hertz ratio. As the
frequency is increased further, torque is reduced in the form of rectangular hyperbola,
so that the output péwer remains constant. This mode is known as field weakening

mode of operation.
4.5 Proposed Volt/Hz Control for Stability Improvement

Although the adjustable speed synchronous motors are generally operated at the rated
volt/hertz ratio, in the context of stability advantages can be gained by operating the

motors at volt/hertz ratio other than the rated ratio. An increase in the magnitude of
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voltage and decrease in frequency results in significant improvement in stability of the
motor operation. The improvemeut of stability by utilizing this principle is illustrated in
Fig. 4.2 in the form of eigenvalue deviation. An unstable operation of synchronous motor
for a reduction of voltage and frequency to 0.305 p.u. has been shown by Figs. 3.4 and
3.5 in chapter 3 in the form of oscillations of torque and torque angle respectively. The
effect of simultaneous increase of stator voltage and decrease in frequency on stability is
demonstrated in Figs. 4.3 tc.) 4.7. These Figures show that an increase of statof voltage
by 0.03 p.u. and decrease in frequency by 0.03 p.u. has stabilized the motor operation.
The c}‘larq.cteristics of variables such as stator current, torque, torque angle, voltage
and 'spe.ed etc. as found from time domain analysis are given to show the stabilized
operation. It is evident from the resqlts of Figs. 4.2 to 4.7 that an unstable operation of
synchronous motor can be switched to the stable operation by an increase i1'1 the stator

voltage and decrease of frequency simultaneously.

In mariy applications the motor load is varying in nature, where the addition of load may

exceed the maximum torque level and the motor may pull out of synchronism. In such

situations the stable operation of synchronous motors may be maintained by applying
- the same technique of increasing the stator voltage and decreasing frequency. Figs. 4.8
to 4.11 illustrate the states of instability when the load is increased to 1.52 p.au. for a
voltage and frequency of 0.50 p.u. The traces of torque, torque angle, stator voltage
and speed demonstrate the results of unstable condition. Such an unstable condition
has been stabilized by increasing the stator voltage by 0.01 p.u., and decreasing the
frequency by 0.01 p.u. while the load remains at 1.52 p.u. value. This stable operation
is indicated by Figs. 4.12 to 4.15 in torque, torque angle, stator voltage and speed

variations with time respectively.
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Figure 4.4: Torque vs. time characteristic of synchronous

motor showing stable operation at rated load.
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Figure 4.5: Torque angle vs. time characteristic of synchronous

- motor showing stable operation at rated load.
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- Figure 4.6: Stator voltage vs. time characteristic of synchronous
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Figure 4.7: Speed vs. time characteristic of synchronous
motor for stable operation at rated load.
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Figure 4.8: Torque vs. time characteristic of synchronous motor
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showing unstable condition for 1.52 p.u. load.

0
-100 1
200 -
-300
v=(.5 p.u.
, =0.5 p.u.
-400 T T T T
0 1 2 3 4 5

Time in second

Figure 4.9: Torque Anlge vs. time characteristic of synchronous
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Figure 4.10: Stator voltage vs. time characteristic of synchronous
motor for unstable condition caused by 1.52 p.u. load.
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Figure 4.11: Speed vs. time characteristic of synchronous motor
for unstable condition cuased by 1.52 p.u. load.
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Figure 4.12: Torque vs. time characteristic of synchronous motor

_ showing stable condition for 1.52 p.u. load.
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Figure 4.13: Torque angle vs. time characteristic:of synchronous

motor showing stable condition for 1.52 p.u. load.
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Figure 4.15: Speed vs. timé characteristic of stable condition
for 1.52 p.u. load.
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4.6 Voltage Frequency Relationship for Stable Operation

The linearized equations of synchronous motors are developed in state-space form with
perturbation of maximum possible variables. The eigenvalues determined from equation

(4.1) indicates the state of motor stability. The effects of change of voltage and frequency

are presented in chapter 3 where the géneral procedure of assessment of stability of

synchronous motor using eigenvalue method is described in details. Only the main
points related to the development of voltage-frequency relationship for stable operation
are illustrated in this section. The analysis carried out for this relationship is restricted

to the linear range of operation of synchronous motors.

The conditions of instability of synchronous motor operation in low frequency range at

rated volt/hertz has been established in chapter 3. The stability analysis carried out in '

section 3.6 shows that when the stator voltage and frequency are both decreased towards
lower values maintaining volt /hertz ratio at the rated value, the test synchronous motor
becomes unstable at frequency of 0.305 p.u. which is known as the boundary frequency.
But stable operation is possible below this boundary frequency if the volf /hertz ratio can
be maintained above its rated value as evident from the results of section 4.5. In order
to develop voltage-frequency relationship for stable operation below the conventional
boundary frequency a frequency known as target frequency is selected above which

stable operation is desired. The volt /hertz ratio is then increased ffom its value by fixing

the stator voltage at the rated value and the frequency just below the rated value. With

this setting, both the voltage and frequency are decreased in a number of steps keeping

volt /hertz ratio at a constant value. In each step eigenvaules are evaluated by solving

the linearized equations and stability is examined until instability is encountered. In

each step it is also observed whether the instability occurs just at the target frequency.
If not, volt/hertz ratio is further increased by setting the frequency to another lower
value while the stator voltage is kept at the previous value. The same procedure is

followed for different settings of frequency to tally whether the instability occurs just
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at the target frequency. The voltage to frequency ratio satisfying this condition is a
point on the stability boundary.' The stator voltage is then fixed to a higher value
above the rated one, follo;ving the above steps another value of volt /hertz ratio is found
on the stability boundary for the same target frequency. Thus for different values of
stator voltage a number of voltage to frequency ratios are obtained by which stable
operation can be ascertained above a target frequency. The magnitudes of field current
and load torque are kept at the rated values throughout this analysis. The marked
values of voltage and frequency are plotted in a voltage-frequency plane representing
the stability limit for a particular frequency. The motor can be safely operated above
this frequency by restricting the operation above this limit. An empirical relationship
between voltage and frequency is obtained for stable operation of the test motor. Such
voltage-frequency relationships for the motor under investigation in low frequency range
are shown in Fig. 4.16 indicating the stability limits. The relationships obtained for
three target frequencies are found to be straight lines. The Figure shows that for
rated volt /hertz ratio, the motor can be operated above 30.5 percent of rated frequency
without loosing the stability as indicated by line A. With volt/hertz ratio increased to
1.043 of the rated value, the minimum speed above which the motor can be operated
is 30 percent of rated frequency without loss of stability as représented by line 3. With
further increase of volt /hertz ratio to 1.079, the minimum speed without loss of stability
.is 28 percent of the rated frequency as shown by line C. Applying this technique the
range of stable operation may be extended towards the lower frequency. The machine
under investigation shows that stable operation is not possible below 16 percent of the
rated frequency. For the operation below this frequency, developed induced voltage
of the machine becomes higher than the applied voltage due to the stator resistance
drop of the machine under investigation and hence the machine cannot be operated in
stable condition beyond this frequency for any combination of volt/hertz ratio. Every

synchronous machine has a minimum such value depending on its parameters.

In section 4.5 it has been illustrated that the instability caused by increasing load can
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Figure 4.16: Stability limits of synchronous motor in low frequency
range for different v/f ratio at rated load.
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be stabilized by increasing the stator voltage and decreasing frequency. Applying this
principle the load bearing capability of synchronous motors may be increased. Details of

this fact is examined to find the voltage frequency relationship for different magnitudes

of load torque that can be safely operated. With a particular value of volt /herts ratio-

load torque is varied to examine the amount of loading on the motor without loss
of stability. The volt/hertz ratiolis then set to a higher value by increasing the stator
voltage and decreasing frequency to find another value of load for which pull out occurs.
This process is continued for different values of volt /hertz ratios. The values of various

volt/hertz ratios are plotted against the load torque as shown in Fig. 4.17.

4.7 Experimental Results

The phenomenon of increasing stability of the synchronous motor by increasing stator
voltage and decreasing frequency is verified by carrying out laboratory experiments on
a 1/4 horse power synchronous machine. Variable-voltage variable-frequency supply is

obtained from a motor-generator set. The stator voltage applied to the motor is varied

by changing the generator field while the frequency is varied by changing the speed of

the motor-generator set.

The motor is suppl.ied with an input of lower rénge of stator voltage and frequency
so as to obtain the operation at rated volt /hertz ratio. Load is then gradually added
tolthe motor until pull out occurs. The stator voltage and frequency are changed for
another volt/hertz ratio in such a manner that the motor pulls out at the same load
torque as previously observed. This process is continued for different sets of stator
voltage and freqliency‘restricting the pull out to occur at the same load torque. Data
for stator voltage, frequency and pull-out torque are recorded using an oscilloscope and
a dynamometer- in each step of volt /hiertz ratio. Various voltages and frequencies for a
particular value of pull-out torque are plotted to show the stability limit representing

the voltage-frequency relationship as shown in Fig. 4.18. Curve A is drawn for the
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Figure 4.17: Enhancement of load bearing capability ef synchronous
motor for increased v/f ratio.
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Figure 4.18: Experimental verification of stability limits of synchronous motor.
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pull out torque of 0.84 Nm, the slope of which varies from 1.0 at the low frequency
range to (.79 at nearly rated values of voltage and frequency. Curve B demonstrates
the voltage—frequency relation for a pull out torque of 0.98 Nm. The slope of volt /hertz
for this curve is higher than A and varies from 1.08 at the lowest va,l-ue of voltage and
frequency to 0.88 at the highest value. Curve C is plotted for a pull out torque of 1.08

Nm the slope of which varies from 1.14 to 1.05.

The operation of the synchronous motor for increased volt /hertz ratio proposed in this
thesis also enhances the load bearing capability of the synchronous motor at the cost of
lowering the speed. Stability improvement by applying this technique can be practically
implemented in laboratory. To verify this concept the motor is started with the rated
voltage rated frequency signifying rated volt /he_rtzloperation and load is added until
pull out is reached. The volt/hértz ratio is then set to a higher value by increasing
voltage and decfeasing frequency in a number of steps and pllll. out is observed. The
magnitude of volt/hertz and the corresponding pull out torque are measured in each
step. Plotting the recorded data the effects of increasing volt/hertz ratio on the pull

out torque is graphically illustrated in Fig. 4.19.

4.8 Comments

The voltage-frequency relationships proposed by theoretical analysis are linear in charac-
ter, whereas, the voltage-frequency relationships obtained by experimental observations
are nonlinear in nature. This is an expected result because the theoretical analysis is
based on the linearized version of the nonlinear machine equations. As a result, the -
v/f relationships proposed for stable operation of the motor under investigation have
straight line characteristic&;. On the other hand, the experimental v/f is based on the
actual situation where the motor in reality is a nonlinear system. However, as demon- »
strated in Fig. 4.20, the theoretical results are on the safe operating region. Theoretical

and experimental curves coincide in the lower range of the frequency and then the theo-
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Figure 4.19: Experimental verification of enhanced load bearing capa-
bility of synchronous motor for increased v/f ratio.
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retical curve gradually deviates from the experimental one in higher frequency range. In
proposed v/f operation the motor under investigation is found to be capable of running
at about 20% above the maximum allowable load of the rated V/ f operation as evident
from Fig. 4.19. The improvement of load bearing capability is demonstrated in Fig.
4.21. Theoretical and experimental results in Fig. 4.21 differ from one another due
to the fact that. the theoretical results are obtained using the formulas which do not

account for the losses of the synchronous motor.

4.9 Inverter Control

PWM inverter characteristics of voltage and frequency control can conveniently be used
to obtain desired volt/hertz characteristics necessary for stable operation of synchronous
motors. It has been shown in chapter 2 that both triangular and delta sine pulse
width modulation provide voltage and frequency variation in one conversion stage of
an inverter. In triangular carrier modulation the modulation index (m = %:) controls
the output voltage of the inverter, whereas, the carrier frequenf;y changes the harmonic
contents of the inverter output waveforms: In delta modulation reference sine wave ‘ R n r[‘
magnitude, slope and window width can be used to control the output voltage by a A

variety of parameter combinations. In both the modulation schemes the frequency of

the output voltage is changed by the variation of modulating sine wave frequency.

Proper implementation of either modulation scheme will provide desired volt /hertz con-

trol of a particular machine for stable operation at various frequencies, particularly, in &f \ A

the low frequency range. It has been established by analysis and by experimentation that

1

the motor under study may be operated in stable condition by maintaining volt /hertz

ratio from 1.0 to 1.14. as shown in Fig. 4.18.

In triangular SPWM the output voltage of the inverter depends on the modulation

index as illustrated in chapter 2 (for modulation indices of 0.2, 0.3, - - - 0.9 etc. voltage
varies at similar per unit values of 0.2, 0.3 - - - 0.9 in terms of line voltage). The desired
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volt /hertz ratio can be maintained by changing modulation index with the change of the
frequency of the modulating signal. Analog implementation of a such control scheme can
be implemented with significant difficulty and added hardware. Such implementation
will, however, be easier if computer generated triangutar SPWM signals can be made

using easy switching point calculation proposed in chapter 2 of this thesis. Significant

progress has been made in this respect in a separate research in obtaining On-line PWM”

waveform generation by the triangular carrier modulation [116] and by delta modulation

[117] techniques using the switching point calcutation method proposed in this thesis. In

triangular carrier modulation it may be opined at this point that for volt/ hertz variation -

above 1, over-modulation (m > 1) will be necessary as suggested by results of chapter

2.

In delta modulation scheme, however, the implementation may be cither computer
controlled or analog circuit controlled. The analog implementation of delta modulator
allows change of volt/hertz ratio by incorporating tuned integrator in the modulator
[118] as shown in Fig. 4.22. In the delta modulator described in chapter 2 the filter is

a normal integrator having approximate input/output relationship as,

V. 1 _
Vi.  wRC (4.2)
1 , _

If the expression for normal integrator is used from equation (2.44) of chapter 2, the

inverter output voltage can be changed by changing the value of capacitor C (variable)

as follows to obtain desired volt /hertz ratio to conform the values of volt /hertz found '

by analysis and experiments to maintain stability of the machine during low frequency

operation,

V;nl

f
Keeping R at a constant value of 100 K(2,

= 2rV,7 = 27V, RC (4.4)
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Figure 4.22:  Block diagram of (a) a tuned delta modulator;
" (b) a simple integrator circuit.
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Figure 4.23 A practical tuned delta modulator circuit.
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.le 1
C = ( ; ) SV (4.5)

Hence for 3=1.0 and 1.14 etc. required values of C are 0.265 and 0.30 pF respectively.
Practically, V. is taken as 6 volts.
Changing capacitor or resistor of an integrator will require manual control through

variable capacitor or resistors. Tuned filter delta modulation will allow one to control

the slope of the modulator to provide the same variation by a control signal E,. From

Fig. 4.22, the input/output relation can be obtained as,

For tuned filter

Vo W]l %2 I/o

_ YoV (4.6)
Mn I/in. 1Vl:)] I/()Q
1 I/lfllbjr:)
= - —10 4.7
wRC ( 10Vy ( ) (4.7)
B, 1 '
= ne E) (4.8)

where, the time constant of the integrator is made as a function of I, - a control signal.

When the modulator incorporates tuned filter, the fundamental of the delta modulated
wave to reference signal ratio becomes,

Vini _ Vi

(
7 7 (4.9)

where V,,; and V}; are the fundamental components of modulated wave or integrated-

input signal. The above relation is also the inverse of ratio of the output to input signal

of the tuned filter placed in the modulator circuit.

Hence, .
v L 1 4.10
Vo T wRC (K (4.10)
or,
Vi RC
m — 2 I/? ( ) )
7 T T (4.11)
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As indicated in required RC variation for variation of v/f from 1.0 to 1.14 in normal
filter of delta modulation, manual variation of C from 0.265 uF to 0.3 #F is required
with constant R=100 K. This variation can now be obtained by varying the control

voltage I

For 2=1.0 with R=100 K and C=0.5 uF

7=
& = 10357 = E. = 1.88 volt |

For 7=1.14 with R=100 KQ and C=0.5 puF
1 111 A

Modulator input frequency can also be controlled with same I, through proper design
of a voltage controlled oscillator and this can be used in the feedback style to maintain
machine stability at low speed. A practical tuned delta modulator in its complete form

is shown in Fig. 4.23 [119].

The stability criteria for the'synchronous motor supplied from volt/hertz controlled
sources has been set. The experimental verifications of proposed scheme for stability
improvement of the synchronous motor have been ¢arried out using motor generator set
The static inverter of voltage source (VSI) or current source (CSI) type can demcmstfate
better performance. Pulse width modulated inverters in particular can be incorporated

in the desired manner to achieve stable operation of synchronoiis motors,
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CHAPTER 5

CONCLUSIONS

5.1 SUMMARY

The stability analysis of inverter-fed synchronous machines have been carried out during
this research. The analysis has been aimed at exploring the advantages of simultane-
ous adjustment of the applied stator voltage and frequency to improve the stability of
synchronoﬁs motors. The pulse width modulation technique as a.;l)plied to static invert-
er provides a tool for simultaneous change of voltage and frequency. Different voltage
- frequency relationships can conveniently be realized by utilizing PWM techniques. The
analysis of the waveforms of PWM inverters have been included in this thesis. The sohw
tion method for finding switching points-of PWM waveform have been simplified. The
simplified method needs the solution of only algebrai¢ equations to determine the switcli-
ing points of PWM waveforms. The switching points determined from the simplified
rne_thodsl are coinpared with the actual switching points of PWM inverters waveforms.

The results have been found to be satisfactorily accurate.

The direct and guadrature axes parameters of the synchronous motor have been used
in thé modeling of synchronous machines for stability analysis. The parameter identifi-
cation has been carried out by a modified method. The modified method is simple and _
requires inexpensive and conventional instrumentation. The method has been applied
on a small size and a medium size machines. The parameters obtained by the modified

method are justified by comparing the time constants obtained from short-circuit tests.

127



Comparison was made for both experimental and simulated short-circuit characteristics

of the machines. The results have been found to have close agreement.

The stabilit)./ analysis has been carried out for utility-fed synchronous motors and PWM
inverter-fed synchronous motors. The stability study. for the utility-fed motors has been
made to form the theoretical basis of the analysis of inverter fed synchronous motors.
The effects on stability have been studied for individual vé,riation and simultaneous vari-
ation of the applied stator voltage and frequency. Simultancous adjustment of voltage

and frequency can conveniently be realized using modern PWM inverters.

Stability has been examined for the rated volt/hertz ratio and the motor operation
is found to be unstable in low frequency range. It has been found that in constant
volt /hertz mode of operation of a synchronous motor the maximum torque limit in-
creases cither with increased stator voltage or with decreased frequency. Simultaneons
increase in stator voltage and decrease in frequency significantly enhance the maxi-
mum torque limit. The technique of maximum torque limit improvement would provide
effective damping to synchronous motor in case of sustained oscillation Or even in nor-
mal unstable region of motor operation. The results of the investigation showed that
this method of control inherits the features of practical importance which may in some
applications offer a convenient means of stabilizing synchronous motors at low-speed

operation.

The relationship between voltage and frequency developed in this work for stable oper-
ation of synchronous motor depends on the motor parameters and terminal quantities. -
The relationship is not unique and will vary from motor to motor. The results of the 7
analysis is relative because variation of machine parameters and terminal quantities
would change degree of variations of the response. The effects of nonlincaritios due to
core saturation and eddy currents are not considered in thi-s analysis. Therefore, the
observations and conclusions of this thesis are valid for the operatidn of synchronous-

motors within the linear range where the machine parameters remain unchanged.

¢
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The contributions and achievements of this thesis can be summarized as:

1. Analytical method for determining the switching points of pulse width modulated
waveforms was conventionally based on the solution of transcendental cquations
in both triangular sine pu!sé width modulation and delta modulation. Algebraic

~ equations are proposed to replace the conventional method of determining the
switching points witli valid assumptions without loss of accuracy. New simplified

equations are derived for both the modulation techniques mentioned above.

2. Stability analysis of the synchronous machine needs the accurate value of machine
parameters. In order to meet up the requirements of day-to-day problems of Syn-—
chronous machine analysis various methods are evolving to determine machine
parameters. A modified method for estimation of synchronous machine param-
eters has been proposed in this thesis. The method is simple and requires only
a fixed-frequency utility power supply to carry out the necessary measurements.
Conventional instruments such as voltmeter, ammeter, t‘-c-u:'hometer, oscilloscope
etc. are sufficient to record the required measuring data. This test method is

applicable for parameter estimation of any size of synchronous machines.

3. PWM switching technique has extended the facility of static converters of con-
trolling botﬁ the voltage and the frequency simultancously for ac drives. A novel
method has been ﬁroposed to stabilize the operation of a synchronous motor in
low frequency range. The stable operation is achieved by introducing the poéitive
damping through increasing the applied stator voltage and decreasing the frequen-
cy simulte_meously. The applicatilml of this new method will enlarge the area of

-stable range of synchronous motor operation.

4. A control sfrategy has been suggested to improve the stability through changing
the voltage and frequency. Empirical relationships between the applied stator

voltage and frequency have been derived to stabilize the motor operation. Since
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the instability depends upon the machine parameters, the slope of the proposed

voltage-frequency relationship curves will vary from machine to mac_hine:

5. Increase in load beyond certain magnitude causes the synchronous motor to exceea
its limit cycle of the torque angle. As a consequence the motor may pull out of
step. In such a situation the stable operation can be maintained by applying
the technique of increased volt /hertz ratio operation using PWM inverters. The
proposed control strategy increases the load bearing‘capability of synchronous

motors by about 20% than its counterpart the rated v/f mode of operation.

5.2 Suggestions for Further Research

The technique of simultancons adjustment of voltage and frequency can be explored
in the control of other ac drives. The change of frequency along with the change of
stator voltage other than the rated volt /hertz ratio extends the control flexibility of ac
drives Wthh can be effechvely applted to other purpose within the allowable range of
operation. The stability analysis ca1r1ed out in this thesis is based on the operation of
open-loop system which is a useful guideline for further work in closed-loop control of

synchronous motor drives.

Experimental verification requires design and construction of a controller which can
provide the facilities of changing voltage and frequency simultaneously according to

necessary response to a momentary change of load or any disturbances.

In order to stabilize the operation of variable-speed synchronous motors in low frequency
rangé relationships between the applied stator voltage and frequency are obtained. A
computer controlled modulated PWM inverter drive systemn in closed-loop operation.
can be implemented for fast and accurate stable system in any future work. In such

cases field control can also be incorporated by a controlled rectifier.
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Appendix A

Simulated Waveforms and Spectra
of Pulse Width Modulation

Waveform analyses of triangular sine pulse width modulation and delta modulation for
single phase inverter output have been presented in sections 2.4 and 2.6, respectively.
Section 2.7 covers the analyses of three-phase inverter output waveforms for pulsewidth

modulation. Some of the results in details are given in this appendix.

Simulated waveforms of 30 Hz operating frequency for single phase inverter output is
depicted in Fig. 2.6 of chaptér 2 showing the change of modulation index.. The corre-
sponding spectra are shown in Fig. 9.7. Detailed variational effects of other parameters
are shown in Figs. A.1 to A.6 of this appendix. Similarly, simulated waveforms of single
phase delta modulated inverter output for 30 Hz operating frequency of two different
magnitudes of modulating waves are shown in Fig. 2.15 for constant slope and window
width. The spectra of these wa,vefori‘ns are shown in Fig. 2.16. The effects of variation
of operating frequency, slope of the carrier wave and window width are presented in
Figs. A.7 to A.16. Three phase waveforms of pulsewidth modulated inverter 011£put
have been shown in Figs. 2.26 and 2.27. These waveforms of the line and phase voltages
and d;q axes voltages are obtained for 30 Hz operating frequency and 1.2 kHz carrier
frequency. The influence of change of the parameters on the waveforms of three-phase

inverter output are presented in Figs. A.17 to A.26 of this appendix.
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Figure A.17: Simulated waveforms of three phase PWM
‘inverter for f = 30 Hz, m = 0.2 and N == 40:
(a) line voltage; (b) phase voltage.
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Figure A.20: Simulated waveforms of three phase PWM
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(a) line voltage; (b) phase voltage.
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Figure A 24 Simulated waveforms of three phase PWM
inverter for f =70 Hz, m = 0.8 and N = 40:

(a) d-axis voltage; (b) g-axis voltage.

169



Magnitude in p.u.

Magnitude in p.u.

2 I I 1
1 . _
ol - (a)
1k
2 . 1 o |
0 0.005 0.01 0.015 0.02
Time in Sec.
1_ I I T
I
il HM | o
05 J H J l | .
-1 | 1 L.
0 0.005 0.01 0.015 0.02
Time in Sec.

Figufe A.25 Simulated waveforms of three phase PWM
50 Hz, m = 0.8 and N = 30:

(a) line voltage; (b) phase voltage.

inverter for f =

170



=
[a¥
5
3 .
2
&
[a+] - L.
g 05
a1k _
U
-1.5 ' ' ! ;
0 0.005 0.01 0.015 0.02
Time in Sec,
1.5 I T |
1 NNoannnnT _
5 | ' |
G 05 .
.5 M . ﬂ
L}
g ol TN
S 0.5} ;
2 7 )
iy - LLILIE
13y 0,005 0.01 0015 002
Time in Sec.

Figure A .26 Simulated waveforms of three phase PWM

inverter for f = 50 Hz, m = 0.8 and N = 30:

(a) d-axis voltage; (b) g-axis voltage.

171



Appendix B

Synchronous Machine Parameter
Identification by Stand-Still Tests

B.1 Introduct‘ion:

Machine modeling is a major area of research in the study of syhchronous machine
.
performance, specially for studying transient and stability phenomena of machines. Ac-
curate representation of a machine by its parameters is necessary because these param-
eters are resI)onsible for shaping the steady-state performance, transient response and
stability patterns of the machine. The synchronous machine representation in d-q axes
equivalent circuits is widely used [60]. In linear machine modeling equivalent (:ircuitsr
are drawn in terms of direct and quadrature axes parameters [61,120]. Two of these
models are Park’s two-reaction moﬂel and Canay’s model. Modification of thesc models
are also considered to solve more sophisticated problems. Continued research as indicat-
ed by works reported in literature highlights the need, diversity and complexity of the
subject [78]. A considerable amount of research has so far been carried out to validate
several proposed machine models and determination of the parameters of the models
[61,62,121]. Parameters for models can be obtained either in the design and construction
stage of the machine from design data or by means of analytical solution and experimen-

tal tests. Methods of parameter estimation include transient short-circuit fest, slip test, -
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stand-still frequency response and étand—sfill time-domain identification methods etc.
Among the analytical_ methods, fréquency response method is based on mathematically
‘involved parameter estimation technique requiring expensive experimental data acqui-
sition instrumentation [65,122]). Analytical methods based on stand-still time-domain
identification require experimental feadiugs from simple instrumentation, but subse-
quent analytical and computatioﬁal procedure are complex [86-88]. One of the main
drawbacks of the conventional methods is that these methods ﬁake assumptions which
are not completely valid for machines of all sizes. As a result, each method has specific
area of use as pointed out by reference [78]. Practical difficulties-are encountered in the
case of small synchronous machines where the stator and rotor winding resistances are

comparable to machine reactances.

Standard tests of synchronous machine parameters rely heavily on measurements of
large transients as noted in reference [83]. As such they are susceptible to changes in
saturation during measurements. Further, the accuracy and resolution with which a sin-
gle transient can be measured are doubtful and insufficient to provide details required to
model solid-rotors of synchronous machines [81]. Subsequeﬁt rescarchers focused atten-
tion tdwards frequéency response and time-domain identification methods as stated. The
frequency tests require sinusoidal sources having sufficient level of current with range of
frequency varying from 0.001 to 200 Hz [80]. The results obtained by such tests have to
be corrected for saturation [81] and overall method depends on curve-fitting techniques
based on bode plots and statistical procedures [78]|. The time-domain identifications re-
ly on the transfer funcfion simulation and noise free stand-still measurements [86]. The
accuracy of this method also depends on arithmetic precessions during computation.
The computational burden for time domain analysis is also considerable because it uses
identification of multivariable system technique (i.e., g-axis identiﬁcatiop required 24

second CPU time in high-speed VAX11/750 computer) [86].

As a part of this research a test method based on stand-still measurements is developed
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to identity the parameters of Park’s model of synchronous machines. The proposed
method can identify parameters of both the direct and quadrature axes models and

require several simple tests involving inexpensive instrumentation.

B.2 D-Q axis Input Impedance Relationship From
Test Measurements

Equivalent impedance of a network of passive linear components can be obtained from
voltage and current measurements at input and output terminals. T values of the

elements in the network can be measured by standard tests, rest of the elements can be

separated by applying phasor algebra. Such a procedure can be used for determining

the rotor circuit parameters of a synchronous machine. The proposed method is based
on the input impedance measurement technique applied to the test configurations of

reference [81] for synchronous machines.

Two po_ssible circuit configurations which represent the connections of stator and ﬁeld
coils of a syrichronous machine are used for measuring the direct and quadraturce axes
input impedances as shown in Figs. B.1 and B.2. The derivations of the equations for
evaluating d and q axes input impedances in terms of measured quantities are illustrated
for both the test configurations of Fig. B.1. The stator and field coil connections shown
in Fig. B.2 represent the same circuit configuration except the field winding is rotated

throu gh an angle of 90°,

B.2.1 Connection-I

For direct axis measurement, the magnetic axes of phase ’a’ and field windings are -

aligned, Hence from Fig. B.1(a), it is noted that

V, = V, (B.1)




V, = V-V,

I, = —I,

Because of the symmetry of the stator windings

1y

.Id

: v,

1 1
Ic = —Zda = _Is
QI 2
o , :
§_[Ia cos 8 + I cos(8 — 120) + I, cos(8 + 120)]

—1I

9 :
3 [I.sin @ + I sin(6 — 120) + L sin(6 + 120)} =.0
1 :
§(Ia +I+1)=0

. 2 - .
3 [Vacos8 + V, cos(# — 120) + V. cos(6 + 120)]

2
=V,
3

2 .
5 [Vasin® + Vi sin(8 — 120) + Vesin(6 + 120)] = 0

Input impedance of the circuit is

For quadrature axis measurement, the rotor is rotated 907 clectrically. Theu

Va

V.
Z, = -~
8 Is
V. 2V, 2
Again, Ly

' 1
2 I, cos(90) — §Ia cos(—30) — %Ia cos(210)] =0

-2 1 1 '
~3 {Ia sin(90) — -éfa sin(—30) — §Ia sin(210)]

I

1 1 1
(L) -
3(I QI 2 0

% [V, cos(90) + V, cos(—30) + V, cos(210)] =0
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(B.5)
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(B.8)
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(B.11)

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)
(B.17)
(B.18)

(B.19)




(b)

Figure B.1: Test configurations for measuring d—q axes impedances:

(a) connection-I;(b) connection-II.
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Figure B.2: Test configurations for measuring d-q axes impedances:
(a) connection-T; (b) connection-II.
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B.2.2  Connection-II |

In the configuration of Fig. B.1(b), the following relations hold,

I, = I,=—1
I, =0
V, = Vi=-W%

(B.20)
(B.21)

(B.22)

(B.23)
(B.24)
(B.25)

For direct axis measurement, the magnetic axis of the field winding is at 90° to that of

phase ’a’. Because of symmetry V, = —V,, V, = 0 since I, = 0. The voltage and current

equations can be written as,

I -

ol b | — o) b

g [I, cos(90) + I cos(—120) + I, cos(210))

Sl
Lo
—~

[Z, sin(90) + I, sin(—30) +- I, sin(210)] = 0

(0-L,+I)=0

Z [V, cos(90) + V; cos(—30) — V; cos(210)]
g 1

=V, cos(30) = ——=
3 b ( ) \/5

_% [V, sin(90) + V; sin(—30) -+ V.sin(210)] = 0

Vs

0+V,— V) =0

<ol

5

=~

&

1 3V, 1V,

V3 21, 21,
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(B..28)
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(B.32)
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For quadrature axis measurement, the magnetic axis of the field windings is aligned

with that of phase ’a’, and

Iy = % [1a cos(0) + I, cos(—120) + I cos(120)] = 0 : (13.36)
I, = ug[fa s.in'(O) + I sin(—120) + I, sin(120)] | " (B.37)
_ % I | | (B.38)
I, = %(0 +1,-I1)=0 ' (B.39)
‘Vd = g[Vi1 cos(0) + V; cos(—120) + L;Vc cos(120)] =0 (13.40)
v, = %[vasin(()) + Visin(~120) + V,sin(120)] (B.A1)
_ —%m | | (B.42)

As evidént from the above analysis, the d — ¢ axes equivalent impedances of a syn-
chronous machine can be obtained from test measurements of either of the two config-
urations. In this thesis synchronous machine parameters required for stability analysis

have been determined by this input impedance measurement technique.

B.3 Test Procedure

Most of the synchronous machine problems are studied with simplified rotor circuits
consisting of one damper coil on the direct axis and one damper coil on the quadrature
axis except for. special cases, where, more than one damper coils are provided in each
axis. Although this simf)liﬁcdtion is based on certain assumptions, the results obtained
with simplified rotor circuit are accurate cnough for most purposes. Especially, use
of a simplified rotor circuit is conventionally followed in the stability study with small
perturbation technique. Therefore, one damper coil on direct axis and one damper coil

on quadrature axis are considered for parameter identification as shown in Park’s model
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of Fig. 3.1 in chapter 3.

In the proposed .method the input impedances derived in the previous scetion are de-
termined by the measurements made at the machine terminals. The stator and ﬁéld
windings are com;ected according to the arrangements shown in Fig. B.3 for direct
axis and for quadrature axis measurements. For better resolution, average impedance
can be obtained using both the connections. Direct and quadrature axes are realized
through the rotor alignment. The stator leakage inductance and direct and quadrature
axes mutual inductances are obtained from the Poticr triangle and slip test methods,
respectively. The rest of the parameters are derived from the simple stand-still tests
by measuring voltages, currents, phase angles, ete. at the stator terminals of the ma-
chine. Measurements are carried out by a.pplyiﬁg a sinusoidal supply voltage having a

frequency of 50 Hz.

B.4 - Measurement of Direct and Quadrature axes
Quantities

A sinusoidal voltage is applied between the terminals 'b’ and ’¢’ and the terminal 'a’

is kept open. The experimental connection is shown in Fig. B:3. The rotor is then

" rotated until the induced voltage in the field circuit reaches its maximum value. The
rotor at this position is considered to be aligned along direct axis of the stator magnetic
field. The voltage, current, and phase angle measured in this position are the direct axis
-quantities. These quantities are recorded for both the Ql‘)(-n'i—cil'(:uil'. and short-circuit field
terminals. The open circuit measurements include the effect of the damper windings of
the rotor circuits only |, whereas, short-circuit condition takes into account of both the

damper and field windings. Voltages, currents and phase angles are also recorded for

direct axis measurement by applying voltage between phase ’a’ and the terminals b’ |

and ¢’ connected together.

Measurements for quadrature axis quantities are performed using the same circuit con-
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Figure B.3: Experimental connection diagram for measuring
direct and quadrature axes impedances.
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nections as in Fig. B.3. In this measurement the rotor is aligned along the quadrature
axis, which is realized by rotating the rotor until zero voltage is observed at the ter-
minals of the field winding. The voltage, current, and phase angles recorded in this

position are the quadrature axis quantities.

The fundamental components of measured quantities are used for parameter deter-
mmatlon For the sake of better resolution, average values of input impedances are
'Consxdered The measured direct and quadrature axes qucmtlhes are rcfermd to the

stator circuit of the machine.

B.5 Analytical Procedure

Applying the method of phasor algebra, the resistances and reactances of the equivalent .

circuits for d and g axes are calculated. The fundamental components of the measured
quantities are used for the determination of the input impedances. The clements of
equivalent circuits shown in Figs. B.4(a), B.4(b) and B.4(c) are all reforred to the
stator winding. Using these equivalent circuits the unknown parameters are calculated

in terms of input impedance and known parameters as follows,

For open-circuited field winding,

ijd(de + §Xka)

Zgac)- R+X5 — e B.44
. J A‘m«i —|_ (Rktl —I'— .7Akd) ( )
. JXmdZra
Zac=R5+'Xs+. — B.45
(o) I JXmd + Zid ( )
where, de = de + ijd
. le Z [ _Rs“"Xs l
Rig+ 3 Xpa = Zra = J X Zater J %) (B.46)

Rs + les +ij,d - Zd(oc)
Knowing all other variables in equation (B.46), the direct axis damper resistance and

reactance can be determined by equating the real and imaginary parts.
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Figure B.4: Equivalent circuit for input impedance calculation:

(a)d-axis impedance from open-cricuited field;
(b)d-axis impedance from short-circuited field;
(c) g-axis impedance.
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For short-circuited field winding,

F X rma(Rka + §Xia) (Rya + X ga)

Z se} = Rs + '.Xs + = ; ; - (847
dloc) I FXmd + (Ria + 3 Xka) + (Rya + 5 X 14) )
. G XmdZraZsa
= R+ 39X+ - B.48
I FXmd+ Zra + Zya ( )
where, Zjq = Ry + 3 Xj4
* XmZ Rs_-XsWZsc
Rfdijde = Zy= JAmd .Ld( JA0 d( )) (B.49)

Zd(sc)(ijd +- de) - (Rs - les)(ijd + de) - ijded
The resistance and reactance of the field winding can thus be found by equating the

real and imaginary parts of Equation (B.49).
For quadrature axis parameters,

ijq(qu + ijq)

Z, = By+ X+ : B.50
! I .7qu + (qu + .?qu) ( )
. . ijqqu
. = R+ X+ -—"72 B.51
: ' . e §Xmq + g ( )

where, Zy, = Iy + § Xiy

| : 1 Xoma(Zy — Re — 3 Xus ]
Ry + 5 Xy = Zig = I +d;X(: X *EZ) (B.52)
& 8 T q .

The quadrature axis damper resistance and reactance can be determined by equating

the real and imaginary parts of equation (B.52).

The clements of the cquivalent circuits are all referved to the stator winding of the

synchronous machine.

The proposed tests have been performed in the laboratory on two synchronous ma-
chines, one 1/4 HP and anotheér 9 KVA and the results obtained for 1/4 HP machine
are presented for observation. The parameters of the machine determined using the

proposed method are given in table B.1.
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Table B.1: Synchronous machine ratings and parameters

Volts 380 V (L-L)
VA © 175 VA
Frequency ' 50 Hz.
No. of Poles 4
Rotor inertia, J 2.81X107" kg-mn?
Stator resistance, I 51.25
Stator leakage reactance, X, 50.03
Q-axis mutual reactance, X, 452.29
D-axis mutual reactance, Xy 45.22
(Q-axis damper resistance, Iy, 31.395
(J-axis damper rcactance, Xy, 45.22
D-axis damper resistance, Iy, 21.85
D-axis damper reactance, X.q 48.72
Field circoit resistance, 12y, 36.99
Field circuit reactance, Xy 457.84

Table B.2: Time constants of the synchronous machine

Short-cirenit timne constants

Time constants | Caleulated vaules in msee. | Experimental values in msec.

7 38.00 40.00
77 ] 13.03 15
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B.6 Experimental Results

In order-to show the validity of the method described in this appendix, it is considered
convenient to calculate the time constants associated with the synchronous machine.
The direct axis transient and subtransient time constants are expressed in terms of

machine parameters as given in reference [80],

. 1 deXIs
S X+ _) B.53
Tu wz,Rfd ( e 1 Xls + de ( )
1 XndXis Xifd
"= Xyg + B.54
K wy Ly ( th XonaXis + XoaXiga + X Xigg ( )

Three phase shoft~circuit tests have been carried out in the laboratory on the syn-
chronous machine, the oscilloscope record of which is shown in Fig. B.6. The transient
and subtransient time.constants determined from the oscilloscope trace are compared
with those obtained from equations (B.53) and (B.54) and are given in table B.2. A

reasonably good agreement is found between the experimental and caleulated results.

An indirect verification method is provided through the study of the starting perfor-
mance of the synchronous machine. A computer program has been developed to investi-
gate the starting performance using equations (3.34) to (3.43). The program is executed
using the machine paraneters obtained from the proposed test m(zt;ln'ui. The simulated
rstarting performance is shown in Fig. B.7. The starting performance of the machine
is also obtained experimentally and the oscilloscope trace is shown in Fig. B.8. The
magnitude of the starting current and time taken to reach the steady-state condition

are noted for the experimental trace as well as for theoretical output. Compaﬂsnn of the
results of the starting performances indicates that the proposed parameter estimation
method in this appendix is valid for synchronous machines. Also simulated short-circuit
test result as obtained by solution of differential equations of the synchronous machine

* using fourth order Runge-Kutta method is provided in Fig. B.5. The simulated short-
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circuit trace of the stator current justifies the time constants of experimental result with

theoretical ones, indicating the validity of the method to close proximity.
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Figure B.5: Simulation of 3¢ short-circuit cinrent
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Figure B.6: Oscilloscope record of 3¢ short-circuit current
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