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Abstract

The area of multiphase (more than three phase) drive is well explored and remained in research
focus during last two decades. This is because of the presence of several potential advantages
when compared to its three phase counterpart; making it suitable for many applications like
pumps, induced draft fans, ship propulsion, rolling mills, cement mills, paper and textile mills
etc. Applications power range may vary from lower to higher where, both synchronous and
induction motor are used in voltage source inverter fed drive. Such drives are still limited to the
lower end of higher power application range. But, for the applications where power may vary
in the range of multi MW, synchronous motor is employed, fed from current source inverter or
cycloconverter. This is because of the limitation offered by lower power rating of power
electronics switches and therefore, motivated the researchers towards multiphase system. In the
new system of multiphase, power sharing by power electronics switches is substantially
reduced. Hence, making it suitable for higher power applications.

Usually, the winding end terminals of ac motor are provided at terminal box, which can
be connected either in star or delta. These existing motor windings can be reconfigured to a six
phase winding structure, embedded in machine stator. The most usual winding configuration is
the two sets of three phase winding which are physically displaced by 30° (asymmetrical six
phase winding) such that each winding set can be fed from independent three phase source. The
major advantage of asymmetrical winding configuration has been noted in the reduction in
torque pulsation, but with increased stator current. This is due to the substantial reduction of
lower order time harmonics (such as 5" 7" 17" 19™...) as well as space harmonics (no
harmonics less than 11" order). Therefore, a smooth motor operation is obtained with less
mechanical vibration and noise in rotor assembly. However, heating due to increased stator
current can be conveniently handled with a suitable cooling arrangement in stationary part of
machine.

Motor having the above six phase winding configuration offers yet more attractive
features. Such drive system is very suitable for the applications where reliability is of prime
importance. This is because it will start and continue to operate even during the supply outage

to some phases without significant performance degradation. Infact, effect of supply outage to



few input phases will not be noticeable for motor having larger number of phases. Furthermore,
a substantial reduction in phase current without increase in its voltage level was also noted at a
particular output power. In this respect, power handling capability of six phase motor becomes
ideally double, when compared to its three phase counterpart. But due to losses associated with
actual machine operation it increases to 1.73 times, approximately. Thus increasing its power to
weight ration. Hence, not only making it suitable of higher power applications but also in some
other applications where space availability is extremely important (like aircraft).

The well developed general theory for the conventional three phase machine may be
effectively extended for the modeling and analysis of six phase motor under balanced operating
condition. A limited literature can be found in this regard, dealing with six phase synchronous
motor. But for the motor operation under unbalanced condition (created due to fault at input
terminals), the developed method of symmetrical component is usually adopted, during steady-
state with sinusoidal excitation. This method is not suitable for evaluation of dynamic response,
because of the non-existence of interaction between lost phase (due to fault condition) and
remainder of machine winding, altering its dynamic behavior drastically. Another alternative
approach is to carry out the analysis for unbalanced condition using Park's dg0 variables, but
has not been reported for six phase synchronous motor. Few authors have also developed the
concept of space vector decomposition, applicable for unbalanced condition and has been
reported for six phase induction motor only.

From a comprehensive literature survey, it was revealed that a very limited research
activity has been carried out for six phase synchronous motor, as this field is still in its
primitive stage. Therefore, the present work is dedicated for its extensive analysis of six phase
synchronous motor in many aspects. Motivation for the selection of synchronous motor in this
work is due to the existence of some important advantages when compared with other ac
motors, particularly induction motor. Perhaps, the major advantage of a wound rotor (field
excited) synchronous motor is its ease to control the operating power factor by just controlling
its field excitation. Motor can be operated easily not only at lagging power factor, but also at
unity as well as leading power factor, if required. This feature is not available with induction
motor, until some complex scheme is employed. Secondly, speed of the synchronous motor is
remain constant (synchronous speed) irrespective to the change in operating conditions. This is

not the case with induction motor operation and requires some control scheme to keep the



speed constant (slightly less than synchronous speed). Furthermore, owing to the higher
efficiency, use of synchronous motor is more economical. These factors together with its
possibility to operate in leading power factor make it suitable to be used in load commutated
inverter fed drive without employing the complex and expensive commutation circuitry. Hence,
suited in higher power applications like electric ship propulsion, cement mills, rolling mills etc.

In the present work, an extensive exploration and analysis of six-phase synchronous

motor has been reported in following aspects:

1: Initially, mathematical modeling together with its development of equivalent circuit has been
carried out, wherein the effect of mutual coupling between two three-phase winding sets abc
and xyz are considered, employing dgO approach. A detailed dynamic analysis of motor has
been then carried out under sudden change in load torque, change in input voltage magnitude
and field excitation. Motor operation was found to be stable with less swing in stator current

and rotor speed.

2: Usually, any ac motor operates at steady-state at a particular output power. Therefore,
steady-state analysis is extensively important in order to understand its operational behavior. It
has been carried out in details for six-phase synchronous motor during its normal operation
(input supply to both winding sets) as well as the operation with input supply to only one
winding set. Analysis includes the development of mathematical model as well as phasor

diagrams from which performance may be directly analyzed.

3: Fault analysis of motor drive system is an important step to develop a suitable protective
scheme. The most frequent faults which are encountered at input terminals of machine are
open-circuit and short-circuit. An exclusive analytical treatment together with its experimental
validation has been carried out for open-circuit fault to explore the motor’s redundancy
characteristic followed by highlighting the machine operation both as motor as well as
generator (motor-generator). It has been noted that open-circuit fault at few input terminals can
be sustained without much performance degradation. Whereas, in the case of short-circuit fault,
an abrupt increase in current was noted, irrespective to its nature (asymmetrical or
symmetrical). This requires it to be cleared/isolated within prescribed time limit. The dynamic
behavior of motor under such condition has been carried out by developing a suitable computer

program in the work.



4: Stability of a machine is an important factor which is dependent directly or indirectly on
many design factors and its operating conditions during steady-state. The present work reports
a detailed small-signal stability analysis of a six-phase synchronous motor by developing a
linearized mathematical model wherein the mutual leakage between both the stator winding
sets abc and xyz is considered, using dgo approach. The developed linearized model was used
to evaluate the system eigenvalues for its stability analysis under small disturbance/excursion
during steady-state. An association between eigenvalue to the machine parameters has been
established. It has been carried out by calculating eigenvalues by varying motor parameters
within a particular range. Also, based on the variation of dominant eigenvalue, few stabilization
technique is suggested, which can be considered during design stage. Further, a simple but
effective stabilization technique (based on state feedback technique) has also been developed to
ensure a stable operation at all operating region (both stable and unstable region). Finally,
formulation of transfer function between input and output variables has also been carried out,

where different stability plots (root locus, nyquist plot, bode plot) can be easily drawn.

5: Use of synchronous motor is suited in load commutated inverter (LCI) fed drive, used in
higher power applications. The LCI drive has been investigated together with the development
of a closed loop scheme for motor operation in self-controlled mode. The developed scheme
ensures the motor operation at leading power factor at all load conditions. System dynamic

simulation has been carried out for a step change in load torque.

6: Key analytical results have been experimentally investigated, as per the available facility in

machine laboratory.
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Chapter 1

Introduction

1.1 General

High power motor drive systems are extensively used in different applications such as pumps,
fans, electric vehicles, ship propulsion, rolling mills, paper and textile mills etc. are just a few
of many. In such applications, where power may be in the range of multi MW, it is usually
preferred to use synchronous machine fed by current source inverter or cycloconverter.
Although an extensive use of voltage source inverter (VSI) can be found in different
applications, but it is limited to the lower end of higher power range. To enhance the power
handling capability of VSI, sometime the technique of device grouping is adopted. In this
technique, many semiconductor devices are connected either in series or parallel (may be the
combination of both) to design a high power topological switch. But several severe problems
are encountered in this technique particularly, the careful selection of power electronic
switches, use of an additional auxiliary passive component to avoid the failure due to
unbalanced condition among the switches etc. About a decade before, the development of
multilevel inverter fed drive systems have appeared as a promising option in the field of higher
power applications. Multilevel VSI operates with split-voltage dc bus, which results in
substantial reduction in voltage stress on each power electronic switches.

As far as the power enhancement of motor is concerned, it is now a usual option to
increase the number of phases more than the conventional three (multiphase machine). Infact,
the winding of existing three phase motor can be easily reconfigured to a higher phase order.
The most usual winding configuration of a six phase motor is the two sets of three phase
winding physically displaced by 30° electrical apart, which are embedded in the same stator
part. In such winding structure, input supply can be fed from two independent three phase
sources (i.e. inverters). Therefore, for a constant power output, per phase current is reduced
without increase in its voltage level. Hence, power handling capability increases substantially,
as compared with its three phase counterpart.

The air gap distribution of ac machine contains unwanted harmonics, which are mainly

constituted by phase belt harmonics. These harmonics result in torque pulsation together with
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the stray load loss. The order of phase belt harmonic (k) is mathematically expressed as
k=2qjx1

where, j is any positive integer and g is number of phase belt per pole. This expression can be
used to determine the lowest order of space harmonic with j = 1. The value of q is usually
larger for a multiphase machine. Hence, for a six-phase motor with asymmetrical winding
configuration (semi 12-phase) no harmonic will exsist below 11" order. Therefor, short pitch
of coils for elimination of 5™ and 7" order harmonics is not required. The elimination of lower
order space harmonics is clearly a major advantage, when compared with its three phase
counterpart. Furthermore, the inculsion of asymmetric winding configuration for six-phase
motor also results in the elimination of lower order time harmonics. Hence, torque pulsation is
substantially reduced, leading to a smooth motor operation with less mechanical noise.

It is also believed that the six phase motor (multiphase motor in general) improves the
overall reliability of drive system. This is because the loss of input supply to one or more
phases will not prevent it from starting and will continue to run with satisfactory performance.
This characteristic makes the motor suitable for the applications where reliability is of prime
importance.

The generalized analytical approach can be extended for the analysis of multiphase
(particularly six phase) motor by considering it as a set of magnetically coupled electrical
circuit. But the complexity of system increases with the increase in number of windings.
Furthermore, the presence of time varying coefficients (inductance terms) makes the system
computationally more complex. In such system, it is better to incorporate a suitable
transformation technique to achieve simplification in system analysis. Therefore, analysis is
carried out in rotating reference frame, employing Park’s transformation. A detailed discussion
is presented in following chapters.

In the following section, development in the field of six phase synchronous motor

(multiphase motor in general) has been surveyed highlighting new findings.
1.2 Literature survey

The concept of multiphase (more than three phase) machine was initially originated in late
1920’s when larger power generation got hampered due to the limitations in circuit breaker
interrupting capability. To overcome this situation, attention of scientists were diverted to the

machine having double windings embedded in its stator. It was after this time, research
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continued in the field of multiphase machine with steady but in slower way. A few older
references [1-3] are available in this regard.

It was in 1969, where the concept of multiphase (more than three phase) penetrated in
the field of motor drive system and a five phase voltage source inverter-fed induction motor
was proposed [4]. Since then, the field of multiphase motor drive is remained in research focus
and several interesting developments have been reported. Authors in [5] have pointed out the
advantage of asymmetrical winding configuration of six-phase motor. It was shown that the
machine torque characteristic having six-phase asymmetrical winding (two three phase
windings displaced by 30 degree) improves substantially by the reduction of its torque
pulsation, but results in increased stator current. Moreover, with asymmetrical winding
configuration for six-phase motor, reduction of many time harmonics of lower order (such as
5t 7t 17 19 ...) are prevented from the contribution to the airgap and torque pulsation,
while contributing to supply input current [6]. Analysis of six-phase motor was later carried out
in detail with different displacement angles by several authors [5-7, 10-12]. It was further
suggested that the optimized angular displacement between winding sets is 7/n for an even
number of three-phase sets and 2z/n for an odd number of three-phase sets, where, n is the total
number of machine phase. A detailed winding configuration of multiphase machine is given in
references [6-7].

Usually, it is the end terminals, which are brought out of conventional three-phase ac
machine, such that it can be connected either in star or delta fashion. In fact, the same machine
winding can be easily reconfigured to a multiphase winding, as discussed in [6]. When a
multiphase machine, particularly a six-phase motor with asymmetrical stator winding
configuration, supplied by the independent two sets of three-phase source (using inverter
circuitry), offers some more attractive features. Important of which is its increased power
handling capability [7-9, 13-15]. In fact, motor in above configuration results in decreased
phase current without increase in its voltage level for a constant output power, in comparison
with its three-phase counterpart. Therefore, the motor in multiphase winding configuration is
suitable for higher power applications, where power electronics switches of lower rating can be
utilized. Theoretically, power rating of six-phase machine becomes doubled, when compared
with three-phase machine. But experimentally, it was found to increase only by 1.73 times

approximetely [16], due to saturation, insulation and other design factors associated during its



operating mode.

Together with the above advantages, multiphase motor drive is much suited for the
applications where system reliability is of prime importance. This is because it works on the
basic concept of parallel-redundancy technique [17]. Therefore, motor will start and continue to
run with satisfactory performance, even with the loss of one or more input phase supply. The
loss of supply to some of the input phases will create the unbalanced condition and is a major
reason of performance degradation, explained in [18].

The developed general theory adopted for the analysis of conventional three-phase
machine can be effectively extended for multiphase machine. Such analytical approach dealing
with the mathematical modeling at a general level is available in [19]. However, the well
adopted and simplified approach of mathematical modeling is by employing Park’s
transformation [19-20]. Few literatures are available that deals the mathematical modeling of
multiphase (six-phase) synchronous machine [21-25] during balanced operating condition. But
for the analysis under unbalanced operating condition (due to fault at input terminals), the well
known approach of symmetrical component method may be used. In this approach, the three
sequence network are identified and interconnected according to fault condition, which is then
solved as a large equivalent network. This method can be successfully used for the analysis
during steady-state with sinusoidal excitation. But the method is not suitable for evaluation of
dynamic response of the machine. This is because of the non-existence of interaction between
the lost phases and remainder of the machine windings which drastically alters the dynamic
behavior of machine [7, 29]. Another alternative approach for the analysis of six-phase motor
under unbalanced condition is by using the concept of space-vector decomposition discussed in
detail by authors in [26-27]. Infact, analysis of unbalanced conditions created by terminal open
circuit together with the development of post fault condition schemes is available in many
references [28-33]. But the analysis of six-phase motor, particularly synchronous motor, under
short circuit condition has not been reported so far.

During the exploration of progress made in the field of multiphase machine, it was
noted that a large number of new findings have been reported for induction motor drives. But,
as far as multiphase (six-phase) synchronous machine (particularly motor) is concerned, only a
few literatures are available, as this is still in its primitive stage. A general modeling of six-

phase synchronous machine is available in [21-23, 25]. The behavior of a six-phase



synchronous alternator equipped with two sets of three phase stator winding displaced by an
arbitrary angle was analyzed by Fuchs and Rosenberg [21], where it has been concluded that
the orthogonal transformation (dgO) eliminates partly the time-dependence of coefficients’ of
the system differential equations, and the phasor can be used for the analysis of steady-state
behavior of generator with two stator windings. A detailed modeling of six-phase synchronous
machine has been reported by Schiferl and Ong [22], where mutual coupling between the two
sets of three-phase stator windings was considered. Steady-state operation of motor was also
examined during the transformer and motor mode of power transfer. Authors in their
companion paper [23] have also derived the expression of mutual leakage inductances, which
can be used for different winding configurations of six-phase and proposed a scheme of a single
machine uninterruptible power supply using a six-phase synchronous machine. Kataoka and
Watanabe [24] have presented an important application of a double wound synchronous
machine in a system of dc to ac conversion using a current source inverter, a position sensor
and a control circuit. Authors have also derived an equivalent circuit to predict the system
behavior during steady-state followed by a discussion to keep the output voltage and frequency
constant. Along with the presentation of modeling and simulation of a high power drives using
double star synchronous motor, effect of winding displacement angle on torque ripple and
harmonic effects were highlighted by Terrien and Benkhoris [34]. Authors in ref. [35] have
briefly presented the analysis of six-phase synchronous machine with emphasis of its
redundancy property, operation during fault conditions, machine behavior when fed with non-
sinusoidal voltage and sensitivity of the design parameters. However, to best of the authors’
knowledge, no detailed investigation have been carried out about the steady-state and dynamic
behavior of the machine under fault condition. In view of the above, there is strong motivation

to undertake a systematic and through investigation about six-phase synchronous motor.
1.3 Author’s Contributions

Due to a limited exploration and research activities in the field of six-phase synchronous motor,

following attempts have been made to establish the contribution:

@ Development of mathematical model of six-phase synchronous motor in rotor reference

frame, followed by its dynamic analysis under different operating conditions.



)

©)

(4)

(5)

(6)

Steady-state analysis of six-phase synchronous motor. It includes the development a
mathematical model and phasor diagram for motoring and motor-generator modes of
operation.

Analysis and exploration of motor behavior under fault conditions created by open-
circuit and short-circuit at motor input terminals, considering almost all possible cases

(asymmetrical and symmetrical).

Steady-state stability analysis of six-phase synchronous motor. This includes the
development of its linearized model, formulation of transfer function between required
input and output variables, development of instability limits, stabilization scheme using

state feedback technique in closed loop operation.

Analysis of load commutated inverter (LCI) fed six-phase synchronous motor together

with the development of a closed-loop scheme for its operation in self-controlled mode.

Experimental investigation to validate the key analytical results.



Chapter 2
Mathematical Modeling and Dynamic Analysis

of Six-Phase Synchronous Motor

2.1 Introduction

An electrical machine is a complex system that converts electrical energy to mechanical
energy or vice versa, during its operation. It came into existence about more than a hundred
years ago and research activities in this field appear to be never ending. In this context,
mathematical modelling is an essential part of any system, which is required to understand its
working characteristics and operating behavior, under different modes. Therefore, this chapter
deals with a detailed mathematical modeling of a six-phase synchronous motor in rotor

reference frame.
2.2 Mathematical Modeling

In the design of six-phase motor, it is a common strategy to split the stator winding into
two through phase belt splitting, each of them supplied by separate three phase electrical
source. The two sets of three phase windings namely abc and xyz, have the angular
displacement of & = 30 degree, to have asymmetrical winding. This is because, with 30 degree
space shift between the two three-phase winding sets and with the same electrical phase shift
between the supply voltages, all the harmonics of order (6n + 1, where n = 1,3,5...) are
eliminated from the airgap flux. Hence, the excitation voltage time harmonics such as 5", 7™,
17" 19" etc. are prevented from the contribution to the air gap flux and torque pulsation,
while they are contributing in the supply input current. This is due to the relatively small
reluctance of these harmonics current paths. The shorted damper windings are Kq and Ky are
along the quadrature and direct axis (field axis), respectively.

While going onwards for the motor equation, some of the important simplifying

assumptions are made. These are as follows:



e Both the stator windings (abc and xyz) are symmetrical and have a perfect sinusoidal

distribution along the air-gap,

e Space harmonics are neglected, flux and mmfs are sinusoidal in space,

e Saturation and hysteresis effects are neglected,

e No skin effect, i.e. winding resistance is not dependent on frequency.

A schematic representation of stator and rotor axes is shown in Fig. 2.1. Stator consists

of two balanced three phase windings, abc and xyz which are physically displaced by ¢

electrical degree. Rotor is equipped with the field winding £, and a damper winding K, along

d-axis and a damper winding K, along g-axis. By adopting the motor convention, voltage

equations for stator and rotor windings can be written as
=6 2]+l

[vr] B [O 71 Ly ML Ay

where,

AS _ iS

o] =)

voltage and current vectors are defined as

T
Vs = [Va) Vi) Ve, iy, 1y, 1
T
Uy = [UKq:UKdivfr]

is = [ia i, ics by iy iZ]T
, . : 4 T
i = [qu; lkd lfr]

and motor resistance and inductance matrices are defined by

. T
Ty = dlag[ra,rb,rc,rx,ry, rz]

) T
. = diag [qu, Tkd, rfr]

lel leZ ler
L= Lsz1 LsZZ LsZr
Lrsl LTSZ LT

where,
Laa Lab Lac Lxx ny sz
Lsn = [Lba Lpp Lbc] ; Loy = |Lyx  Lyy Ly,
Leg Lep L L,y Lzy L,,

(2.1)

(2.2)



LaKq LbKd chr Lqu LyKd szr

Loy = Lqu Lega Lafr , Loy = Lqu Lyka for
Lch LaKd Lbfr Lqu Lde Lyfr
Lax Lay Laz Lqu + Lqu 0 0
Lgio = Lgyy = |Lbx Lpy Lpz|; L, = 0 Lika + Linka Lfrka
ch Lcy ch 0 Lerd Llfr + mer

It should be noted that the subscripts ‘s’ and ‘r’ indicate the variable for stator and rotor
respectively, while the subscripts ‘1’ and ‘2’ refer the variable for stator winding abc and xyz,
respectively. The sub-matrix Lg;; and Lg,, indicate the inductances of stator winding set abc
and xyz respectively, whereas Ly, (and Lg,;) indicate the mutual inductance between the
winding sets abc and xyz. Moreover, each set of stator winding is assumed to be balanced and
distributed symmetrically. Therefore the parameters (resistance and inductance) of each
winding set will also be same. In this view, the resistance r, = r, = 1. = r; (for winding set
abc) and r,, = n, = 1, = 1, (for winding set xyz). Such simplification can also be obtained for

inductance terms as, L,y = Lpp = Lec and Ly, = = L,, for winding sets abc and xyz. Also,

Lyy
the elements of mutual leakage inductances sub matrix is cyclic, therefore L,y = Ly, = L.,
Lgy = Lp; = Ly and Ly, = Lp, = L., Each elements of the above inductance matrices are
explained in Appendix I.

The voltage and electromagnetic torque equation when written in machine variables
results in the sets of non-linear differential equations [36]. Non-linearity is introduced due to
the presence of inductance term, which is the function of rotor position and is time dependent.
In order to achieve simplified equations and constant inductance terms, reference frame theory
is applied, and all the sets of equations will be written in rotor reference frame (Park’s
equation). The equations of voltages and flux linkage per second of a six-phase synchronous

motor in Park’s variables are [22, 25]:

2.2.1 Voltage equation:

. w p

Vg1 = Tlgr t w_zlpdl + w_blpq1 (2.3)
. w p

Vg1 = Nlgy — w_2¢q1 + w_bl/)dl (2.4)
i wr P

Vg2 = Tolgy + o Yaz + wp Yq2 (2.5)
. w p

Vaz = TNplaz — w_zlpqz + w_blpdz (2.6)
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Fig. 2.1: Stator and rotor axes of six phase motor.
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Fig. 2.2: An equivalent circuit of a six phase synchronous machine (motor).

10



qu = ququ + wibl/)Kq (27)

Vka = Tgalka + wibl/)Kd (2.8)
_ Xmd . p
Ver = rr:r (rfrlfr + w_blpfr) (29)

where, all the symbols stands at their usual meaning. w, and w,; are the rotor speed (also the
speed of rotating reference frame) and base speed respectively. p denotes the differentiation

function w.r.t. time.

2.2.2 Equations of Flux linkage per second:

Vg1 = Xpnigr + xlm(iql + iqz) — X1aglaz + Ymgq (2.10)
Va1 = Xpiar + Xim (a1 +ig2) + Xiaqiqa + Yma (2.11)
Waz = Xipigqz + Xim(igr + ig2) + Xiagiar + Wmg (2.12)
Vaz = Xizlaz + Xim (ar + a2) — Xiaqiqr + Yma (2.13)
Yrq = Xikqlkg + ¥mgq (2.14)
Yra = Xikalkqg + Yma (2.15)
Yrr = Xipripr + Yima (2.16)
where,

Ymg = Xmq (g1 T ig2 + ikq) (2.17)
Yma = Xma(lar + laz + iga + ipr) (2.18)

The rotor circuit parameters are referred to one of the stator winding (abc winding set). These
voltage and flux linkage equations suggest the equivalent circuit as shown in Fig. 2.2, where
Lynand Lz, are known as common mutual leakage inductance and cross mutual coupling
inductance between d and g-axis of stator respectively given by:
Xim = Xigx €0S(§) + x1qy c0s( + 2m/3) + x;4, cos(§ — 21/3) (2.19)
Xiaq = Xigx SiN(E) + x4y sin(§ + 21 /3) + x4, sin(§ — 21/3) (2.20)
The common mutual leakage reactance x;,,, accounts for the mutual coupling between
the two sets of stator winding occupying the same slot by leakage flux. It depends on the
winding pitch and displacement angle between the two stator winding sets, and has an
important effect on the harmonic coupling between them. However, neglecting this parameter

has no noticeable effect on transient effect except some changes in voltage harmonic distortion
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[25]. Detailed discussion on finding the slot reactance is given in ref. [37]. Standard test
procedures are available to determine various machine parameters in [38-48].

The detailed computer simulation of six-phase synchronous motor is based on the
integral form of motor’s voltage and torque equations with flux linkage per second and speed
as state variable, winding currents as output variables, applied voltage and load torque as input
variables. The voltage equations (2.3) - (2.9) together with the flux linkages equations (2.10) -
(2.16) are firstly solved for the currents, which are then back substituted in the voltage

equations. These mathematical manipulations yields the following integral equations:

W Wy T
l'bql = f{vql - w_bd)dl - X_Z [(xlz + xlm)l/)ql - xlmlpqz - xlzlpmq + Xidq (d’dz - d’md)]}

(2.21)
Yar = 2 War + 5 qr =[G + XendWar = XimPaz = XoWma = X1ag (a2 = Pmg) )
(2.22)
Yor = 22 (a2 — oo ¥az — 1 [ + Xund)¥a2 — XimPar — Xuhmg — Xiaq War — ¥ma)]}
(2.23)
Yar = 2 War + 5z + 3+ [Gu + X)Wz = XimPar = XaWma + X1 ez = Pmg) )
(2.24)
Vo = (kg ~ 5t [Vka = Ymal} (2.25)
Yia = (Vka ~ po- [Wka = ¥mal} (2.26)
Ve = 2= L [y = Ymal) (2.27)
Current can be expressed in terms of flux as:
i1 = 5 [(i2 + X)W1 = XimWz = XoWmg + Xiag Waz = Yma)] (2.28)
a1 = 5[ + xim)ar = XimPaz = X2¥ma = Xiag Wz = Yimg)] (2.29)
iz = 5[ + X )Wq2 = XimWPr = Xumg = Xiag War = Yma)] (2.30)
far = 5 [(n + xim)Waz = XimPaz = Xu¥ma + Xiag W1 = Yimg)] (2.31)
ikg = 7o [Wg = Yimg] (232)
ika = 57— [Yxa = Pma] (233)

XIKd
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[l/)fr lpmd] (2-34)

Ymq and Y,,4 can be expressed in the term of state variables as

= le

_ XpWq1+x11Pq2+x1aqWaz—Va1) | Ykq
Ymq = Xaq [ = + leq] (2.35)
_ xlzlpdl+x11¢d2+xldq(¢q1—¢q2) Ykd h
l/)md = Xad [ P + XiKa + Xifr (236)
where,
1 1 PR
B I S S PG 7
Xaq = [xmq + -~ + P ] (2.37)
-1
1 1 1 X11+X12
Xgg=|—+—F—"F+—"—= 2.38
ad Xmd XiKd Xifr Xb ] ( )
Xp = XXz + (1 + X)X — Xigg (2.39)

The electromagnetic torque (Te) and rotor dynamic equations for P- pole, six-phase

synchronous motor can be expressed as:

Te = Tey + Tez (2.40)
where,
Tey = k(iq1¢d1 - id1l/)q1) (2.41)
is torque due to the first set of winding, and

. . 3P 1
Tez = k(ig2Waz — laxWq2) 1 k = 22 wp (2.42)
is torque due to the second set of winding.
Wy 1 P1
2=t (2.43)

where, T, is the electromagnetic torque, which is positive for motor, T; is the load torque and J
is the moment of inertia of rotor assembly.

Block diagram showing the computer simulation of a six-phase synchronous motor is
shown in Fig. 2.3. Use of motor equations during computation steps are indicated by its

numbers. Input voltages v, s and vy, in stationary phase coordinate are transformed directly
10 vg40s aNd v;;g‘s , I.e. in rotor reference frame by using the transformation matrix [20, 22] K

and K, ¢ associated with each stator winding sets abc and xyz. The voltages applied to the
damper windings are not shown because the windings are always short- circuited and voltages

are zero.
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Fig. 2.3: Simulation of a six-phase synchronous motor in rotor reference frame in block diagram form.

2.3 Dynamic Analysis of Six-Phase Synchronous Motor

Dynamic analysis of any electrical system is of prime importance to understand its operating
characteristic under different conditions changing suddenly. Therefore, the mathematical model
developed in previous section has been effectively used to analyze the behavior of six-phase
synchronous motor under sudden change in its operating conditions. Sudden changes
considered are the change in load torque, field excitation and input voltage levels, in the

following sections.
2.3.1 Change in load torque:

Considering the practical importance of motor operation at different load torque,
dynamic performance of six-phase synchronous motor has been presented. For this purpose, a
set of differential equations that describe the synchronous motor operation were simulated in

Matlab/Simulink environment. Simulation steps of motor in rotor reference frame are depicted
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in Fig. 2.3.

Simulation has been carried out for a motor of 3.7 kW, 6 poles, whose parameters are
mentioned in Appendix Il. Computer traces shown in Fig. 2.4 and Fig. 2.5, illustrate the
dynamic behavior of six-phase synchronous motor due to a step change in load torque from
zero to 50 percentage of rated/base torque at time t = 5 sec. and further increase in load torque
by 50 percent (i.e. at full load) at time t = 15 sec. It is assumed that the input voltage and
frequency is constant irrespective of the change in load torque. Input phase voltage was
maintained constant at 220 V, 50 Hz. operating at 0.85 power factor (lagging). Initially, motor
is operating with zero load torque, i.e. at no load condition at synchronous speed. At time t =5
sec., a step increase in load torque was applied. This resulted in the decrease in rotor speed
immediately following the step increase in load torque as shown in Fig. 2.4 (b), where the load
angle delta increases (in magnitude). The rotor speed continues to decrease till the accelerating
torque on the rotor vanishes. It can be noted from Fig. 2.4 that the speed decreases to
approximately 104.3 rad/sec. at the time when T, equal to T,. At this time, accelerating torque is
zero, the rotor is running below synchronous speed; hence, load angle delta and thus motor
torque Te will keep on increasing. Increase in torque Te results in an increase in the output
power of the machine that causes the rotor to accelerate towards synchronous speed. Hence,
due to rotor inertia, it will continue to accelerate above synchronous speed and consequently
load angle delta begin to decrease (in magnitude), with decrease in motor torque Te. In this
way, damped oscillation of motor variable continues and settles to a new-steady state value.

Due to the increase in motor load torque, increase in the stator phase current can be
noted in Fig. 2.5, which is required to meet the increased output. The increase in stator current
is associated with the increase in active output power of the motor, while maintaining its
operation at constant power factor (i.e. constant reactive power). Hence, the change in g-axis
component of stator current (active component of current changes from 2.05 A to 4.23 A,
approximately) has been depicted in Fig. 2.6, with no change in its d-axis component of stator
current (reactive component of current), of both the winding sets abc and xyz.

Variation of motor torque Te with load angle delta has been plotted in Fig. 2.7. Dynamic
characteristic of torque-angle shows a larger variation in T, at a particular load angle delta and
settles to its steady-state value after all transients have subsides. Therefore, the dynamic

response is considerably different from its steady-state characteristic.
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2.3.2 Change in field excitation:

Perhaps the major advantage of a wound rotor (field excited) synchronous motor over
other types of ac motors is its ease to control the operating power factor from field excitation.
Operation of the motor at required power factor (lagging, unity or leading) can easily be
obtained by just controlling its field excitation, which has been simulated in this section. Motor
operation with sudden change in its field excitation has been discussed.

The field excitation has been changed from its operation at lagging power factor of 0.8
to unity power factor at time t = 10 sec. to the leading power factor of 0.8 at time t = 15 sec.
The variation of operating power factor (by changing the field excitation) is associated with the
change in its reactive power while maintaining its active power constant, as shown in Fig. 2.8.
Therefore, the variation in d-axis component of stator current, ig; and ig, (reactive component
changed from 1.39 A to -0.10 A at time t = 10 sec. to -1.5 A at t = 15 sec.) can be noted in Fig.
2.9 (b) and Fig. 2.9 (d) respectively, with almost no variation in g-axis component of the stator
current (active component). This results in overall change in stator current as shown in Fig.
2.10. Stator current was found to be minimum during motor operation at unity power factor.
This is because of considerable reduction in d-axis component of the stator current. It can be
further noted that following the step change in field excitation, variation in motor torque, rotor
speed and load angle is negligible after settling to its steady-state, as indicated in Fig. 2.11. Plot

of torque-angle characteristic is also shown in Fig. 2.12.
2.3.3 Change in input voltage:

From the practical viewpoint, there is always a variation in input voltage of the synchronous
motor, because of a continuous variation in the loads connected to utility grid. Therefore, the
motor dynamic behavior has been observed under such condition of input voltage variation.
This condition was simulated for the change in input phase voltage at time t = 10 sec., such that
the voltage was decreased to 180 V. Since the variation of voltage level of any electrical system
is associated with the change of its reactive power component, therefore, d - axis component of
the stator current was found to be changed from 1.13 A to 1.31 A, after the settlement of all
transient, as shown in Fig. 2.13 (b) and Fig. 2.13 (d). A small variation in active component
was also noted (g - axis component of stator current changed from 2.05 A to 2.55 A) in Fig.

2.13 (a) and Fig. 2.13 (c). This is because the output power of machine is constant, and is the
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product of its voltage and current. Hence, the change in input voltage level (both d and g-axis
component of voltage is changed) also results in small variation of q axis component of stator
current. Therefore, decrease in input voltage level leads to the overall increase in motor current
from 2.35 A to 2.87 A as shown in Fig. 2.14. Effect of voltage variation in input voltage was
also found on the transient production in motor torque Te, resulting the swing in rotor speed and
load angle delta, as shown in Fig. 2.15. It was noted that the value of load angle delta is also
dependent on voltage input and magnitude increases from 2.9 to 4.4 electrical degree. This
variation is due to the small change in g-axis component (active component) of input voltage
supplied to stator winding sets. Torque-angle characteristic is shown in Fig. 2.16.

2.4 Motor performance with different displacement angle between winding sets

In this section, the effect of displacement angle (between stator winding sets abc and
xyz) on motor performance has been simulated under load variation (load increased to 50 % of
rated/base torque at time t = 5 sec.). Three cases of displacement angle & (at 0°, 30° and 60°) are
considered. Therefore, the same phase shift (in electrical degree) between two sets of balanced
three phase input supply is required. For this purpose switching of inverter gate pulses must be
synchronized to ensure the required phase shift between the independent three-phase supply.
Inverter used during simulation was a simple six-step in nature. (Six-step voltage source
inverter). In all the cases considered, both dynamic and steady-state (during load) characteristic
are plotted and explained below:

Nature of the input voltage will differ (by 0°, 30° and 60°) as per the angular difference &
between both the winding sets abc and xyz. Input voltage (phase voltages v, and vy are shown)
to each set of stator winding is shown in Fig. 2.17, Fig. 2.24 and Fig. 2.31 for value of & at 0°,
30° and 60°, respectively. Presence of harmonics in the stator current was found to be
dependent on the value of displacement angle &. For the displacement angle of 0° and 60°,
magnitude of current harmonics was found to be 17 A approximately, as shown in Fig. 2.18
and Fig. 2.32, respectively. But it increases to a larger value of 83.3 A at displacement angle of
30° as shown in Fig. 2.25. This increase in machine current is mainly attributed due to the d-
axis current component (reactive component) with small dependency on g-axis component
(active component) of stator current, as shown in Fig. 2.19, Fig. 2.26, and Fig. 2.33 for value of

¢ at 0°, 30° and 60°, respectively. Stator currents both in stationary as well as rotor reference
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frame during steady-state (at 50 percent of motor load) are also shown in a parallel way in
order to visualize it more clearly for different value of &.

It is worthwhile to note here that in case of synchronous motor operation with symmetrical
stator winding configuration (& = 0°, 60°), there exist a magnetic interlocking between the stator
and rotor field. Moreover, the salient structure of rotor will align itself along the path of least
reluctance. Therefore, during steady-state, a small airgap x, exists between rotor and stator
field, as shown in Fig. 2.38 (a). But, during the motor operation with asymmetrical six-phase
winding configuration (& = 30°), the rotor aligns itself along the resultant stator field attributed
by the winding sets abc and xyz, as depicted in Fig. 2.38 (b). Rotor axis in this position will
have the airgap x’, w.r.t. magnetic axis of the individual winding sets abc and xyz. The airgap
x' (for asymmetrical six-phase operation) is clearly greater than x (for symmetrical six-phase
operation). Therefore, to establish the required flux level in airgap, magnetizing current and
hence, the stator current and its harmonics increase. Larger magnitude of current harmonics (&
= 30% will result in the unwanted losses, and therefore, heating of the machine stator. The
pattern of harmonic variation in motor torque T was found to be reversed. Magnitude of torque
ripples for displacement angle & equal to 0° and 60° was found to be almost equal, 81 Nm. as
shown in Fig. 2.23 and Fig. 2.37. But a considerable reduction in torque harmonic ripples (57
Nm.) was noted for the displacement angle of 30°, as shown in Fig. 2.30. This reduction in
torque harmonics results in a smooth operation of the machine with very less noise and
mechanical vibration in rotor assembly. Although, heating of stator will increase (due to
increased current harmonics), but cooling of the stationary part i.e. stator of machine can be

conveniently handled.
2.5 Conclusion

In this chapter a simple but effective mathematical model of six-phase synchronous
motor has been developed, considering the effect of mutual leakage reactance between the two
sets of three-phase stator winding abc and xyz, in rotor reference frame. The developed
mathematical model was effectively simulated under different operating conditions to explore
the detailed dynamic characteristics of six-phase synchronous motor. These conditions include
the change in load torque, field excitation and its input voltage levels which was then followed

by its investigation of operating behavior for different displacement angle (0°, 30° and 60°)

18



between both the stator winding sets abc and xyz, in a well elaborated way.

Motor dynamic performance was found to be satisfactory as the developed motor torque
T was supplying the load with less swing in stator current and rotor speed. These swings were
found to be still smaller for the change in field excitation and input voltage magnitude, and
finally settle to its steady-state. Hence, a stable operation was noted.

A great performance improvement was observed for 30° phase displacement between
both the stator winding sets abc and xyz, when supplied by six-step voltage source inverter.
Although the magnitude of stator current was found to increase, but a substantial decrease in
motor torque harmonics was also observed. Hence, a smooth motor operation is achieved with
less mechanical noise and vibration in the machine. Increase in stator current leads to increased

heating of stationary stator, but it can be easily handled by a suitable cooling arrangement.
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Chapter 3

Steady-state Modeling and Analysis of Six-phase
Synchronous Motor

3.1 Introduction

Steady-state analysis is needed for a better understanding of the operational behavior of
six-phase synchronous motor under different operating conditions. It will be advantageous to
examine its describing equations followed by the development of phasor diagram. While
performing the dynamic simulation of motor, these steady-state equations can also be used for
the calculation of steady-state initial values to initialize the dynamic simulation. Also,
knowledge of steady-state behavior is indispensable for checking correctness of the simulation
results. The steady-state analysis of six-phase synchronous motor is not yet reported to best of
the authors’ knowledge. Therefore, the main contribution of this chapter is to explore the
steady-state operation of six-phase synchronous motor during its normal operating condition as
well as the operation with input supply in only one set of three-phase stator winding (motor-
generator mode). Initially, a mathematical model of six-phase synchronous motor has been
developed, followed by the development of its phasor diagram in steady-state operating
condition, from which performance of the motor may be directly analyzed. Mathematical

treatment has been carried out through the Park’s (dq0) transformation.
3.2 Mathematical Modeling during steady-state

It is convenient to use the park’s equations for the derivation of steady-state equations,
though several other approaches may be used to describe the balanced steady-state operation of
synchronous machine. In this mode of operation, the rotor rotates at synchronous speed, i.e. the
relative speed between the armature field and rotor field is zero. Hence, the time rate change of
flux linkage is zero with no current in the short-circuited damper windings. This fact has been
incorporated by dropping the differential terms in voltage equations 2.3 to 2.9 in chapter 2.

These equations can then be written as
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Vql = rllql + :_Z (xll + Xim + xmd)ldl + Z_Z (xlm + xmd)ldz + Z))_:xldqlqz + Efr (31)
We We We

Va1 = 1rilgs — (U_b (xll + Xy + xmq)lql - w_b (xlm + xmq)lqz + w_bxldqldz (32)

Voo = 1alga + z_z (xiz + X + Xmadlaz + Z—Z (Xim + Xmadlar — Z_:xldqlql + Epr (3.3)
W w w

de = r21d2 - w_z (xlz + Xy + xmq)lqz - w_z (xlm + xmq)lql - w_:xldqldl (34)

Efr = z_zxmdlfr (3.9)

Steady-state analysis has been carried out under the assumption that each of the stator winding
sets abc and xyz are supplied by a balanced set of three-phase voltage sources such that the
phase voltage can be written as:

v, = V2V cosw,t (3.6)
v, = V2V, cos(w,t — ) (3.7)
and phase current can be written as

i, = V2Icos(w,t — ®;) (3.8)
iy = V2L cos(w,t — @, — ) (3.9)
where,

7, =rms value of the phase voltage of winding set abc

I; = rms value of the phase current of winding set abc

V, = rms value of the phase voltage of winding set xyz

I, = rms value of the phase current of winding set xyz

@, = power factor angle of winding set abc

@, = power factor angle of winding set xyz

a = phase difference between the phase voltage of a and x.

In rotor reference frame, d-q components of stator voltages become constant and can be written

as

Vg1 = Vicosé (3.10)
V41 = Visind (3.11)
Vg2 = Vocos(6 — ¢ —a) (3.12)
Vi, = Vosin(6 — & — a) (3.13)

Above voltages can be related to synchronously rotating voltage phasor V, and V,, as

40



Vee % =V —jVy (3.14)

Ve 16D =V, —jVy, (3.15)
Similar relation can be written for stator current as

Ie™® =1y —jly (3.16)
Le 7@~ =1, —jl; (3.17)

Substitution of equation 3.1 and equation 3.2 in equation 3.14, followed by the mathematical

simplification yields the voltage equation in phasor form as

V, = [r1 +jz—z (Xu + Xy + xmq)] I, + z—:[xldq +j(xlm + xmq)]lxejf + E, (3.18)
Similarly for other winding set, xyz yields

V,elt = [rz +jz—z (1 + Xpm + xmq)] I.e’ + :))—Z [—x1aq +J (Xtm + %mg) [ Ia + Eq  (3.19)
where,

E, = [z—b (Xma = %mq)Uar + 1az) + Ery| € (3.20)
is the voltage phasor along g-axis and field voltage is given by

w

Efp = w_zxmdlfr (3.21)

The above voltage phasors can be used to draw equivalent circuit as well as phasor diagram as
depicted in Fig. 3.1 and Fig. 3.2. In order to retain generality of the operation of two winding
sets abc and xyz, voltage drops and power factor angle are shown to be different for two sets.
While evaluating the performance indices during steady-state, these values are taken to be
equal for both the winding sets. This is because power sharing by each stator winding set is
equal.
Three modes of operation can be illustrated, based on three operating conditions:

(1) Eqg=V,u(= V.e’): First condition appears during no-load condition, if friction and
windage losses along with ohmic drop of stator windings are neglected, then input currents to
the stator windings will be zero, i.e. I, = I.e/¢ = 0. In this mode of operation, motor will run
at synchronous speed without absorbing energy from the electrical system. This operation is
referred as “floating on the line”. The operation is practically not possible because motor will

absorb a small amount of energy associated with ohmic and friction and windage losses.
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(2) E4 <Vg(and V,e’s): During this mode of operation, I, (andI.e’®) is lagging
V,(and V,e’%), therefore, motor will absorb reactive power, hence appears as an inductor to
system. (3) E, > V,(and V,e’*): During this mode of operation, I, (and I,e’¢) is leading
V,(and V,e’%), hence appears as a capacitor supplying reactive power to the system.

3.2.1 Power and Torque Expression:

The total complex power of both sets of stator windings abc and xyz is given by

S=P+jQ (3.22)
where, P and Q are the active and reactive power component of motor respectively. These
powers can be expressed as

P = O{(Varlgs + Varlar) + (Vazloz + Vazlaz)} (3.23)

Q = O{Varlar = Varlgr) + (Vizlaz — Vazlg2))} (3.24)
Electromagnetic power developed by the motor is obtained by subtracting from the

input power, the losses in stator, which is just the copper loss of stator windings in the model.

This can be easily obtained by putting the value of d-q voltages from equations 3.1 to 3.4 in

equation 3.24. Suitable mathematical simplification then yields,

P = copper loss + P,,, (3.25)
where,
copper loss =y (12, + 13,) + 1, (1%, + 13,) (3.26)

is the stator winding copper loss.

Pom = Epr(Ig1 + 12) + (¥ma — Xmg) (iariqr + iaziqz) + (cma — Xmg) (lariqz + ig1iaz)
(3.27)

is the developed electromagnetic power by the motor.

Electromagnetic torque expression is obtained by dividing the electromagnetic power by the

actual rotor speed. Therefore, electromagnetic torque is given by

em = =|— rr\dq1 q2 Xmd — Xmqg )\ldilq1r T laz2lq2 Xmd — Xmq )\la1lq2
Ton = 2 = (c2) By I +102) + Cina = 5 v + i) + Gona = 5 i +

Wy
ig1iaz)} (3.28)
Above equation of torque is valid for steady-state operation, neglecting the stator resistance.
However, in variable-speed drive system at low frequencies, stator resistance must be

considered while evaluating the torque.
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Torque expression permits a quantitative description of the nature of steady-state
electromagnetic torque of six-phase synchronous motor. The first term on the right hand side of
equation 3.28 is due to the interaction of magnetic system produced by the currents flowing in
both the winding sets abc and xyz, and the magnetic system produced by the current flowing in
the field winding. Second and third terms are due to the saliency of rotor. Second term is
named as “self-reluctance torque”, which is the sum of reluctance torques produced by the two
sets of stator windings operating independently. Third term is named as “mutual-reluctance
torque”, which is produced due to the mutual coupling between two sets of stator windings.
The torque produced due to the interaction of stator and field currents is the dominant torque.
The reluctance torque is generally a relatively small part of the total torque of a synchronous
motor. It is worthwhile to mention here that the reluctance torque (self and mutual-reluctance
torque) vanishes in cylindrical rotor synchronous motor because x,q = Xygq-

The above analytical approach can be easily extended to other type of multiphase
machines with multiple three-phase winding sets (N = n/3) having angular displacement of ¢,
where N is an integer representing the number of winding sets, and takes the value 1 and 2 for
6-phase; 1, 2 and 3 for 9-phase; 1, 2, 3 and 4 for 12-phase; 1, 2, 3 and n/3 for n-phase.

3.2.2 Supply in one set of winding only

Apart from the above discussed cases of steady-state operation of motor with two sets
of stator windings abc and xyz, case of complete outage of supply in one winding set xyz is also
considered here. As there is only one set of three phase supply connected to winding set abc,
six-phase synchronous motor in this case will act as a three-phase synchronous motor.
Analytical results can be obtained by putting i, = iz, =0, i.e I, = 0 in above discussed
model of six-phase synchronous motor. As there is a coupling between the winding sets abc
and xyz due to sharing of same stator slots by coil sides of abc and xyz winding, therefore, a
voltage will be generated in winding set xyz due to transformer action. Hence, six-phase
synchronous machine in this mode will both act as a motor as well as a generator (motor-
generator mode).

The developed model of the machine can be applied easily to evaluate the motor

performance under steady-state condition with input in both sets of stator windings as well as
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input in only one set of stator winding. A unified and simplified step for these operating

conditions is shown in the flow chart in Fig. 3.3.
3.3 Simulation Results

Mathematical model developed for the operation of six-phase synchronous motor at steady-
state condition in previous section has been investigated via simulation in Matlab/Simulink
environment. A motor of 3.7 kW with its parameters given in Appendix Il has been simulated
for 50 percentage of base/rated torque, operating at power factor of 0.85 (lagging). Input phase
voltage of both the winding sets abc and xyz has been maintained constant at 160 VV where the
input phase current was found to be 2.29 A in each winding set. The steady-state phase voltage-
current waveforms of phases a and x are shown in Fig. 3.4. Under this condition, calculated
active power and reactive power was found to be 1865 W and 1155.8 VAr respectively, with
the load angle 6 equal to -5.76 degree. Induced field voltage and current has been maintained at
206.73 V and 33.53 A respectively.

Simulation results for various other operating conditions during steady-state are shown
in Fig. 3.5. Fig. 3.5 (a) shows the operating properties at different load condition (i.e. at
different load torque) operating at a power factor of 0.85 (lagging). As expected, motor current
as well as load angle & (only numerical value shown) proportionately increases with the
increase of output load torque. Fig 3.5 (b) shows the operating properties at different operating
power factor (shown by different phase angle) operating at 50 percent of base/rated torque.
Variation in current and load angle & can be noted at different phase angles (i.e. at different
power factor). The variation of current is basically due to the variation of reactive component
of power, since motor is operating at constant active power to deliver a constant load. Under
this condition, variation of load angle, § can also be noted and it decreases when motor
operating mode moves from lagging to leading power factor. Simulation results at different
operating conditions (different load torque with constant power factor and constant load torque
with different power factor) have also been shown in Table 3.1 and Table 3.2. Some more
results are given in chapter 7 with its experimental validation to give more insight into the

motor operation at different input voltage and load torque.
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3.4.1 Inclusion of supply asymmetry

For the purpose of simplicity and better understanding, it has been assumed that the
input supply in the above analysis is perfectly ideal. Practically, this may not be the case as
there is a continuous change of input supply voltage (in magnitude and/or phase) due to the
variation of other loads connected to the supply lines, resulting in an unbalance flow of current
in motor. This phenomenon has been identified in a number of available references [18, 49-51]
for multiphase motor. It has been found that the multiphase motor is more sensitive to the
supply asymmetries than the machine asymmetry [18, 51]. Therefore, supply asymmetries have
also been incorporated in simulation results similar to actual motor operation in the following
sections.

Following to the inclusion of supply asymmetry with operation of motor at 50 percent
of base/rated torque approximately, the input current in each phase of six-phase synchronous
motor was found to be different. The magnitude of input currents was found to be 3.20 A, 3.35
A, 2.87 Aand 2.83 A, 2.35 A, 2.45 A in the phases of winding sets abc and xyz respectively, as
shown in Fig. 3.6. Supply voltage at input motor phases was taken as 160 V, with the variation
similar to that of experimental operating condition, as shown in chapter 7. It has to be noted
that motor torque is supplying the load, accompanied by the production of harmonics, which
varies between the peak value of 56.24 Nm and 53.56 Nm. Variation of instantaneous torque

can further be noted in rotor speed, as depicted in Fig. 3.7 (b).
3.4.2 Supply in one winding set (abc) only

Simulation was carried out for the supply in winding set abc only, assuming a complete
outage of supply in winding set xyz. Therefore, the output power will have to be supplied by
winding set abc only, resulting in the increase of its current magnitude to 5.45 A
approximately. Since machine in this mode is giving the output power both in the form of
mechanical (to supply the load torque) as well as electrical (voltage generated in winding set
Xyz) power, therefore, the machine is acting both as motor and generator at a time (motor-
generator mode). Generation of voltage in winding set xyz will take place due to the
transformer action, generated phase voltage was found to be 159.94 V approximately for each
phase. Computer traces of generated phase voltage Vx and voltage-current of phase ‘a’ are

shown in Fig. 3.8. Harmonic production in this mode of operation was found to decrease
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considerably as compared to above. It is due to the inherent filtering provided by the six-phase
machine. Such inherent filtering characteristic capability helps to reduce the external filtering
requirement. Reduction in harmonic is also due to the reduced sensitivity of motor (with three
phase winding configuration) towards supply asymmetries; hence, resulting in the flow of
relatively more balanced three-phase current into the motor, though with an increased

magnitude.
3.5 Conclusion

A simple steady-state mathematical model of an asymmetrical six-phase synchronous motor is
presented, where the effect of common mutual leakage reactance between the two sets of three-
phase stator winding has been considered. A unified and simplified approach has been adopted
for digital simulation, considering the operation at two operating conditions at input terminals
i.e. the input supply at both two three phase of stator winding, and at only one set of three-
phase stator winding. This shows the additional possibilities offered by using six-phase
synchronous motor compared to its three-phase counterpart which indicates its redundancy
characteristic making it suitable for the application where reliability is of prime importance.
Furthermore, there is a possibility of generation of voltage at one of the three-phase winding
set, when other winding set is supplied by three-phase electrical source. Hence, a single
machine acts as motor as well as generator making it suitable for some special applications.
Also, a general methodology of the steady-state analysis using the approach of Park’s (dg0)
transformation, which can be easily extended to other type of multiphase machine under

different operating conditions.
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Table 3.1: Steady-state performance calculation under different loads at 0.85 power factor (lagging)

Percentage of Active power Reactive power Phase current Field voltage, Es Load Angle, Field current
Base Torque (W) (VAr) (Amp.) V) (degree) I (Amp.)
20 746 462.32 0.91 217.96 -2.22 35.31
50 1865 1155.80 2.28 206.97 -5.76 33.52
80 2984 1849.30 3.65 197.93 -9.54 32.06
100 3730 2311.60 4.57 193.10 -12.19 31.28
Table 3.2: Steady-state performance calculation under different power factor at 50 percentage load with input phase voltage of 160 V

Power factor Active power Reactive power Phase current Field voltage, Ef Load Angle, 6 Field current
(W) (VAr) (Amp.) V) (degree) I (Amp.)
0.4 (lagging) 1865 42733 4.85 150.34 -6.67 24.35
0.8 (lagging) 1865 1398.8 2.43 202.55 -5.82 32.81
1.0 (unity) 1865 0.00 1.94 228.01 -5.49 36.93
0.8 (leading) 1865 -1398.8 2.43 253.49 -5.21 41.06
0.4 (leading) 1865 -4273.3 4.85 305.93 -4.74 49.55
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Chapter 4

Fault Analysis of Six-Phase Synchronous Motor

4.1 Introduction

Phase redundancy is an important property of multiphase motor which make it suitable
for the applications where reliability is of prime importance [7, 13-14, 25]. The applications
like automotive, aerospace and nuclear are a few of many, wherein multiphase ac motor are
more and more being used as a substitute of traditional three phase motor. This is because a
loss of supply in one or more phases does not prevent the motor from starting and it continues
to run with a satisfactory operating performance though with reduced efficiency [7, 13-14].
Existence of such fault condition can be caused by mechanical failure of a motor terminal, or
by an electrical failure in one of the inverter legs (if supplied by inverter). For the purpose to
have a satisfactory performance level of multiphase motor under such conditions, it has to be
explored and analyzed extensively. The most commonly used analytical tool for the analysis of
unbalanced operation of electric machines has been the well-known symmetrical component
method [7, 29]. In this approach, the three sequence networks are identified and interconnected
according to the fault condition, which is then solved as one large equivalent network.
Although, it can be used successfully in the steady-state analysis for sinusoidal excitation;
however, as far as the dynamic of machine is concerned, the method losses its utility due to
non-existence of interaction between the lost phases and remainder of the machine windings
which drastically alters the dynamic behavior of the machine [7]. Another alternative approach
for above conditions is to carry out the analysis using Park’s dqO variables. Simulation and
analysis of a synchronous machine with an open phase, employing dqgO variables was reported
in various available literatures [17, 27, 29, 52-54]. Along with the well known advantage of the
elimination of time-varying inductances in voltage equations, this approach also eliminates the
computational stability problem, and the matrix inversion is not required [53]. This approach
can, however, be extended to the analysis of multiphase synchronous motor with one or more

phases opened.
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Therefore, this chapter presents the open-circuit analysis of six-phase synchronous
motor on a mathematical basis under different conditions to explore its performance. A
mathematical model has been developed for the analysis of motor behavior during open circuit
condition in single phase and double phases, through dg0 approach. Motor behavior under such
operating conditions was also experimentally analyzed (in chapter 7) under steady state
operating condition, including the operation of motor with the complete outage of input supply
to one set of winding. Operation of motor in generating mode is also examined.

In addition to open circuit fault, critical condition created by short circuit at machine
input terminals has also been considered. This is because short circuit condition during machine
operation is always considered as a serious situation, as it results in an abrupt increase in its
current to several times the rated value. This may further result in a permanent machine outage,
if not cleared within the prescribed time. Therefore, machine behavior under short circuit
conditions will have to explored and analyzed extensively, before a suitable protection scheme
can be applied in conjugation with such condition. Short circuit analysis of synchronous
machine is a complex task under different operating modes (asymmetrical/symmetrical). The
early researchers preferred the method of computer simulation in classical wound-field
synchronous machine [55-56]. As far as analytical approach is concerned, most of the authors
adopted the well-known symmetrical component method. Using this concept machine acting as
a synchronous generator has been extensively analyzed [57-60], whereas synchronous machine
operating as motor has been considered in a few literatures [61-62]. Another alternative
approach to carry out the analysis during short circuit condition is by employing Park's (dqg0)
transformation, and few literature [55, 62-64] can be found in this regard. As far as the short
circuit analysis of six-phase synchronous motor is concerned, it has not been reported so far.
Therefore, the following section also deals with a detailed short circuit analysis of a six-phase
synchronous motor by using an accurate computer simulation for different cases (both

asymmetrical and asymmetrical).
4.2 Mathematical Equations during open circuit

It is assumed that the stator winding sets abc and xyz (having separate neutral points nl

and n2) are supplied by the two sets of balanced three-phase voltage sources v,,, vpg4, v-4 and

Vxgr Vyg, Vzg espectively. Condition of open circuit may occur at one or more supply phases to
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the motor input terminal. Hence, different cases are possible for open circuit or open conductor
fault study. In order to explore the redundancy characteristic and performance of motor under
such condition, mathematical equations have to be determined, which are valid under such
condition. For the purpose of mathematical modelling of motor during open circuit conditions,
two cases are considered: open circuit fault at single phase at one winding set and single phase
at both the three phase winding set from each input phase of the two three phase input

terminals, as discussed in following sections:
4.2.1 Case 1: Single phase open circuit

Initially, occurrence of open conductor fault is assumed to take place at phase a, so that its
terminal current is zero (i.e. i, = 0). Terminal voltages, which force the current i, to remain

zero are given by

Vo = - (4.0)
Vp = Vpg — Vnig 4.2)
Ve = Veg — VUnig 4.3)

Flux and current (which is zero) expression for phase a in the term of d and q variables can be

written as
Yo = Pg1 €00, + YPyq sinb, (4.9
0 =41 cosO, + igq SiNG, (4.5)

From equations 2.10 and 2.11, i, and ig4; can be expressed as
. 1
lg1 = x_l1 (l/)ql - l/)mq —A+ C) (4-6)

ia1 =5~ (Par — Yma = B = D) (4.7)

Where, A= xlm(iql + iqZ); B = xlm(idl + idZ); C = xldqidz; D= xldqlqz.

Substitution of i,; and iy, from equations 4.6 and 4.7 into equation 4.5 yields

Yq1 €050, + Pgy Sinb,. = (l/)mq + A= C)cosO, + (Ypq + B + C)sind, (4.8)
Comparing equation 4.4 and 4.8, it is found
VYo = (Ymg + A= C)cosb, + (Pmg + B + C)sind, (4.9)

Above obtained flux equation can be substituted in equation 4.1 and rewriting the same in

terms of state variables by substituting equations 2.35 and 2.36 (chapter 2) for y,,,, and ¥4,
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respectively. Therefore,

v, _ Xaq xlz¢q1+xl1¢q2+xldq(1l)dz—1l)d1)_I_ll)Kq +A—Clcose,
wp Xp XiKq
+ {xad [x”wd”x“”"“”““’(1”“_”"12) +Yxd g 1”—’"] +B+ C} sin@r] (4.10)
Xp XiIgkd  Xifr

which is the phase voltage during stator current i, = 0.

For a single three phase winding abc, phase voltage satisfy the condition,

Vo+vp+v.=0 (4.11)
Therefore, v,,1, can be written by using equations 4.2, 4.3 and 4.11 as

Vnig = %(ng + Veg + Va) (4.12)
Substitution of equation 4.12 for v,,, in equations 4.2 and 4.3, followed by the Park

transformation of voltages v,, v, and v, yields

Vg1 = VgC080, + % (vbg - vcg)siné?r (4.13)
Vg1 = VgSind, + % (vbg - vcg)cosé?r (4.14)

which is valid for all the operating conditions. During normal operation, phase voltage v, =
V44 N above equations, whereas during the open circuit condition at phase a, phase voltage v,

is given by equation 4.10.

4.2.2 Case 2: Double phase open circuit

It is assumed that the opening of two phases occur simultaneously, one from each of the two
three phase supply to the motor input terminal. Here, it is assumed to occur at the phases a and
X, such that currents i, and i, are both zero. Mathematical treatment of such condition can be
easily expressed on the way similar to above case. Determination of phase a is completely
obtained from the equations 4.10, 4.13 and 4.14. Analogous to the phase a, voltage expression

during open circuit, for phase x can be determined as

P XoWq1 + X112 + X1ag Waz — Ya1)  Piq
x — a
v oy Xaq +

l + A +E}cos(9r -&)

Xp Xikq

XpWa1+xuPaztxiag(Wq1—¥q2) | Yka | Yrr _ } : _
+ {xad [ - + — + “r + B — F¢sin(6, — &) (4.15)
Where, E = xldq idl; F = xldqiql

A general expression for winding set xyz in Parks variables is obtained as
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Vg2 = Vxc0s(0, — &) + % (vyg - vzg)sin(er - &) (4.16)
Vgp = U, Sin(6, — &) + % (vyg - vzg)cos(er —-§&) (4.17)

Above obtained voltage equation is valid for all the operating conditions. During open circuit
condition, phase voltage v, will be given by equation 4.15, whereas in normal operating
condition, v, = v,,. In order to evaluate the flux linkages 14, and 44, it is required to
substitute the value of phase voltage v, in equation 4.13 and 4.14 from equation 4.10. The
resulting equations are then substituted in equation 2.21 and 2.22 (chapter 2). Same parallel
mathematical manipulation has to be done for winding set xyz, if double phase open circuit is
considered. It will result in expression for ¥4, Y4, (@nd Y42, Pg2) in terms of derivative of
Va1, Yar (@nd Yz, Pgr), making it necessary to perform numerical integration of derivative of
the state variables. This task can be performed by digital simulation programmed with Runge-
Kutta numerical integration subroutine. A unified and simplified step for evaluating the motor
performance under normal and open circuit condition is shown in the form of flow chart in Fig.
4.1.

4.2.3 Case 3: Supply in one set of winding only

In addition to the above discussed cases of single and double fault open circuit cases, complete
outage of supply in one winding set xyz is also considered here. Since, the availability of input
supply exists for only one winding set abc; therefore the machine in this mode will act as a
three-phase synchronous motor. Performance of the machine can be evaluated by substituting
g2 = ig; = 0 in above developed model. It is important to emphasis that a voltage generation
in the other winding set xyz will take place due to transformer action, because of a mutual
coupling between the two winding sets abc and xyz, sharing the same stator slots by their coil
sides. Hence, six-phase synchronous machine in this mode will act as a motor as well as a
generator, both.

For simplicity and better understanding, it has been assumed that the different
parameters of two winding sets abc and xyz are same. In actual machine, this may not be the
case, leading the deviation of machine response from ideal behavior (asymmetrical six-phase).
Secondly, asymmetrical operation is also due to unbalanced supply (i.e. difference in

magnitude and /or phase), obtained through three-winding transformer fed to motor. Small
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error of input voltage will result in large error of input currents and different power factor for
the two stator winding sets abc and xyz. It has been found that the machine is much more
sensitive to the supply asymmetries than to the machine asymmetries [49-51]. Therefore,
supply asymmetries have been incorporated in simulation, similar to the actual motor operation
in the following sections. It is worthwhile to mention here that the above mathematical
approach can be easily extended to other type of multiphase motors with multiple three-phase
winding sets having a particular angular displacement & between them, for e.g. 6, 9, 12,...n-

phases.
4.3 Simulation Results during open circuit conditions

Mathematical model developed for the operation of six-phase synchronous motor at open
circuit condition in previous section was investigated via simulation in Matlab/Simulink
environment. For the purpose to retain simplicity, it is necessary to note that the occurrence of
open circuit condition takes place during steady state operation of the motor at a particular
operating load. A motor of 3.7 kW (parameters given in Appendix II) was simulated for single

and double phase open circuit condition, as explained below in following subsections. 4
4.3.1 Single phase open circuit

Before the occurrence of single phase open circuit, it was assumed and simulated for the steady
state operating condition at 50% of motor base torque. Steady-state pre-fault phase current of

each winding set abc and xyz was found to be 3.20 A, 3.35 A, 2.87 Aand 2.83 A, 2.35 A, 2.45
A respectively. Supply voltage at input motor phases was taken as 160 V, with the variation
similar to that of experimental operating condition. At time, t = 8 sec., open circuit condition
was created by opening phase a, i.e. by nullifying the current of phase a. As soon as the phase
current i, = 0, a sudden increase in the phase current of winding set xyz was observed,
followed by the decrease in remaining healthy phases of winding set abc. Increase in phase
current of phases x, y and z was 53.89% (4.35 A), 106% (4.84 A i.e. almost double) and
12.65% (2.76 A) respectively, indicating a larger power shared by the winding set xyz. On the
other hand, decrease in the phase current of phases b and ¢ was 18.80% (2.72 A) and 5.22%
(2.72 A) respectively, indicating a smaller power shared by the winding set abc. Both transient
and steady state current of remaining healthy phases of winding sets abc and xyz are depicted in

Fig. 4.2 and Fig. 4.3 respectively. Motor torque is supplying the load, accompanied by the
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Fig. 4.2: Transient response of motor during pre and post-fault of single phase open circuit showing currents
(@) iy () ic (C) ix (d) iy () i, () Torque Te (9) speed w, (h) load angle, delta.

production of harmonics which varies between the peak value of 59.66 Nm and 48.80 Nm. The
effect of variation of instantaneous torque was noted in rotor speed and load angle, delta as
shown in Fig. 4.2 (f)-(h).

4.3.2 Double phase open circuit

There may be the nine different cases of double phase open circuit condition, one phase from
each winding set abc and xyz. To examine the motor behavior under the occurrence of double
phase open circuit, two phases a and x were chosen in which open circuit condition was created
at the same time, i.e. t = 8 sec., such that the currents i, = 0 and i, = 0. As expected, power

shared by the healthy phases is increased, resulting in increase of its magnitude. Increase in the
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phase current of phase b and ¢ was 15.82% (3.88 A) and 35.19% (3.88 A) respectively.
Increase in phase current of phase y and z was 209.78% (7.28 A) and 197.14% (7.28 A i.e.
almost three times) respectively, under safe current limit. Transient as well as steady state
current of one healthy phase of winding sets abc and xyz are depicted in Fig. 4.4 and Fig. 4.5,
respectively. Other healthy phase of each winding set will have the same magnitude, but will
only have a phase shift of 180° electrical to satisfy the Kirchoff current law; and therefore, not
shown in figure. Motor under this condition is still working satisfactory, though with increased
harmonics content in the motor torque, which was found to be increased with its peak value
variation between 26.08 Nm and 73.21 Nm. The harmonic variation in instantaneous torque is
reflected in rotor speed and load angle, delta as shown in Fig. 4.4 (c)-(e). In another case, in
which phase a and y were chosen for double phase open circuit at the same time t = 8 sec.,

such that the currents i, = 0 and i, = 0. It was observed that the nature of variation of phase

current was same as that of previous case of phase a and x, though with the change in its

magnitude. Increase of phase current of phase b and ¢ was found to be 130.30% (7.60 A) and
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162.34% (7.60 A) respectively. Similarly, increase of phase current of phase x and y was found
to be 34.58% (3.61 A) and 50.42% (3.61 A) respectively.

4.3.3 Supply in one winding set (abc) only

With the assumption of a complete outage of input supply for winding set xyz, simulation was
carried out for the supply in one winding set abc only. Therefore, the constant output power
will have to be supplied by winding set abc only, so the magnitude of current was found to be
increased by 5.45 A approximately, for each phase. It can be noted that output power of
machine is both in the form of mechanical (to supply load torque) as well as the electrical
(voltage generation in winding set xyz), hence working simultaneously as a motor and generator
both at the same time. Voltage generation in winding set xyz, due to the transformer action was
found to be 159.94 V approximately, for each phase. Waveform of generated voltage vy and

phase current i, is shown in Fig. 4.6 (a) and Fig. 4.6 (b), respectively. In this mode, the
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production of harmonics was found to be decreased considerably, when compared to the above
cases of open circuit, reflected in the motor response. This is because of reduced sensitivity of
the motor towards supply asymmetries, working with three phase winding configuration.
Therefore, the flow of current into motor was found to be more balanced, but with an increased
magnitude.

Motor operation with one or more phase opened has been discussed in above section. In
these explanations supply asymmetry is considered. Exploration along with its experimental
validation has been presented later in chapter 7. Furthermore, analytical results are also
presented without considering the supply asymmetry, with its aim to have a better picture of
current distribution during pre and post-fault conditions. This situation has been analysed at
different motor load and input voltage levels in Table 4.1 and Table 4.2, respectively. It can be
noted that an unbalanced flow of stator current was found in case of single phase open circuit
(i.e. iy = 0). Consequently, current in remaining healthy phase of winding set abc decreases,
whereas it increases in winding set xyz in an irregular way. On the other hand, a balanced flow
of current in each winding set abc and xyz can be noted for double phase open circuit fault (i.e.
i, =i, = 0). During this condition, a slight variation in current magnitude in stator winding
sets (abc and xyz) was observed. This is perhaps due to the existence of asymmetrical winding
configuration of stator. It was also noted that at a particular open circuit fault, the pattern of
current variation is same, when observed at different motor load and input voltage level.
Change in operating condition (motor load or input voltage) only results in the variation of pre

and post fault current magnitude.
4.4 Simulation results during Short circuit conditions

A flow chart of the developed simulation program during short circuit condition is shown in
Fig. 4.7. Same is equally valid for all the cases of short circuit, irrespective of its nature
(asymmetrical or symmetrical). Simplification and effectiveness of simulation program can be

noted, as it uses the machine variables in rotor reference frame, i.e. Park's (dq0) variables.
4.4.1 Asymmetrical Short circuit

Most frequent occurrence of a short circuit at the input terminals of motor drive system is

asymmetrical in nature, particularly the single line to ground (LG) fault. However, other causes
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Table 4.1: Pre and post fault current during open-circuit at input motor terminals at different load with phase voltage of 160 V neglecting supply asymmetry

Motor load Operating modes Motor phase current

ig ip ic Iy Iy i,
Normal 1.14 1.14 1.14 1.14 1.14 1.14
25% Single phase OC 0 1.04 1.04 1.96 1.98 1.20
Double phase OC 0 2.68 2.68 0 2.70 2.70

Three phase supply only 2.27 2.27 2.27 0 0 0
Normal 2.29 2.29 2.29 2.29 2.29 2.29
50 % Single phase OC 0 2.08 2.08 3.93 3.96 2.40
Double phase OC 0 5.28 5.28 0 5.46 5.46

Three phase supply only 4.55 4.55 4.55 0 0 0

Table 4.2: Pre and post fault current during open-circuit at input motor terminals operating with different voltage levels at 50 % load neglecting supply asymmetry

Voltage Operating modes Motor phase current

level iq ip ic Iy Ly i,
Normal 2.29 2.29 2.29 2.29 2.29 2.29
160 Single phase OC 0 2.08 2.08 3.93 3.96 2.40
Double phase OC 0 5.28 5.28 0 5.46 5.46

Three phase supply only 4.55 4.55 4.55 0 0 0
Normal 1.83 1.83 1.83 1.83 1.83 1.83
200 Single phase OC 0 1.66 1.66 3.14 3.17 1.92
Double phase OC 0 4.21 4.21 0 4.35 4.35

Three phase supply only 3.63 3.63 3.63 0 0 0
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include the short circuit among different input terminals of motor, e.g. line-line to ground (LLG)
fault. Analysis of the asymmetrical short circuit is computationally complex [63], when dealing
with the multiphase system. Therefore, it has been explored and studied by using a detailed
dynamic simulation of six-phase synchronous motor (whose simulation steps are shown in Fig.
4.7) by modifying the input voltage for such conditions.

Simulation has been carried out for line to ground (LG) short circuit (most frequent case
of short circuit), assuming it to take place at phase a by putting the value of its phase voltage
equal to zero (v, = 0). It has been assumed that the condition of short circuit prevails for a short
duration (10 cycle i.e. 0.12 sec.). Short circuit occurs at time t = 7 sec. and motor current in all
the phases has been depicted in Fig. 4.8, in stationary reference frame. Asymmetrical flow in
each stator winding set can be noted from this figure. Moreover, due to the highly inductive
nature of stator windings, a change in a phase current (hence a change in its magnetic flux) is
equally compensated by opposite but equal change in the other winding set of corresponding
phase. For example, after the occurrence of short circuit in phase a at time ¢ = 7 sec., phase
current i, increases with negative magnitude of 266 A in its first swing in Fig. 4.8 (a). In order to
maintain the constant flux, same change in current i,, of phase x may be noted in Fig. 4.8 (d).
Similar variation in current can also be noted in other phases of both the winding sets abc and
Xyz. Since, motor output power is assumed to be constant; therefore, the variation in active
component of current of a winding set is also compensated by current flowing in other winding
set, as depicted in Fig. 4.9. Moreover, the transient offset in phase currents in winding sets abc
and xyz in both stationary and rotor reference frame can also be noted, pulsating at 50 Hz. This
transient offset was found to be reflected in instantaneous torque, decaying with 50 Hz.
pulsation. Motor electromagnetic torque decreases and becomes less than the load torque. The
rotor speed also decreases below the synchronous speed, which results in the increase (in
magnitude) in load angle, delta. Rotor speed continues to decrease by 104.1 rad/sec. where the
motor torque T, becomes equal to load torque (T;). At this time, the rotor is running below the
synchronous speed and due to motor inertia the torque T, will continue to increase along with the
increase in load angle, delta. At the instant of reaching to synchronous speed, motor torque T,
will be greater than the load, resulting the rotor to accelerate towards synchronous speed. In this
way, damped oscillation of rotor will continue till it settles to its steady state value, if allowed for

a longer duration. The dynamic response of motor torque T, rotor speed w, and load angle delta
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is shown in Fig. 4.10, whereas a torque - angle characteristic is shown in Fig. 4.11 in which
switching sequence during short circuit has been shown by arrow mark.

As already mentioned that the occurrence of short circuit is usually followed by the open
circuit/isolation of the faulted electrical circuit. Following to the occurrence of short circuit at an
input terminal, open circuit of that phase was also simulated by putting its current to zero. It was
simulated in phase a after the time of 0.2 sec. i.e. at time t = 7.2 sec. This also resulted in offset
transient at 50 Hz. pulsation of stator current in remaining healthy phases in stationary as well as
rotor reference frame is shown in Fig. 4.12 and Fig. 4.13, respectively. A much reduced current
magnitude may be noted during transient period, when compared with short circuit current, and
within a short duration (0.3 sec.) current settles to its new steady-state value. Rotor behavior
during this condition is shown in Fig. 4.14 and dynamic torque-angle characteristic is shown in
Fig. 4.15. A detailed explanation during open circuit at a single phase has already been presented

in the previous section.
4.4.2 Symmetrical Short circuit:

Symmetrical short circuit at the motor input terminals result in a balanced flow of current in both
the stator winding sets abc and xyz. This condition has been simulated at the input terminals of
winding set abc, by putting its all phase voltages equal to zero ie. v, =v, =v, =0.
Initialization of short circuit was simulated at time t = 7 sec. and was cleared within 3 cycle i.e.
0.06 sec. If the fault was allowed to remain in the system for slight longer, problem of instability
was noted, i.e. the motor could not return to its steady state at synchronous speed. Following the
occurrence of symmetrical short circuit, the transient offset pulsating at 50 Hz in phase current of
both winding sets abc and xyz can be noted in stationary reference frame as shown in Fig. 4.16.
But transient offset was not observed when current was expressed in rotor reference frame as
shown in Fig. 4.17. This is because of a tremendous increase of the magnitude of d-q component
of stator current as compared to the magnitude of ripples in offset current in rotor reference
frame. Also, symmetrical flow of current further decreases the magnitude of offset current
ripples. Rotor behavior indicated by its speed and load angle variation along with the motor
developed torque is shown in Fig. 4.18. Characteristic curve for torque-angle is shown in Fig.
4.19, where the arrow mark signifies the outgoing and returning of operating mode to its steady-

state.
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Furthermore, isolation of faulted element by open circuit of winding set abc, is now
explored by putting the currents of all the phase equal to zero (i, = i, = i, = 0), as shown in
stationary as well as rotor reference frame in Fig. 4.20 and Fig. 4.21, respectively. After the open
circuit/isolation of one stator winding set abc, motor will act as a three phase synchronous motor,
with only input supply in winding set xyz. Response of machine in this mode (three phase
synchronous motor) has been depicted in Fig. 4.22 and Fig. 4.23.

4.4.3 Discussion about short circuit

In the above presented simulation results of asymmetrical and symmetrical short circuit,
utilization of detailed dynamic model was efficiently used. Frequently, it can be noted that in
analytical approach [63-64], rotor speed is assumed to be constant during short circuit period.
This is because the short circuit condition in electrical circuitry is allowed for a few cycle,
resulting in the tremendous increase in machine current. This assumption facilitates to obtain a
closed-form solution, which provides the insight performance of motor operation, not possible
with above dynamic simulation [63]. The assumption of constant speed during the period of
short circuit has been incorporated here by increasing the value of moment of inertia/inertia
constant (say, 1000 times). The steady state value of phase current can then be easily determined
under different short circuit conditions, whose correctness can be checked by the analytical
approach, if required. Phase current magnitude with the variation of type of short circuit and
change in input voltage levels is depicted in Table 4.3. A direct proportionality in the magnitude
of phase current can be noted with input voltage level. Further, existence of asymmetry can also
be observed due to the flow of unbalanced current of different magnitude of a particular winding
set during asymmetrical short circuit condition (LG/LLG). Current magnitude in a winding set
was found to increase with increase in the number of shorted terminals and is maximum for the
case of LLLG (symmetrical) short circuit. It is also important to emphasize here that the
symmetrical nature of current flow was found to be increased with the increase in number of
shorted terminals and finally becomes symmetrical in nature during symmetrical short circuit
LLLG.

Variation in the magnitude of phase current has been shown with the variation of motor
load in Table 4.4. Current magnitude of a particular phase remains almost unaffected under

different load conditions, but it changes for different short circuit cases, as discussed above.
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It is important to have an insight on the nature of motor developed torque during
asymmetrical and symmetrical short circuit cases. This has been shown in term of the variation
of torque ripple magnitude with the variation of input voltage level and at different load in Fig.
4.24 (a) and Fig. 4.24 (b), respectively. The pattern of torque ripple variation was found to
follow the same as that of winding current and is more dependent on the variation of voltage
level than the variation of different load conditions. In these figures, x-axis denotes the type of
short circuit case where integral value should be read as - 0: normal condition, 1: LG short

circuit, 2: LLG short circuit, 3: symmetrical LLLG short circuit.
4.5 Post fault control scheme:

Operating performance during post-fault condition can be made better by increasing the
number of phase [6], making multiphase ac motor suitable for fault tolerant drive system. It is
worthwhile to mention here that depending upon the application, post-fault control scheme can
be adopted for the system where high performance output can’t be compromised during the
occurrence of open circuit. Different post-fault control schemes have been reported for
multiphase motor operation . Regardless to the type of control scheme, every scheme tries to
maintain the airgap flux constant in post-fault condition by having a suitable combination of
current in remaining healthy phases. Authors in ref. [28] have shown that by using a five-phase
or seven-phase motor, it is possible to take advantage of additional degrees of freedom as a result
of more phases, resulting in current combination so as to produce a smooth non-pulsating torque.
An exclusive analysis of five-phase synchronous motor under asymmetrical fault condition is
covered in ref. [65], wherein a synchronous frame current controller was designed which was
shown to be superior than the conventional hysteresis current controller. Analysis of dual three-
phase induction motor is available in literatures [27-33]. Zhao and Lipo [27] analysed the motor
with asymmetrical winding structure, where the concept of space vector decomposition was
utilised. A general model suitable for both healthy and faulty condition was given by Singh and
Pant [29], whereas the possibility of different winding configuration during fault condition was
addressed by Alberti and Bianchi [30]. Control of six-phase induction motor can equally be
applied with six-phase synchronous motor. However, as far as control of six-phase synchronous
motor is concerned it is still underway.

A block diagram showing a simple, effective and a self-explanatory post-fault control

scheme, which can be easily implemented in six-phase synchronous motor is shown in Fig. 4.25.
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The technique is actually an extension of the control of three-phase motor [66], where the
connection of motor’s star point is required at zero potential. Approach for a six-phase motor fed
from two current-controlled inverter (for abc and xyz winding sets) suggests that the two

remaining healthy phase current of a particular winding set should be phase shifted by 30°

electrical away from the faulted phase and their magnitude should be increased by a factor of v/3.
A complete analysis and performance evaluation of the control scheme will be reported in future

research work.
4.6 Conclusion:

A unified and simplified approach was adopted for digital simulation for different cases
of open circuit fault at input terminals of six-phase synchronous motor using dq0 variables. This
approach can be extended for any type of multiphase machine, accompanying the open circuit
fault at its one or more phases. This methodology has been adopted for the analysis of six-phase
synchronous machine to explore the redundancy characteristic of motor, commonly used for
higher power application. This includes the open conductor fault at one phase, two phases and
three phases (complete outage of one set of input supply) of input terminal of motor. As the
number of open conductor fault increases at input terminal of motor, power shared by the
remaining healthy winding set/phases was found to be increased. It was observed analytically
(and experimentally validated in chapter 7) that the motor continues to operate satisfactorily even
during the outage of one or more input supply phases. Therefore, it can be concluded that in
normal operation, fault in one of the two three phase winding set can even be sustained and
motor continue to give a satisfactory operation. This characteristic is very important for the
operation of motor where reliability is of prime importance. Also, the simultaneous operation of
machine as a motor and as a generator, when one set of stator winding is supplied by one three-
phase source only, is a very attractive property, making it suitable for some special application
(like power supply of air conditioner in electric railway etc.).

A detailed simulation has been carried out for the different cases of short circuit (both
asymmetrical and symmetrical) occurring at the motor input terminals, in a simplified way. The
similar logical steps of simulation program, (shown in form of flow chart) can be efficiently used
for any multiphase machine. In the above sections, two cases of asymmetrical short circuit (LG

and LLG) have been simulated, which prevails for 10 cycles (i.e 0.12 sec.), resulting in an
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unbalanced flow of current in both the stator winding sets abc and xyz. It was found that the
motor operating under asymmetrical short circuit is more stable, whereas instability is noted if it
operates for more than three cycles during symmetrical short circuit, but results in a balanced
flow of stator current. In general, an excessive increase in the magnitude of stator current was
noted which was maximum during symmetrical short circuit. The nature of variation in current
magnitude is also reflected in the ripple magnitude of motor torque T,, and found to be
dependent on input voltage level of the motor. A small variation in torque ripple magnitude was
noted with the change in motor load.
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Table 4.3: Effect on stator current at different input voltage levels during short-circuit fault

SC iq ip i, iy iy i,
cases
160V [ 200V [ 240V | 160V [ 200V [ 240V [ 160V [ 200V [ 240V [ 160V [ 200V [ 240V | 160V [ 200V [ 240V [ 160V [ 200V | 240 V
LG 386.3 478.9 575.0 | 165.6 206.8 2475 | 329.0 411.3 493.8 | 389.7 486.6 5839 | 2853 3585 429.9 | 211.7 2647 317.7
LLG | 503.7 630.1 756.4 | 3942 4933 5921 | 403.0 5040 605.0 | 463.1 5785 694.1 | 465.7 5816 697.8 | 363.0 4534 5438
LLLG | 565.5 707.1 8489 | 565.5 707.1 8489 | 565.5 707.1 848.9 | 5589 698.4 838.2 | 5589 698.4 838.2 | 558.9 698.4 838.2
Table 4.4: Effect on stator current at different load conditions during short-circuit fault
sC i, i i i, iy i,
cases
No 50% | Full No 50% | Full No 50 % | Full No 50% | Full No 50% | Full No 50% | Full
load load load load load load load load load load load load load load load load load load
LG 3840 3863 3819 | 1654 1656 163.8 | 329.5 329.0 328.7 | 388.7 389.7 389.9 | 2859 2853 288.1 | 211.3 211.7 2121
LLG | 5049 503.7 502.9 | 3954 3942 393.3 | 404.0 403.0 401.0 | 462.1 463.1 463.7 | 4645 465.7 466.6 | 362.0 363.0 363.8
LLLG | 566.4 5655 564.8 | 566.4 565.5 564.8 | 566.4 565.5 564.8 | 558.1 558.9 559.6 | 558.1 558.9 559.6 | 558.1 558.9 559.6
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Chapter 5

Stability analysis of six-phase synchronous motor

5.1 Introduction

Operation of any electrical machine during steady-state depends on many design factors
that directly or indirectly affect the stability of machine. Stability of machine is an important
factor, which is considered by the design engineers. Among the various aspects of stability, the
small signal stability is an important one. It determines the stable operation of machine during
small disturbance. This needs a comprehensive stability analysis of the machine to ensure a
stable operation of the system. As far as stability of ac motor is concerned, very limited
literature is available. Rogers [67] had indicated that the induction machine operation which
gives an oscillatory response that is frequency dependent, and analyzed its stability using root
locus technique. Stability of induction motor fed by variable frequency inverter was carried out
in ref. [68], wherein the effect of harmonics was neglected, using Nyquist stability criteria [69]
and root locus technique [70]. The technique of transfer function for the development of
controlled current induction motor was carried out by Cornell and Lipo [71], whereas
Macdonald and Sen [72] utilized a linearized small signal model of the current source inverter
fed induction motor drive for stability analysis along with the formulation of transfer function
for different control strategies. Tan and Richard [73] have calculated the eigenvalues for
double-cage induction motor using a boundary layer model, whereas the Lyapnaov’s first
method using the placement of eigenvalues was carried out in detail for three-phase induction
motor in ref. [74]. As far as the stability of synchronous machine is concerned, small signal
stability analysis was carried out for reluctance-synchronous machine in ref. [75], and the
variable frequency operation of synchronous machine in ref. [76] using Nyquist criteria
technique, whereas the root locus study of synchronous machine was carried out in ref. [77].

From an extensive literature survey, it has been found that small signal stability of the
system (particularly power system) has been carried out by using its eigenvalues, as reported in
ref. [78-82]. However, some authors have also utilized the Hopf bifurcation technique [83-85]

to access stability of the system. These analytical concepts can be effectively used for the
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stability analysis of multiphase motor. In this regard, the only available literature is [86-87].
These works deal with the stability analysis of six-phase and five-phase induction motor,
respectively. To the best of the knowledge of the authors, there is no available literature on
stability analysis of multiphase synchronous motor. Therefore, this chapter deals the small
signal stability analysis of six-phase synchronous motor. For this purpose, the eigenvalues
criterion for small excursion behavior through the developed linearized version of machine
equations has been used, followed by the establishment of eigenvalues association with motor
parameters. Furthermore, determination of instability region is presented, under different
parametric variation and working conditions. Results establish a preferable method for motor
stabilization at its design stage as well as under normal working conditions. Formulation of
transfer function is also presented, between the input and output variables, followed by the
stability plots of root locus. Analysis has been carried out by employing dg0 approach.

Optimal linear control employing state feedback technique [88] is more often used for
the stabilization of power system [89-90]. In fact, much work has been done in this regard about
two decades earlier. This is due to the development of modern control theory and computational
technique with the state equations for a system at advanced level. Important power system
element, i.e. synchronous generator has been extensively analyzed with this technique for
stability purpose [89-94]. Performance of synchronous generator with derived linear optimal
controller for a wide range of input disturbance was extensively evaluated by the authors in ref.
[89, 91]. Rather than using all state variables, authors in ref. [95] pointed out to use only those
state variables, which are physically available for measurement and evaluated the performance
with different input disturbance and has been further analyzed in ref. [96-99]. While designing
the optimal controller, evaluation of weighting matrix Q was addressed in ref. [89], employing
the concept of sensitivity. Quite a few literatures are available for the synchronous motor
operation employing this technique [100-101]. But as far as the multiphase synchronous motor
is concerned, the application of this technique has not been reported so far. Therefore, this
chapter also addresses a simple but effective control scheme, based on state feedback technique
applicable for a six-phase synchronous motor to ensure the required stable operation in all the

operating regions. Analysis has been carried out in MATLAB environment.
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5.2 Linearization of Motor equations for stability analysis

A detailed mathematical modeling of six-phase synchronous motor has already been
presented in chapter 2. The equations of voltages and flux linkage per second of a six-phase
synchronous motor in Park’s variables are given in section 2.2, which are the function of current
and flux linkage per second. Since, current and flux linkage per second both are related to each
other (as seen in equation 2.10- 2.18), one variable vector, either current or flux linkage per
second can be taken as state variable. The choice of state variable is generally determined by the
application [20]. Here, current has been selected as state variable. Treating the current as an
independent variable, the flux linkage per second are replaced by the currents, and the voltage -

current relation for the motor can be written in matrix form as:

[v] = [2][i] (5.1)
where,
_ T
[v] = [v41, Va1, Vg2: Vaz Vi Virs Vi (5.2)
[i] = [lql' ta1,lq2, taz, kg Yo le] (5.3)
z
p p 14 p
n+ _(xll + Xy + xmq) X1t Xy + Xma - (xlm + xmq) + Xidq — —Xidq + (xlm + xmd) ~—Xmgq Xmd Xmd
Wp Wp Wp Wp
—(xz1+x1 + x, ) r1+£(xll+xl + Xpma) ﬁxza —(xl +x ) ﬂ(xl + X)) + Xpqg — X ix d 1x d
m mq wp m m wp q m mq wp m m q mq wp m W, m
p p p p
_(xlm + xmq) — Xidq ~— Xidq + (xlm + xmd) T, +— (xlz + Xy t xmq) Xz T Xma + Xim ~—Xmgq Xmd Xmd
Wp Wp Wp Wp
—ﬁxld —(xl + x, ) 1(xl + X)) — Xia —(x11+x, + x, ) r2+£(x12+xl +Xma)  —X ﬂx d ﬂx d
— wp q m mq wp m m q m mq wp m m mq W, m W, m
p p 14
w—bxmq 0 w—bxmq 0 Tkq T w—b (x,Kq + xmq) 0 0
2 2 2
P X P Xha nafy P ] 2
0 o 0 o 0 T + o (i + xmd) o T
0 1x 0 £x 0 £x iy + (x + Xpma)
w, md w, md w, md Kd IKd md
(5.4)
Developed motor electromagnetic torque is given by
_3P1 [(lql +ig2)%ma(iar + igz + ixa + ifr) (5.5)
e i . . . . .
2 2 @b _(ldl + ldz)xmq (lql + lq2 + qu)

Relationship between torque and rotor speed is given by equation 5.6, whereas the

expression of rotor angle (load angle) is given by equation 5.7.

P wy
Q—ZS+E (5.6)
=2t () )
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Relationship between the variables f% and ff; in synchronously reference frame and
variables f7s and fjs in rotor reference frame will be helpful in linearization process which is
given by equation 5.8.

fras _[cos8k —sindk] ficas
sl Lsindy cos 8 ||f&s

where, k = 1 (for winding set abc) and 2 (for winding set xyz).

(5.8)

8, = &, (load angle)

8, =8 —v—¢

y is the phase difference between phase a and x voltages and ¢ is the phase shift between both
the winding sets abc and xyz. Here, y and & both are taken as 30 degree electrical.

The procedure of linearization for a small perturbation is carried out by using the well-
known Taylor series expansion, wherein each variable x is replaced by its reference value plus a
deviation (Xo+4x). For example, consider an equation z = xy: this can be written as
Zo+ Az = (xo + Ax) (Yo + Ay)

= XgYo t+ YolAx + xoAy + AxAy

Terms in the reference level can be eliminated from both side of equation (z, = xyyy).
Also, the last term (AxAy) is neglected, considering that the deviations are very small, resulting
in equation between the deviations with coefficient that can be considered constant over a
limited region. Simplification incorporated in Taylor series expansion can be quantitatively
included by the following restrictions imposed on motor equations:

(i) Under small perturbation, there is a little variation of flux levels, such that the inductances
can be regarded as constant.

(i1) Under small perturbation, terms involving the product of two (or more) deviations can be
neglected, being small with respect to other terms.

Linearization of the motor equations 5.1, 5.5, 5.6, 5.7 and 5.8 yields the set of equations which

can be written in matrix form as:

Avlqu W1 X]_ Yl Ailqu
Avygas| = | X2 Wy Yo | |Alygas (5.9)
Avy, Q102 S Aty
where,
(x)T = [(Aildqs)T (Aiqus)T (Airr)T]
= [Aiql,Aidl,Aiqz,AidZ,Aqu,Aifr,Ain,Aw—“:,Ad] (5.10)
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W7 = [(Av14g5)" (Avzaq5)" (Avr)T]
= [Avgy, Avgy, Av gy, Avgy, Avkg, Avg,, Avgg, AT, 0] (5.11)
Other elements of matrix are explained in the latter part of this section.

Since the driving force (input voltages) fed to synchronous motor is of constant
amplitude and frequency (connected to infinite busbar) in synchronous reference frame;
therefore, it will be advantageous to relate these variables in synchronously rotating reference
frame to the variables in rotor reference frame. This has to be taken into account with the help
of equation 5.8, which is non-linear. This equation will be linearized before incorporating it into
a set of linear differential equations. Therefore, suitable approximation is taken, cosAd, = 1

and sinAd, = Ad. Such that linearization of equation 5.8 yields

Afiags = TiDfiaqs + FTAS (5.12)
Linearization of inverse transformation yields

Aficags = (Ti) ' Afiags + FAS (5.13)
where,

F" and F¢ are the steady-state d-g operating indices in rotor and synchronously rotating

reference frame respectively.

_[cosby —sindy
k= [sindk cos &y, ] (5.14)
_1 _ [ coséy  sindy ]
T~ = [ —sind,  cos & (5.15)
Substitution of equations 5.12 and 5.13 into equation 5.9 yields
-TlAvledqs Wl Xl Yl TlAiqus
TZAvgdqs =[Xa W2 Y, TZAigdqs (5-16)
Av,, Q102 SI| Ay,
which can be further arranged and written as
[Avags ()WL Ty (T) X1 Ty (Ty) 1Y, | [Aifags
szedqs = [(T) 7 X, Ty (To)""W,T, (T)7'Y, Aiqus (5.17)
| Avrr QlTl QZTZ S Airr
Above equation can be expressed in following form
Epx =Fx+u (5.18)
where,
(x)T = [(Ailequ)T (Aizequ)T (Airr)T]
- [Aifll,Aigl,AiZZ,Aigz,Aqu,Aifr,Ain,Aw—u::,Ac?] (5.19)
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(u)T [(Avlqu)T (AUqus)T (Avrr)T]
= [AvEy, Av§y, AV, AVS,, Avq, AVfy, Aviq, AT, 0] (5.20)
(T) "Wy, Ty (Tl)_lepTZ (T1)_1Y1p
E= (TZ)_1X2pT1 (TZ)_1W2pT2 (Tz)_lyzzo (5.21)
Q1pTy Q2pT> Sp

(T) Wy Ty (T) X9, T2 (T1) MYay
= —|(T2) "Xk Ty (To) ' Wor T, (T2) Yoy (5.22)
QikT1 Q2 T> Sk

In equation 5.18, coefficient matrix E is associated with the derivative part of the elements
having subscript p. Similarly, the coefficient matrix F whose elements have subscript k are
associated with the remaining terms of the linearized motor equations. Elements of the matrices

E and F are defined as:

SN [(xu + Xy + Xmq) 0 ] (5.23)
(x11 + Xpm + Xma)
_ ( ) [(xlz + Xim + xmq) 0 ] (524)
(x12 + Xim + Xma)
X, = (i) (xmq + xlm) —Xidg (5 25)
P Ry Xidq (Xma + Xim) '
Xy = (| (ma * 21m) Hida (5.26)
2P Ry —Xidq (Xma + Xim)
[¥ma. o
xmd
Qip =0Q2p = )| 0 xmd| (5.27)
lo o |
lo 0 o]
_ ( ) [xmq 0 - (xll + X + xmq)idlo - (xmq + xlm)idzo] (5 28)
0 Xmd Xmd 0 (xll + Xim + xmd)iqlo + (xmd + xlm)iqzo
_ ( ) [xmq - (xlz + Xim + xmq)idZO - (xmq + xlm)idlo] (5 29)
0 Xmd Xmd 0 (xlz + Xim + xmd)iqzo + (xmd + xlm)iqlo
[ (¥ukq + *mq) 0 0 0 — (Xmgia1o + Xmgiazo) ]
Xmd(Xipr+ama)  Xpa Xind [+ ,
) 0 0 0 oy (Lqm + lqzo)
Sp = (w_b) 0 Xmd (Xika + Xma) 0 Xma(iq10 + ig20) (5.30)
0 0 0 _Yep 0
P
0 0 0 0 — Wy
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6] (x11 + Xpm + Xma)
Wi = [—(xll + Xpm + Xmg) o ] (5.31)
T Xpp + X + X
Wzk — 2 ( 2 im md) (5'32)
—(xlz + X + xmq) 1
X Xim + Xma)
X1k _ ldq im md (5'33)
_(xlm + xmq) Xldg
X (Xim + Xma)
XZk _ ldq im md (5.34)
_(xlm + xmq) —Xldg
Qix = Q2 =
0 0
[ 0 0 ]
0 0
l(xmd (id1o + lgz0 + ifrO) — Xmg (10 + ia20)) fos  (ma (iqlo + iqZO) — Xmgq (iqlo + iqZO))quJ
(5.35)
Yig =

0 Xma Xma (xl1id10 + %ma (ig10 + lazo0 + ifro)) (—7iig10 + (X1 + X + Xma)igio — Xiaqiazo + (Xma + Xum)igzo + Vaio

_xmq 00 - (xlliqlo + xmq(iqlo + iqzo)) (7”1iq10 + (xll + Xim + xmq)idlo + (xmq + xlm)idzo - 1]qlo
(5.36)
Yor =
0 Xmaq Xma (xlzidzo + Xma(iazo + lazo + ifro)) (—T2ig20 + (X2 + Xpm + Xna)ig2o + Xiaglaro + oma + Xim)igio + Vazo
—Xmgq 00 - (xlliqlo + xmq(iqlo + iqzo)) (TZ iqZO + (xzz + Xim + xmq)idZO + (xmq + xlm)idlo - quO
(5.37)
Tkq 0 0 0 0 1
0 Ter (xﬂ) 0 0 0
Tf‘r'
Sk = 0 0 Tkd 0 0 (538)
—Xmq(iq10 + idzo)qu xmd(iqlo + iqZO)qu xmd(iqw + iqZO)qu 0 fuSas
0 0 0 Wp 0 |
where
Sa5 = —la10 (xmd (idw +ig0 + ifrO) — Xpng (10 + idzo)) + ig10 (xmd(idw +igz0) — xmq(iqlo + iqZO)) -

{420 (xmd(idlo + i + ifrO) — Xpng (10 + idzo)) + 1520 (xmd(iqlo + iqZO) — Xmgq (iqlo + iqZO))

fas = 3P /4wy
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Variables with additional subscript ‘0" (ig10, a20, ifro» iq10, Lq20) ShOW its value during

steady-state operating condition. Equation 5.18 may be written in the fundamental form

px = Ax + Bu (5.39)
where,

A= (E)'F (5.40)
B=(E)1 (5.41)

It has to be noted that in the developed linearized model, effect of mutual leakage reactance has
been considered. Results discussed in the following section is only for the asymmetrical motor

(practical case where & = 30 degree electrical).
5.3 Stability analysis with eigenvalues

An effective but simple means of stability analysis under small disturbance is provided by the
eigenvalues of a system characteristic equation, given by

det(A—AD) =0 (5.42)
where, | is the identity matrix and A are the roots of the characteristic equation.

Eigenvalues may be either real or complex; when complex, they occur as conjugate pairs
signifying a mode of oscillation of the state variables. System is said to be stable if all the real
and/or real component of eigenvalues are negative. This is because a negative real part
represents a damped oscillation to a finite value of system response and the roots with positive
real part lead to an infinite output response indicating unstable system. Thus the absolute
stability can be determined by examining the sign of real parts of the roots of a system
characteristic equation, the location of the roots being in s-plan.

The state equation 5.39 of six-phase synchronous motor is described by nine state
variables. Therefore, nine eigenvalues will be obtained, out of which there will be three
complex conjugate pairs and remaining will be real. Since, dependency of eigenvalues on motor
parameters are difficult to relate analytically [20, 86]; therefore, this dependency has been
established by calculating the eigenvalues by varying the motor parameters with each parameter
varied at a time within certain interval keeping the other parameters constant at its normal
value. Calculation for motor eigenvalues has been carried out for the motor operating at the load
torque of 50 percent, maintaining the phase voltage of 160 V at power factor of 0.88 (lagging).
Motor parameters are given in Appendix II.
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5.3.1 Change in Stator parameters:

Variation of eigenvalues with the change in stator parameters are tabulated in Table 5.1 (a) for
the change in stator resistance r; and Table 5.1 (b) for the change in stator leakage reactance x
(assuming that stator resistance and leakage reactance are same for both the winding sets abc
and xyz, i.e. r, =1, =1, and x;3 = x;; = x;3). The complex conjugate pairs, which are getting
affected by the change in stator parameters are termed as ‘Stator eigenvalue’ | and Il, as shown
in Tables where other eigenvalues almost remain unchanged. As the value of stator resistance of
both the winding sets abc and xyz is increased, real part of both stator eigenvalue 1 and II
becomes more negative, resulting the system to be more stable and lowers the time constant.
Pattern of the variation of real part of stator eigenvalue | and 11 was found to be reversed and
become less negative, as far as the variation of leakage reactance x;, is concerned. Hence,
taking the system towards instability. It has to be noted that for both the variation in stator
parameters r, x;5 , there is no change in imaginary part of the stator eigenvalue | and small
variation in stator eigenvalue Il (close to base speed w,), indicating that the damped frequency

of oscillation will be at base frequency, approximately.
5.3.2 Change in Field parameters:

Variation of the motor eigenvalues for the change in parameters of field circuit, i.e. field
resistance ry,, and field leakage reactance x;¢, , have been tabulated in Table 5.2 (a) and Table
5.2 (b), respectively. Since the real eigenvalues are associated with the decay of offset currents
in the rotor circuit; therefore, they are associated with the inverse of effective time constant of
these circuits. Field winding circuit has the largest time constant which gives rise to the smallest
real eigenvalue. It has been confirmed by noting the variation in smallest real eigenvalue with
the variation of field circuit parameters. As the field circuit resistance ry, is increased (or
decreased) upto 20 percentage of its normal value, variation in the real eigenvalue 111 was noted.
This value becomes more negative (or less negative), moving the system towards more stable
region, i.e. field offset current will decay more rapidly. This pattern of variation of real
eigenvalue Il was found to be reversed by having the variation in field leakage reactance x;f,
by the same percentage of amount, i.e. field offset current will decay less rapidly and system

moves towards instability.

91



Table 5.1 (a): Variation of eigenvalue with the change in stator resistance

Value of stator Stator eigenvalue | Stator eigenvalue Il Rotor Real eigenvalue
resistance, I I eigenvalue I [ n | m
0.1538 -91.6 £ 104.7 -14.3+j 100.3 -11.5+j58.2 -9135.9, -698.5, -16.3
0.1629 -97.0 +j 104.7 -15.2 £j 100.0 -11.4+j58.2 -9136.0, -699.1, -16.3
0.1719 -102.4 +£j104.7 -16.1 £ 99.7 -11.3+j58.2 -9136.2, -699.7, -16.3
0.1810" -107.8 £ 104.7 -16.9 £ 99.4 -11.2+j58.2 -9136.3, -700.3, -16.4
0.1901 -113.2 +j 104.7 -17.8 +j99.1 -11.1 +j58.3 -9136.5, -701.0, -16.4
0.1991 -118.6 £ 104.7 -18.7 £ 98.8 -11.0+j58.3 -9136.7, -701.6, -16.4
0.2081 -124.0 £ 104.7 -19.6 £ 98.5 -10.9+j58.3 -9136.8, -702.2, -16.5

Table 5.1 (b): Variation of eigenvalue with the change in stator reactance

Value of stator leakage | Stator eigenvalue | Stator eigenvalue Il Rotor Real eigenvalue
reactance, X I eigenvalue I [ n | m
0.1406 -134.8 +j 104.7 -17.9 +j 100.3 -11.3+j58.6 -9192.3, -717.0, -17.3
0.1582 -119.8 +j 104.7 -17.7 £ 99.2 -11.3+j58.4 -9163.4, -708.5, -16.8
0.1758" -107.8 £ 104.7 -16.9+j99.4 -11.2 +58.2 -9136.3, -700.3, -16.4
0.1934 -98.0 £j 104.7 -16.5+j99.6 -11.2£j58.1 -9110.9, -692.3, -16.0
0.2110 -89.8 +j 104.7 -16.1+£j99.8 -11.2+j57.9 -9086.8, -684.6, -15.6

Table 5.2 (a): Variation of eigenvalue with the change in field circuit resistance

Value of field Stator eigenvalue | Stator eigenvalue Il Rotor Real eigenvalue
resistance, ry [ eigenvalue I [ n | m
0.0448 -107.8 +j 104.7 -17.1 +j 100.0 -11.0£j58.2 -9136.3, -700.3, -13.0
0.0504 -107.8 +j 104.7 -17.0+j 99.7 -11.1+j58.2 -9136.3, -700.3, -14.7
0.0560" -107.8 £ 104.7 -16.9+j99.4 -11.2 +j58.2 -9136.3, -700.3, -16.4
0.0616 -107.8 £ 104.7 -16.8 +j99.1 -11.4 +j58.3 -9136.4, -700.3, -18.1
0.0672 -107.8 +j 104.7 -16.7 £ 98.8 -11.5+j58.3 -9136.4, -700.3, -19.8

Table 5.2 (b): Variation of eigenvalue with the change in field circuit reactance

Value of field leakage | Stator eigenvalue | Stator eigenvalue Il Rotor Real eigenvalue
reactance, x;, I eigenvalue L[ o]
0.1922 -107.8 £ 104.7 -19.5+j98.0 -11.3+£j59.0 -9158.5, -700.3, -19.1
0.2162 -107.8 £ 104.7 -18.1 £ 99.7 -11.3+j58.6 -9146.5, -700.3, -17.6
0.24021 -107.8 £ 104.7 -16.9 £ 99.4 -11.2+j58.2 -9136.3, -700.3, -16.4
0.2642 -107.8 +j 104.7 -15.9£j99.9 -11.2+j58.0 -9127.6, -700.3, -15.3
0.2883 -107.8 £ 104.7 -15.0 £ 100.3 -11.2+j57.7 -9119.9, -700.3, -14.4

Table 5.3 (a): Variation of eigenvalue with the change in damper winding Kd resistance

Value of damper Stator eigenvalue | Stator eigenvalue Il Rotor Real eigenvalue
winding resistance, ry4 I eigenvalue I [ n | m
112.56 -107.8 £ 104.7 -16.9+j99.4 -11.2 +j58.2 -7309.7, -700.3, -16.4
126.63 -107.8 £ 104.7 -16.9+j99.4 -11.2 +j58.6 -8223.0, -700.3, -16.4
140.70° -107.8 £ 104.7 -16.9£j99.4 -11.2+j58.2 -9136.3, -700.3, -16.4
154.77 -107.8 £ 104.7 -16.9£j99.4 -11.2+j58.2 -10050.0, -700.3, -16.4
168.84 -107.8 £ 104.7 -16.9+j99.4 -11.2 +58.2 -10963.0, -700.3, -16.4
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Table 5.3 (b): Variation of eigenvalue with the change in damper winding Kd reactance

Value of damper Stator eigenvalue | Stator eigenvalue Il Rotor Real eigenvalue
leakage reactance, x4 I eigenvalue I [ n | m
1.2397 -107.8 +j 104.7 -16.9+j99.4 -11.2+j58.2 -11309.0, -700.3, -16.4
1.3946 -107.8 £ 104.7 -16.9+£j99.4 -11.2+j58.2 -10107.0, -700.3, -16.4
1.5496 -107.8 £ 104.7 -16.9 £j99.4 -11.2+j58.2 -9136.3, -700.3, -16.4
1.7045 -107.8 £ 104.7 -16.9 £ 99.4 -11.2+j58.2 -8335.7, -700.3, -16.4
1.8595 -107.8 £ 104.7 -16.9+j99.4 -11.2+j58.2 -7664.0, -700.3, -16.4

Table 5.4 (a): Variation of eigenvalue with the change in damper winding Kq resistance

Value of damper Stator eigenvalue | Stator eigenvalue Il Rotor Real eigenvalue
winding resistance, i, I eigenvalue | I I I Il
4.0568 -107.8 £ 104.7 -16.8 +j 98.8 -14.4 £ 585 -9136.3, -552.0, -16.3
4.5639 -107.8 £ 104.7 -16.9 £ 99.1 -12.6 +£j58.4 -9136.3, -626.6, -16.3
5.071 -107.8 +j 104.7 -16.9£j99.4 -11.2+j58.2 -9136.3, -700.3, -16.4
5.5781 -107.8 £ 104.7 -17.0 £ 99.6 -10.1+j58.1 -9136.3, -773.6, -16.4
6.0852 -107.8 £ 104.7 -17.0£j99.8 -9.2+j58.1 -9136.3, -846.5, -16.4

Table 5.4 (b): Variation of eigenvalue with the change in damper winding Kq reactance

Value of damper Stator eigenvalue | Stator eigenvalue Il Rotor Real eigenvalue
leakage reactance, x;x, I eigenvalue L[ oo
0.5288 -107.8 £ 104.7 -16.9 £ 99.4 -11.2+j58.1 -9136.3, -856.0, -16.4
0.5949 -107.8 +j 104.7 -16.9+j99.4 -11.2+j58.2 -9136.3, -770.6, -16.4
0.6610" -107.8 +j 104.7 -16.9+j99.4 -11.2+j58.2 -9136.3, -700.3, -16.4
0.7271 -107.8 £ 104.7 -17.0£j99.4 -11.3+j58.3 -9136.3, -641.5, -16.4
0.7932 -107.8 £ 104.7 -17.0+j99.4 -11.3+j58.2 -9136.3, -591.5, -16.4

Table 5.5: Variation of

eigenvalue with the chan

ge in moment of inertia

Value of moment of Stator eigenvalue | Stator eigenvalue Il Rotor Real eigenvalue
inertia , J I eigenvalue I | u | m
0.4224 -107.8 £ 104.7 -17.4 £ 98.8 -13.7+]65.6 -9136.3, -694.5, -16.3
0.4752 -107.8 £ 104.7 -17.14£j99.2 -124+j61.6 -9136.3, -697.8, -16.4
0.5280" -107.8 £ 104.7 -16.9 £ 99.4 -11.2+j58.2 -9136.3, -700.3, -16.4
0.7271 -107.8 +j 104.7 -16.8 £ 99.6 -10.3+j55.4 -9136.3, -702.4, -16.4
0.7932 -107.8 £ 104.7 -16.7 £ 99.7 -9.6 £j53.0 -9136.3, -704.2, -16.4

Note: “*’ indicates the normal value.

5.3.3 Change in Damper winding parameters:

Since, time constant of the damper winding K, has the smallest value (1.76 X 107 %sec.”!)

than other rotor circuit; therefore, it will give rise to the largest real eigenvalue. This has been

confirmed by having the variation in real eigenvalue | by changing the damper winding

resistance rx, and leakage reactance x;x, as tabulated in Table 5.3 (a) and Table 5.3 (b)
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respectively. Value of real eigenvalue | becomes more negative for the change in resistance x4
from lower to higher (20 percentage of normal) value. Therefore, system will become more
stable. However, the system moves towards instability for the variation of leakage reactance
Xixq from lower to higher value. It can be noted that other eigenvalues almost remain
unaffected while changing the above parameters. The time constant of damper winding K, was
found to be 2.87 x 1073sec.”®. This value is higher than the time constant of damper winding
K, but lower than the field circuit f,.. Therefore, it causes the variation of real eigenvalue Il with
the change in resistance ry, and leakage reactance xx,, as tabulated in Table 5.4 (a) and Table
5.4 (b) respectively. Variation of parameter of this damper winding also shows the same pattern

of variation in eigenvalue Il as discussed in above cases.

5.3.4 Change in Moment of Inertia:

The remaining eigenvalue has been termed as ‘Rotor eigenvalue’ of synchronous motor. It
indicates the oscillatory behavior of motor, particularly referred as hunting or swing mode, i.e.
primary mode of oscillation of rotor with respect to electrical angular velocity of electrical
system. Oscillatory behavior of rotor is affected by the variation of moment of inertia, as
tabulated in Table 5.5. It is to be noted that the frequency of rotor oscillation is decreased by
varying the value of moment of inertia J from lower to higher (20 percentage of normal) value.
Moreover, it also tends to move the system towards instability as the real component of

eigenvalue is becoming less negative.

5.3.5 Effect of load variation:

The effect of load variation of eigenvalues has been graphically presented in Fig. 5.1. Solid line
indicates the real component and dash line indicates the imaginary component of eigenvalue.
Real component of both stator eigenvalue | and Il are found to be numerically constant with
imaginary component almost equal to base speed w,, i.e. stator eigenvalues are almost
unaffected with the variation of load. Motor was found to become unstable at the load of 1.7
times the rated load/torque. This has been depicted by the rotor eigenvalue, where real
component is becoming positive, associated with the increase in oscillation in rotor circuit,
shown by imaginary component in Fig. 5.1 (c). Real eigenvalues remain negative with the

increase and decrease in its magnitude for real eigenvalue Il and 111 respectively.
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5.3.6 Effect of frequency/speed variation:

Frequency and voltage can be individually varied to study the stability of motor. Practically,
this practice is not adopted. In fact, in variable speed system, the amplitude of applied voltages
is varied in proportion with the frequency in order to avoid the saturation. Therefore, in this
section, stability of the motor has been observed for the change in frequency and voltage of
same ratio. The effect on motor eigenvalues with the change in frequency/speed is shown
graphically in Fig. 5.2. Change in the eigenvalue, both real and imaginary components was
found to have almost same variation patterns for both the stator eigenvalue | and Il. Real
component of rotor eigenvalue was also found to be almost same, irrespective with the change
in frequency. But for lower value of frequency (less than 20 Hz.), imaginary component was
found to increase, showing a larger frequency of oscillation in rotor circuit, whereas the
magnitude of real eigen-value Il was found to increase at lower frequency operation. Motor at
very low frequency operation is becoming unstable. This is because the real eigenvalue Il
under very low frequency operation is becoming positive, as shown in Fig. 5.2 (f). This result is
the same as discussed by the authors in [67, 69-71] for the operation of three-phase motor at

very low frequency.
5.4 Determination of instability limits

Small signal stability is determined by the behavior of generated torque, and hence the
rotor speed. For the system to be stable, the generated oscillatory torque, due to small
disturbance/perturbation, will settle to its steady-state value, and hence speed will be at its
constant value (synchronous speed). However, for an unstable system, the generated torque
increases to a larger magnitude, resulting in the loss of rotor synchronism. Therefore, from the
practical point of view, stability of motor operation is determined by the rotor behavior,
followed by the application of small disturbance/perturbation. So, eigenvalue corresponding to
rotor behavior was found to be dominant eigenvalue (eigenvalue near to positive s-plan).
Calculation of motor eigenvalues has been carried out for motor operating at the load torque of
50 percent, maintaining the phase voltage of 120 V (for constant Volt/Hz ratio in six-phase
winding configuration [102]) at a power factor of 0.95 (lagging), given in Table 5.6. Dominant
eigenvalues has been used to determine the changes in instability limit of motor with the change
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Table 5.6: Calculated eigenvalues of Six-phase synchronous motor

Nomenclature Eigenvalues

Stator eigenvalue | -107.8 £104.7

Stator eigenvalue 11 -17.2£99.8

Rotor eigenvalue -7.6£48.4

Real eigenvalue -9136.3, -710.7, -13.0

in motor parameters (by 50 percent from its rated value). Effect on instability limit under
various operating conditions is also discussed in the following sections.

It is worthwhile to mention here that the instability limit under different parametric
variation has been plotted by considering the motor operation at different load torque and
operating frequencies, in order to have an insight of motor operation under different operating
conditions. Change in frequency has been made in proportion to the input voltage (constant
Volt/Hz), so as to ensure a constant airgap flux in the machine. It was found that the two
instability limits exist with normal operating frequency range. These limits are named as

“instability limit 1 and “instability limit 2, discussed in following sections.
5.4.1 Change in Stator parameters:

Stability limit of motor for variation of stator resistance r; and stator leakage reactance x;
(assuming that stator resistance and leakage reactance are same for both the winding sets abc
and xyz, i.e. =1 =1, and x;; = x;; = x;5) are shown in Fig. 5.3 (a) and Fig. 5.3 (b),
respectively. Lower boundary of instability limit 1 is almost unaffected during the variation of
both the parameters. However, its upper boundary was found to be dependent on these
parameters. As resistance r is increased, the upper boundary of instability limit 1 was found to
be shifted in upper portion, making the area of instability wider. Hence, region of instability
increases with the increase in stator resistance r,. This effect was found to be opposite with the
variation of leakage reactance x;;. Same effect was found on instability limit 2; however, no
change was observed for variation of leakage reactance x;; . Moreover, stability limit was found
to be more dependent on the variation of resistance ry, as depicted in Fig. 5.3. If required,
stability of the motor can be increased (i.e. decreasing instability region) by increasing the value

of leakage reactance externally, but it will affect the steady-state performance.
5.4.2 Change in Field parameters:

Change in the instability limit for the change in parameters of field circuit, i.e. field resistance
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17 and field leakage reactance x;z , are shown in Fig. 5.4 (a) and Fig. 5.4 (b) respectively,
where same effect can be observed on stability limit 1. The effect on instability limit 1 was
more pronounced with the change in leakage reactance x,, . Therefore, the stability of motor at
a particular operating point can be effectively increased by increasing the value of leakage
reactance x;r i.6. increasing its time constant. But increasing the value of leakage reactance
xir WIll itself result in small decay of offset current in the field circuit. This is because the
offset current in a particular circuit is associated with the inverse of effective time constant of
circuit [20, 86]. Therefore, parameter of field circuit should be so selected which can ensure
stable operation with acceptable decay of offset current in the field circuit. Effect on instability
limit 2 was not observed for the variation of field resistance ¢, and field leakage reactance x; ..

5.4.3 Change in Damper winding parameters:

Effect of parameters variation of damper windings is shown in Fig 5.5. It was observed that the
variation of resistance ry, of the damper winding along g axis has a pronounced effect on the
motor stable operation. Increase in the value of ry, effectively increases the area of instability
limit 1 in lower frequency and higher torque region both, as shown in Fig. 5.5 (a). Motor
stability can be considerably enhanced by increasing the time constant of this winding by
reducing the value of ry,. Effect of leakage reactance x;,, was found to be negligible, as shown
in Fig. 5.5 (b). For the analyzed motor parameter, effect of damper winding K; on motor
stability could not be observed as shown in Fig. 5.5 (c) and Fig. 5.5 (d). Effect on instability

boundary 2 was not observed for parametric variation of damper windings.
5.4.4 Change in magnetizing reactance:

Magnetizing reactance along d-q axes (xp,q and xp,) are the important parameters, whose
variation on motor stability has been depicted in Fig. 5.6. It has been found that the effect of
magnetizing reactance along g axis, x,,, is more pronounced, when compared with magnetizing
reactance along d axis, x,,,4. Region of instability limit 1 decreases with decrease in the value of
Xmgq- This limit vanishes, when it is decreased by 0.5 pu. Variation in the value of x,,, results

almost no change on motor instability limit 1. Only small change was noted on instability limit
2.
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5.4.5 Change in Moment of Inertia:

Effect on motor stability due to the change in moment of inertia J i.e. motor-load combination is
shown in Fig. 5.7. A shift in the region of instability limit 1 was noted for the variation in
moment of inertia J. Increase in the value of J shifts the region of instability towards the region
of lower torque and frequency. This region of instability becomes smaller, but shifts towards the
rated frequency operation, when operating at lower value of J. Therefore, motor with a smaller
value of J (low power rating machine) are more stable for the operation at lower frequency
region. However, the motor with larger value of J (larger power rating machine) should be
preferred for the operation near rated operating condition. Effect on instability limit 2 was not
observed for variation of moment of inertia J.

Based on the effect of small signal stability of synchronous motor due to its parametric
variation, some of the necessary measures can be incorporated during the design stage of motor
to enhance its stability along with the consideration of other design factors. These measures

have been listed in Table 5.7.
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Table 5.7: Measures to improve the stability of motor

Motor Parameters Action

Resistance r; Decrease
Stator Parameters ~ Leakage reactance x;g Increase

Field resistance 7y, Increase

Field leakage reactance x;z, Increase

g axis magnetizing reactance x,,q Decrease
Rotor Parameters Damper resistance 7y, Decrease

d axis magnetizing reactance x,,,4

Damper leakage reactance x;, No change

Damper resistance rxq

Damper leakage reactance x;x4

Moment of Inertia J Application dependent

5.4.6 Change in Voltage and Frequency:

Effect on motor stability due to the change in voltage and frequency are illustrated in various
characteristic curves in the preceding section at different load torque (operation shown at rated
value of motor parameter). In order to have a complete instability boundary of motor operation,
the curves shown in Fig. 5.8 are plotted at different operating loads for different VVolt/Hertz
ratio. This signifies the dependency of stability on operating voltage and frequency
independently. Existence of motor instability can be noted at almost all operating frequency
range at lower voltage level. A closed loop of instability limit was also found within
intermediate frequency range. It can be inferred that increasing the operating voltage at a
particular frequency or vice-versa tends the motor operation towards stable region. This has
been illustrated by the motor operation at 50 percentage of rated torque operating at 60 V and
35 Hz, marked by point ‘@’ in Fig. 5.8. Stability at this condition has been enhanced by
increasing the input phase voltage to 80 V, marked by point ‘b’. Followed by the inclusion of
impulse disturbance in load torque, unstable and stable modes of operation corresponding to
these points are shown in Fig. 5.9 and Fig. 5.10, respectively.

5.4.7 Change in Load Torque:

Variation in motor stability limit due to the change in load torque has been already shown in the
previous section, showing the operation at rated motor parameter. Complete instability
boundary for the different motor load condition is shown in Fig. 5.8. It can be seen that under
no-load condition, motor is almost stable at all range of operating voltages and frequencies
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(14.4 Hz onwards). Area of instability region was found to be increased with the increase in
motor load. Lower limit of frequency was found to vary a little for different load (except at no-
load). But the upper limit of the closed loop instability boundary was found to vary at a larger
scale (frequencies ranges are 9.25 — 32.6 Hz, 10.0 — 41.0 Hz and 10.4 — 51.9 Hz for operation at
0.25 pu, 0.5 pu and 1.0 pu of load torque, respectively). Similar variation was also found for
voltage limit (voltages ranges 10.2 — 51.6 V, 13.2 — 78.0 V and 18.5 — 115.9 V for operation at
0.25 pu, 0.5 pu and 1.0 pu of load torque, respectively).

The maximum obtainable power for a stable operation was found to be dependent on
input phase voltage. This is depicted in Fig. 5.11 (a), where operating frequency was kept
constant at 50 Hz. However, to have a constant air gap flux (at constant VVolt/Hz) at two voltage
levels, 120 V and 140 V, are shown in Fig. 5.11 (b). Stability limit was found to be increased
with the increase in input phase voltage. Variation of the stability limit on voltage level clearly
indicates the effect of operating power factor, i.e. reactive power as shown in Fig. 5.11 (b). It is
worthwhile to mention here that the maximum obtainable power is upto 1.76 times the rated
power under safe current limit [16]. Output powers above this value are shown in Fig. 5.11 (a),
as ideal operation of motor is considered (losses, winding insulation and other design factors are

not considered).
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Fig. 5.8: Instability boundary under different voltage and frequency at different motor load.
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Fig. 5.10: Motor response at point marked ‘b’.
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Effect of motor load torque on dominant eigenvalues at two voltage level of 120 V and
140 V are depicted in Fig. 5.12. Stability of the motor operating at a higher voltage level was
found to be increased (by increasing the magnitude of negative real component) followed by the
increase in load torque upto a particular operating point (motor torque 0.52 pu and 0.90 pu at
voltage level 120 V and 140 V, respectively), as shown in Fig. 5.12 (a). As far as the oscillatory
behavior of the rotor is concerned (imaginary component of eigenvalues), quite a small
variation was found, whose maximum variation was observed at rated operating load (66.2
rad/sec. and 60.9 rad/sec. at 120 V and 140 V, respectively), as shown in Fig. 5.12 (b).

5.5 Application of stabilization technique

Appropriate machine parameters will have to be incorporated at the design stage to
ensure stable operation at a particular operating point, as suggested in Table 5.7, in the
preceding section. Since, parametric variation of a machine is a difficult task from practical
point of view which needs the application of stabilization technique in form of closed loop
scheme, will have to be adopted to ensure a stable operation in all the operating regions (both
stable and unstable region). Therefore, a simple but an effective scheme, known as state
feedback technique or a linear optimal control (LOC) is employed and discussed below.

In order to design a linear optimal control, the linearized version of machine equations
(derived in the preceding section) at a particular steady-state condition will be utilized (equation
5.39). For the present system (multiple input multiple output), performance index of the
quadratic form is usually chosen
] = %fooo(xTQx + uT Gu)dt (5.43)
where, Q and G are the positive-semi definite and positive-definite constant coefficient
weighting matrix of state variable deviation and that of control effort. Usually, both Q and G are
diagonal matrices. The bracketed expression in the above equation is known as generalized
energy function.

Hamiltonian function is now introduced which is given as

H( av)_1(T N TG)+6V6x
Xge) =@ Qxtuwtw+on o
=%(xTQx+uTGu)+Z—Z (Ax + Bu) (5.44)

where, V(x) is a return function, given by
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V(x) = 5x"Kx (5.45)
where, K € R™™ is a symmetrical matrix. The known matrix K is calculated from the following
non-linear differential equation (the so-called Riccati equation [89-91, 95-96, 100, 103])
K=Q+ATK+KA—-KBG 'BTK (5.46)
Minimization of Hamiltonian, i.e. making use of

5 (.5;) =0 (547

ou ax
it is found that
u= —G‘lBa—Vx
dx

or,u=—Krx (5.48)
where,
Kr = G™'BK (5.49)
From equation 5.48, the closed loop state equation of the system can be written as
X = Ax + Bu

= (A—Kf)x (5.50)
Stability of the closed loop system can be checked by evaluating the eigenvalues of matrix
(A — Kf), where the required eigenvalues shift is obtained, to ensure the desire motor operation.
In order to have an appropriate shift of dominant eigenvalues, all the diagonal elements of
matrix Q will have to be updated. These elements can be calculated by using the concept of
sensitivity as explained by the authors in ref. [89-90]. However, to get rid of these complicated
computation procedure, an alternative means is adopted here. It includes the partitioning of

diagonal matrix elements into three groups namely, Q,, Q,, and Q5 as shown in equation 5.51.

[Q1]axa [0laxz [0]4><3
Q= [0]2><4 [Q2]2x2 [0]2x3 (5-51)
[03xa [0lsxz  [Qslaxs

Within each partitioned diagonal matrix, all diagonal elements are identical. These elements are
q1, 9, and qs, respectively. Q;, Q, and Q5 are partitioned diagonal matrices, corresponding to
the state variable deviation associated with the stator side, rotor side and remaining variables,
respectively. Complete steps of calculation in control scheme are shown in form of flow chart
given in Fig. 5.13. Calculation of the eigenvalues, with and without the application of this
technique for the motor operation at 50 percent of base torque, power factor of 0.95 (lagging),

operating at 25 Hz (with constant VVolt/Hz ratio), is depicted in Table 5.8. Elements of
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Table 5.8: Motor eigenvalues without and with control scheme

Nomenclature Eigenvalues (without Eigenvalues (with
control) control)

Stator eigenvalue | -107.8 £52.4 -108.0 £ 52.4

Stator eigenvalue 11 - 28.0£65.6 - 28.5+£66.5

Rotor eigenvalue 0.8+47.0 - 431463

Real eigenvalue -9136.3, -712.5, -6.2 -9136.3, -712.5, -8.3

partitioned matrix Q was so adjusted to have a required shift of dominant eigenvalues, with
quite a small effect on other eigenvalues. For this purpose, values were found to be q; = g, =
1 x 10~* for a unity matrix G. Dominant eigenvalue shift was found to be almost unaffected on
the value of g5 variation. Motor transient response to an impulse disturbance input to load
torque in open loop operation, for the change in rotor speed and load angle are shown in Fig.
5.14 (a) and Fig. 5.14 (b) respectively. This unstable operation can be easily avoided by
applying a control scheme in closed loop, as depicted in Fig. 5.15. Effect of the variation of
value of q;, g, is shown in Fig. 5.16 (a) and Fig. 5.16 (b) for the transient response of change
in rotor speed and load angle, respectively. Difference in transient response can be seen in Fig.
5.15 and Fig. 5.16. For, q; = 10 g, i.e. increasing the matrix elements of Q, associated with
rotor side, decreases the settling time of motor response, although it increases its peak

overshoot. Hence, value of g, and g, can be adjusted for required response.
5.6 Formulation of Transfer Function

The linearized equations of a system are more offenly used for the analysis and design
of controllers, like speed controller for variable speed drive system etc., which needs the
formulation of transfer function. This is because the transfer function written from linearized
system equations relates the output variable to be controlled to the controlling input variable.
Moreover, it also facilitates the study of small displacement behavior of the system about a
steady-state operating point rather than to use the detailed non-linear equations. Consequently,
the different control theory approach can be applied like plotting of root locus, bode plot,
nyquist plot etc. Hence, greatly simplifies the control analysis of a system, applicable for motor
operation.

In this section, formulation of transfer function will be outlined, wherein the linearized

equations of six-phase synchronous motor will be utilized. As an illustration, transfers function
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of the change in reactive power w.r.t. the change in field excitation i.e. AA%(‘Z) is derived in a

simplified manner, followed by the plotting of root locus for stability analysis. The state

equations of linear dynamic system are

X = Ax + Bu (5.39)
y=Cx+Du (5.52)
where,

X is the state vector defined by equation 5.19

u is the input vector defined by equation 5.20

y is the output variable (or a set of output variables)

A is a matrix defined by equation 5.40

C and D matrices are defined below.

Solving the equation 5.39 for x, considering the initial condition to be zero and substituting the
result in equation 5.52 yields

Y(s) = [C(sI — A)~1B + D]U(s) (5.53)
Therefore, transfer function is

G(s) = % = [C(sI — A)~'B + D] (5.54)
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Table 5.9: Zeros and poles of the transfer function
AEfr(S)

Zeros

Poles

7, = -91.6 + 104.7

p, = -91.6 +] 104.7

7, = -91.6-)104.7

p, = -91.6 - j 104.7

Zs = -1.3+] 1035

ps = -14.3+j 100.3

Z, = -13-]1035

ps = -14.3 -] 100.3
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Fig. 5.18: Steps to perform stability analysis of six-phase synchronous motor.

power is given by

AQ(s) =

where,

— e e e e
C = [-v§1,vE1, —152,vE,2,0,0,0,0,0]

D= [iCell’ _igl' isZ' _iSZ' 0, 0, 0: 0; 0]

AQ(s)
AEfr(S) '

the linearized expression for reactive

e e e e e i€ e e e e i€ e e e e e
vqlAldl + ldlAvql - UdlAlql - lqlAvdl + quAldz + ldzAqu - vdzAlqz - lquvdz

Cx + Du

Therefore, the transfer function will be in following form

AQ(s) _

(5—21)(5-23)..(5—zm)

AEfr (s) -

(s=p1)(5=D2)-.(s—Pn)
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where, the value of gain K, zeros (z,, z,, ... z,) and poles (p;,p,, ... p,) have been calculated for
the motor operation at 50 percent of rated load. These values are shown in Table 5.9. Root locus
of the transfer function, given by equation 5.58 can be drawn by the well known procedure [88]
and is shown in Fig. 5.17. It also shows that the system is stable for all the values of gain K, as
all the poles are lying in negative half of s-plan. Necessary steps used to perform the small
signal stability analysis of six-phase synchronous motor are shown in the form of flowchart in
Fig. 5.18. Steps have to be followed for different combinations of input and output variables,
while formulating the transfer function to study stability of a six-phase synchronous motor

under small disturbance.
5.7 Conclusion

A linearized mathematical model of a six-phase synchronous motor has been developed,
considering the mutual leakage coupling between both the stator winding sets abc and xyz,
using dqO0 approach. This results in a set of linear differential equations, which describes the
dynamic behavior of the motor under small displacement/excursion about a steady-state
operating point, so that the basic linear control system theory can be applied to evaluate the
eigenvalues. An eigenvalue criterion was used to study the stability of six-phase synchronous
motor. Association between the eigenvalues and motor parameters has been established by
calculating the eigenvalue at an operating point by changing the motor parameter. It was found
that the two eigenvalues (stator eigenvalue | and 1) are almost unaffected with the variation in
rotor parameter and load. The other complex conjugate pair is affected by the variation in
moment of inertia J and load. It actually indicates “settling out” rotor oscillation of synchronous
motor during hunting or swing mode. The remaining three real eigenvalues indicate decay of
the offset currents in rotor circuit and, therefore, associated with effective time constant of the
circuit.

Based on the variation of dominant eigenvalues, stability of motor can be enhanced. As
far as design stage is concerned, it can be carried out from stator as well as rotor side. From
stator side, an effective way is to decrease the value of stator resistance, but alternatively, value
of stator leakage reactance may be increased, if required. From the rotor side, it can be
effectively carried out by increasing the value of leakage reactance of field circuit and /or by

decreasing the value of resistance of damper winding along q axis.

114



Stability of motor was also found to be affected by the variation in operating conditions.
It can be enhanced either by increasing the input voltage or operating frequency at a particular
operating load. But increase in load torque upto a particular point increases the stability, but it
tends towards instability for further motor loading, under constant Volt/Hz operation. From the
field side, stability region was found to be increased by increasing the power factor angle (to
interpret the effect of power factor).

A simple control scheme has also been introduced and analyzed, employing the state
feedback technique. The applied control was found to be simple but effective, ensuring a stable
operation of analyzed six-phase synchronous motor in all the operating region (both stable and
unstable region). A way of selecting the elements of weighing matrix, associated with the motor
state variable has also been addressed. Selection of these elements determines the required shift
of dominant eigenvalues for a stable operation of motor.

Developed linearized model can be easily used to formulate the transfer function
between input and output variables, where different stability plots (like root locus, nyquist plot,
bode plot) can be easily drawn. Thus greatly simplifying the control analysis of a system

applicable for six-phase synchronous motor.
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Chapter 6

Load Commutated Inverter fed Six-phase
Synchronous Motor Drive

6.1 General

The synchronous motor is preferred for the higher power (multi MW) applications, driven by
either cycloconverter or load commutated inverter (LCI) [104-106]. Drive employing
cycloconverter has been well explored in ref. [107-109]. But, it offers certain inherent
disadvantages when compared with dc linked inverter (LCI drive) such as:
() Output frequency of cycloconverter is smaller than the fundamental line frequency
(not more than one-third of fundamental).
(i) Circuitry of cycloconverter is more complex, employing a larger number of power
electronics switches (18 or 36 for three-phase cycloconverter).
These limitations can be easily eliminated by employing a topological circuitry using two stage
conversion, inserting a dc link to decouple the line and machine converter [104]. Therefore,
dynamic behavior of six-phase synchronous motor fed by LCI has been analyzed in this chapter
for higher power applications. Such higher power applications are beyond the range of other
motor drives, including dc motor and forced commutated induction motor drives. In LCI fed
synchronous motor drive, commutation of inverter switches (low cost thyristor) is achieved by
the motor induced emf during its operation at leading power factor, eliminating the use of
complicated and expensive commutation circuit, making it more economical and structurally
simple [106].

Large number of literatures are available for the analysis of LCI fed three-phase
synchronous motor. The authors in [110] have discussed the detailed simulation steps of an
inverter-fed self-controlled synchronous motor using d-g machine model. It was concluded that
the presence of damper windings has pronounced effect for a current source inverter than
voltage source inverter fed motor, by reducing the magnitude of voltage spikes during the
commutation process. Simulation of a generalized machine/power electronics interface

technique has been discussed in [111], by simulating the system of LCI fed synchronous motor
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drive. Authors in [63, 112] have given an important state space analysis of LCI fed
synchronous motor drive, both during conduction as well as commutation mode, by evaluating
the state equation considering a constant dc-link current (i.e. infinite value of dc link
inductance). But the selection of dc link inductor is an important factor and was considered in
[113], wherein no iterative computation is required for evaluation of initial condition.

Closed loop operation of LCI fed synchronous motor in self-controlled mode has been
developed and studied during steady-state in ref. [114-116]. But, as far as dynamic analysis of
LCI fed synchronous motor drive is concerned, a very limited literature is available. Effect of
various parameters on self-controlled synchronous motor drive was studied, while investigating
the stability of system [117] by using its transfer function derived in [118]. Authors have
further given a simple dynamic control strategy for a fast speed response without any overshoot
in [119].

Analysis dealing with the LCI fed six-phase synchronous motor can be found in very
few literature. The issue of starting a LCI fed six-phase synchronous motor has been addressed
in [120], where load commutation was found to be superior over two-phase and source
commutation schemes. Digital simulation of a LCI fed six-phase synchronous motor drive has
been reported in [121-122] with some experimental validation in [121, 123-124]. A detailed
analytical work describing commutation transients has been carried out in [122]. Authors have
adopted the same analytical approach to simulate the drive system having five phase [125] and
twelve phase synchronous motor [126]. In these works, the analytical results are presented for
LCI fed synchronous motor during steady-state. But as far as the dynamic analysis of a LCI fed
six-phase synchronous motor is concerned, it has not yet been reported.

In this chapter, LCI fed six-phase synchronous motor has been investigated together
with the development of a closed loop scheme for the system operation in self-controlled mode.

Further, steady-state response of this system is also presented.
6.2 Control scheme of LCI fed six-phase synchronous motor drive

The basic topology together with its control scheme of LCI-fed six-phase synchronous motor
suitable for higher power application is shown in Fig. 6.1. It consists of two independent
channels in the section of power converter. Hence, it has four identical six-pulse SCR bridges.

These SCR bridges on supply side and machine side can either work as rectifier and inverter (in
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Fig. 6.1: Circuit diagram of LCI fed six-phase synchronous motor showing its (a) basic topology (b) rectifier
control (c) inverter control.
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Fig. 6.2: Phasor diagram of LCI-fed six-phase synchronous motor.

motoring mode) or as inverter and rectifier (in regenerating mode). In the following section,
only motoring mode is considered. In this topology, motor is ensured to operate at leading
power factor (by maintaining its field excitation), as it assists the commutation of thyristor
switches in inverter circuitry, without employing any commutation scheme [106, 111-114,
117]. A simplified phasor diagram showing the motor operation at leading power factor is
depicted in Fig. 6.2. The flux ¢, determined by the field current is related to rotor position.
The magnitude of stator current vectors I, and I, controlled by the rectifier circuits, resulting
in armature fluxes ¥, and ¥, are positioned at required angle, as shown in phasor diagram.
This requires the delay angle commands B; and S, (firing angles of inverters circuitry)
associated with each winding sets abc and xyz. Delay angle command () is dependent on the
angular position ¢, (k =1 for winding set abc and is 2 for winding set xyz) and can be

expressed as
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@’1 = 51 ‘|‘z + @1 (61)

2
0y =8+ -+ 0, +¢ (6.2)
where, § (=6; + 6,) is the torque angle constituted by & (due to load shared by the winding set
abc) and 6, (due to load shared by the winding set xyz), which can either be measured or
estimated as explained in [106].
Control scheme for drive operation, satisfying the phasor diagram consist of the
following important elements: transformer
(1 Line-side converter (as rectifier)
(i) Machine side converter (as inverter)
(iii)  Control of field excitation
The first element i.e. line side rectifier is controlled by the speed and current control loop.
Reference value of dc link currents (/;., and I}.,) are obtained by comparing the reference
speed w, with actual speed w, whose error signal is given as input to a speed controller (PI
controller). The reference dc link currents 13, and I;., are independently compared with its
actual values 1;., and I;., , and error signals are separately given to a PI current controller.
These current control loops give the required rectifier firing angles a; and a,, associated with
each winding sets abc and xyz.
Control of inverter circuitry is basically the determination of accurate position of
armature reaction flux vectors ¥, and ¥, w.r.t. field flux ¥, (i.e. @7 and @5). It requires the

determination of leading angle ¢, and ¢, associated with each winding set abc and xyz, and are

given by

¢ =v+ku (6.3)
P, =1 +é=y+ku+¢ (6.4)
where,

y = constant turn off angle
{ = commutation overlap angle
k = is a fraction

The value of u can be estimated by [106]

_ «  2Lcl, "
U =cos™t [cos Yy — \/.6—1;;] -y (6.5)
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Reference value 13, may either be 1}, or I}, , as these are numerically same due to equal load
being shared by each winding sets abc and xyz. Value of commutating inductance L. is
basically the subtransient inductance of motor and magnitude of reference flux vector ¥y (i.e.
Py, Or Py,) is calculated by the steady-state analysis, as explained in chapter 3. With these
calculations together with the calculated values of @jand @; (given by equations 6.1 and 6.2)
are used to determine the inverter firing angle [106], 8, and B, for required drive operation.

It is necessary to keep the motor voltage at its reference VV*, by adjusting the feild
excitation. It can be easily performed by comparing the sensed voltage magnitude with its
reference and adjusting the field excitation through a PI controller, embedded in field excitation
and voltage control block as shown in Fig. 6.1 (a). But, an alternative method includes the

determination of reference field current Iz, by generating the field flux, as explained in [106].

6.3 Simulation Results

A six-phase synchronous motor of 3.7 kW (parameters given in Appendix Il) has been
employed in developed self-controlled LCI fed drive in Matlab/Simulink environment. A
flexible drive operation has been obtained by having separate commutation process at rectifier
and inverter ends. Synchronous motor can be easily made to operate at any required frequency,
irrespective to that of the input supply at rectifier side. Motor has been simulated to operate at
220 V, 50 Hz with 240 V, 50 Hz input voltage at rectifier end. A detailed dynamic response of
the system has been presented for a step change in motor load by 50 %. Initially, motor is
operating at no-load condition, and load is applied at time, t = 3 sec. Following to the
application of load, current increases not only in inverter circuits (shown in Fig. 6.3 (b) and Fig.
6.3 (d)) but also in rectifiers (shown in Fig. 6.4 (b) and Fig. 6.4 (d)) and dc links (shown in Fig.
6.5 (c) and Fig. 6.5 (d). Increase in g component of stator current (active component) i.e. iy

and i, may be noted in Fig. 6.6 (a) and Fig. 6.6 (c), respectively. But, due to the armature

reaction, decrease in d component of stator current, iz, and iy, (reactive component) was also
noted (shown in Fig. 6.6 (b) and Fig. 6.6 (d), whose effect was neutralized by the increase in
field current as shown in Fig. 6.6 (e). Further, the firing angle of both the rectifier circuit was
found to be 25.06° electrical under no-load, and was noted to be decreased by 1.5° electrical,
approximately during load condition. Firing angle of both inverter circuit was found to be 170°

electrical under no-load with small variation under load condition (decreased by 1.4° electrical,
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approximately). During the simulation, assumption of inherent phase shift (30° electrical)
between input supplies to stator winding sets abc and xyz was made. Therefore, the numerical
value of both inverter circuit firing angle are same, as shown in Fig. 6.7.

The waveform showing the operation of LCI fed six-phase synchronous motor during
steady-state has been presented further. The three-phase input supply to both rectifiers is shown
in Fig. 6.8. The output current of both inverters feeding the motor is shown in stationary
reference frame (shown in Fig. 6.9) as well as rotor reference frame (shown in Fig. 6.10) both.
A safe commutation was obtained in the simulated LCI drive, but the risk of simultaneous
commutation may occur if & < u, as explained in ref. [122-123]. Also, the effect of mutual
coupling between the winding sets (abc and xyz) results in the additional spikes in input
voltages, having lower magnitude, as shown in Fig. 6.11. But, the reliability offered by such
drive encourages the use of such drive system [125].

6.4 Conclusion

A simple and efficient control scheme for the operation of LCI fed six-phase synchronous
motor in self-controlled mode has been developed and explored in detail via simulation of this
system. Control scheme was developed in order to ensure the motor operation with leading
power factor, satisfying the discussed phasor diagram for all operating conditions (no load and
load condition). A detailed dynamic performance of the developed control scheme of drive
system has been presented for a step increase in motor load (by 50 % of rated/rated). Also,
steady-state response of the system was examined wherein the effect of mutual coupling
between both the winding sets abc and xyz was noted, which results in increased number of
spikes (of lower magnitude) of input supply voltage, received from the inverter. Safe
commutation of inverter switches (low cost thyristor) was also achieved in the discussed
system. Analytical results presented in this chapter for LCI fed six-phase synchronous motor

could not be verified experimentally, due to the limitations in laboratory.
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Chapter 7

Experimental investigation of six-phase
synchronous motor

7.1 Introduction

This chapter presents a detailed steady-state performance analysis of a six-phase
synchronous motor under different operating conditions. Initially, motor was operated under
different load and input voltage levels, followed by its operation under different cases of open
circuit fault created at input terminals.

Performance of any electrical machine, whether it is dc or ac (single phase, three-phase
or more than three-phase) is directly affected by the inherent presence of different losses. In
order to determine the accurate performance of electrical machine, determination of different
losses is extremely important. A number of literatures can be found for the evaluation of
different losses of three phase machine (both induction and synchronous), with standard test
procedure [127-128]. Works embodied in references [102, 129-130] deal with the losses in six-
phase induction machine and its comparison with its three-phase counterpart. However, no
reference related to the detection of losses in six-phase synchronous machine is available.
Therefore, this chapter also presents an experimental investigation for the determination of
various losses under no load condition in a six-phase synchronous machine. A comparative
study of losses for six and three-phase synchronous machine has also been made. Experimental
results are presented in the following sections, obtained by utilizing the available facilities in

machine laboratory.
7.2 Description of Experimental setup

In order to evaluate the performance of six-phase synchronous motor, a 3.7 kW, 36 slots, 6
poles, 3-phase synchronous machine was used (parameters given in Appendix I1). On its
terminal box, all the 72 end terminals of stator winding coils were connected to realize the
different winding scheme for different number of phase and poles. Six-phase winding was
obtained by using the technique of phase belt split [6-7], in a three-phase synchronous machine.

Winding configuration of six phase is asymmetrical in nature, because of the existence of 30°
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electrical phase shift between the winding sets abc and xyz, having separate neutral points.
Hence, physical fault propagation between the winding sets abc and xyz is prevented together
with the prevention of flow of third and its multiple harmonic current.

As shown in Fig. 7.1 (a), the variable six-phase ac supply was obtained by using an
inverter and three winding transformer. This enables to obtain the variable six-phase ac supply
of different magnitude (and frequency). In order to obtain the two three-phase supplies, having
a phase shift of 30° electrical, 10 kVA, 415/415-415 V, Y/Y-A, three to six-phase, three
winding transformer has been employed in the experimental setup. Three winding transformer
was locally manufactured. The magnitude of phase voltages at both the secondary were slightly
different due to manufacturing defect. In this experimental setup, synchronous motor was
mechanically coupled to a DC machine of 5 kW, 250 V, 21.6 A, 1300/1750 rpm, which is
acting as a dc generator. DC machine was separately calibrated previously. An electrical load in
form of lamp load was connected to the output of dc generator. Experimental scheme is shown
in Fig. 7.1 (a), while the general view of the test rig is shown in Fig. 7.1 (b).

Measurement and recording of various waveforms and performance indices were
carried out by using a Power Quality Analyzer (Hioki 3197) together with several analog
ammeters and voltmeters. It is important to state that a small variation in the data of various
experimental waveforms for the same operating condition was observed. This is due to the time

lag in manual recording of the waveform and data.
7.3 Operation during steady-state

Experimental investigation of six-phase synchronous motor was initiated by feeding it with the
two sets of three-phase input supply through a three winding transformer. Starting of
synchronous motor was achieved by its operation as an induction motor. After it picks up the
sufficient speed (say, 900 rpm approximately), the dc excitation was initiated by using a single
pole single throw switch connected to its field circuit. At this condition, motor starts to run at
synchronous speed, due to the interlocking of magnetic field produced by rotor as well as
armature circuit.

Since, a dc machine (acting as a generator) is also coupled to the synchronous motor.
Therefore, generator output voltage was used to supply an electrical load in form of lamp load.
Variation in electrical load was used to create the different load conditions of test synchronous

motor though dc generator. Following to the switching ON of some lamps, the steady-state
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value of voltage and current was noted at different phases of synchronous motor. The steady-
state value of input phase current of winding sets abc and xyz was found be 3.23 A (at 160.1
V), 3.32 A (at 162.3 V), 2.81 A (at 163.1 V) and 2.78 A (at 154.9 V), 2.36 A (at 156.3 V), 2.45
A (at 157.3 V) respectively, as shown in Fig. 7.2. Supply asymmetries was found to be
contributed by the difference in magnitude of the output secondary voltage by the three
winding transformer and continuous change of supply voltage and current due to the variation
of other loads connected to supply line.

Motor behavior can further be explored for different operating conditions such as
operation at different loads, operating voltages or frequencies. Two such operations at different
loads and different voltage levels (at 50 percent of motor base/rated torque) have been tabulated
in Table 7.1 and Table 7.2, respectively.

7.3.1 Motor operation with excitation in one set of winding

This operating condition was experimentally examined for a complete outage of three
phase input supply of one winding set of the motor. The input phase voltage was maintained at
160 V. Small voltage was selected to safeguard the conductor insulation as the six-phase
connection was realized from three-phase stator winding through split-phase. In this mode of
operation, the input supply was given to only one set of winding (winding set abc). Therefore,
the voltage will be generated on the other winding set (winding set xyz) due to the generator
action which was found to be 145 V, 148 V, 147 V for phases x, Yy, z respectively. Low voltage
generation at other winding set is due to the fact that the power flow in other winding is
reversed. Hence, synchronous machine in this mode, will operate as motor as well as generator
both. In this mode of operation, the machine mechanical output power needs to be constant
which is supplied by only one winding set abc. Currents of this winding set were found to be
5.43 A, 5.23 A, and 5.08 A for phase a, phase b and phase c, respectively. Flow of current was
found to be more balanced as compared to above case. This is because of its reduced sensitivity
towards supply asymmetry when working with three phase winding configuration. The steady
state phase voltage and current of phase a (winding set abc) along with the generated voltage of
phase x (winding set xyz) are shown in Fig. 7.3. Furthermore, a variation of generated voltage
in winding set xyz was observed with the variation of load torque and the input voltage of
winding set abc at constant output load torque (50 percent of rated/base torque). The generated

voltage was found to decrease proportionately with the increase in load torque whereas it
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increases proportionately with the increase in magnitude of input voltage of winding set abc, as
depicted in Fig. 7.4. It is worthwhile to mention here that the experimental results are presented
for upto 50 percent of mechanical load on motor. This is because the phase current approaches
to rated value, when machine is delivering the power with input supply given to only one
winding set abc (only half of the armature is being utilized). Therefore, the motor was derated
by 50 percent approximately, to ensure a reliable operation of system under safe current limit.
Further, it has to be noted that the flow of unbalance current in motor due to supply asymmetry
also results in the performance degradation. Calculation of derating of multiphase motor due to
supply asymmetry has been reported in [18].

7.4 Operation during open-circuit fault

7.4.1 One phase opened

Prior to the analysis of phase redundancy, the steady state pre-fault current of winding sets abc
and xyz was found to be 3.23 A (at 160.1 V), 3.32 A (at 162.3 V), 2.81 A (at 163.1 V) and 2.78
A (at 154.9 V), 2.36 A (at 156.3 V), 2.45 A (at 157.3 V) respectively. Phase redundancy
property was experimentally analyzed by creating an open circuit at one of the motor input
terminal. This condition is sometime referred as ‘open conductor fault’ at the terminal. An open
conductor fault of a particular phase is most common fault, which often occurs in any of the
multiphase ac drive system. Therefore, motor behavior is examined after the occurrence of such
condition on any of the input supply phase of motor terminal. This condition was manually
created on phase a of synchronous motor using a single pole single throw switch. The steady
state post-fault phase current of phases x, y and z was found to be 4.26 A (53.80% higher), 4.75
A, i.e. almost double (101.27% higher) and 2.71 A (11.06% higher) respectively, indicating
larger power shared by the winding set xyz. Current in remaining healthy phases b and ¢ of the
winding set abc was found to be decreased by 2.78 A (16.27% decreased) and 2.77 A (1.80%
decreased) respectively, indicating a decreased power sharing. Steady state phase voltage and
current of remaining healthy phases of both the winding sets abc and xyz are shown in Fig. 7.5.
Unequal flow of current in individual phase winding is due to minor magnitude unbalance of

voltage.
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7.4.2 Two phase opened

Performance of six-phase synchronous motor has also been experimentally analyzed for the
outage of two phases of input supply of the motor at a time. Opening of two phase at a time
was manually created by using a double pole single throw switch, such that current of phase a
and phase x ceases to zero. After the occurrence of this fault, the steady-state phase voltage and
current of one healthy phase of winding sets abc and xyz are shown in Fig. 7.6 (a) and Fig. 7.6
(b), respectively. The post-fault steady state phase current of healthy phases b and ¢ was found
to be 3.85 A (15.96% higher) and 3.83 A (35.18% higher) respectively. Similarly, the phase
current for healthy phase of y and z was found to be 7.28 A, i.e. almost three times (208.47%
higher) and 7.20 A (213.04% higher) respectively, under safe current limit. As already
mentioned that there might be the different combination of such condition. One more
combination was explored, i.e. by opening the phase a and y. It was observed that the nature of
variation of remaining healthy phase current was found to be similar. Phase currents of phase b
and ¢ was found to be 7.61 A. (129.21% higher) and 7.60 A (230.30% higher) respectively.
Similarly for phase current of phases x and z was found to be 3.63 A (31.05% higher) and 3.61
A (34.32% higher) respectively. It is worthwhile to mention that the recording of waveforms
have been done on per phase basis, and there was continuous a small fluctuation of supply
(magnitude/frequency). So the magnitude of current in remaining healthy phases of a particular
winding set was found to have a small variation. Variation in the current magnitude can be
noted for healthy phase b and ¢ and phase y and z (phase a and x opened), similarly for healthy
phase b and ¢ and phase a and z (phase a and y opened) in Fig. 7.7.

Redundancy characteristic of the motor can be explored for different operating
conditions. Conditions include the operation at different loads, operating voltages or
frequencies. Two such operations at different loads and different voltage levels (at 50% load
torque) have been tabulated in Table 7.3 and Table 7.4, respectively. It includes both the pre-
fault as well as post- fault current of each phase of the motor. Both the experimental and
simulation results have been included. A small variation of remaining healthy phases of a
particular winding set can be accounted by the time lag during recording of wave forms of
different phases (due to manual recording), as already mentioned. This can be noted in double
phase opened case. It has been observed that the change of phase current of phase b and ¢ was

found to be small (not more than 20%) for both single phase and double phase open circuit.
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Change in the phase current of winding set xyz was found to be irregular. Current variation of
phase y was found to be maximum for single phase (about double) and double phase (about
three times) open circuit, under safe current limit. The large increase in the phase current of
winding set xyz can be accounted for the existence of supply asymmetries resulting in the
decrease in power factor of winding set xyz, as same output power has to be shared by the
healthy phases, working under unhealthy condition. Difference in the magnitude of output
secondary voltage of three winding transformer was found to be a major reason for the
presence of supply asymmetries, followed by the continuous change of supply voltage due to
the variation of other load connected to supply line. Moreover, the presence of highly inductive
element in the form of three winding transformer further affects the motor current during
experimentation. It is worthwhile to mention here that in developed analytical model (Chapter
3), saturation, space harmonics, parameter sensitivity have been neglected. Saturation effect
introduces the synchronous, asynchronous and parasitic losses; space harmonic results in non-
sinusoidal waveshape of current and parameter sensitivity introduces the inaccuracy in results.
These factors together with the supply asymmetry are the main reason for small mismatch of
current waveform in the analytical and experimental results.

Effect of supply asymmetry can be reduced by carefully selecting the components in the
electrical circuit. However, it can be effectively reduced by employing a closed loop current

control scheme, as illustrated in [18, 50-51].

7.5 Some Observation on No-load Losses of Asymmetrical Six-Phase Synchronous

Machine
7.5.1 Evaluation of fixed losses of DC Machine

Evaluvation of different no-load losses has been carried out by treating the test
synchronous machine as an alternator with the coupled dc machine as its prime mover (dc
motor). Initially, both the machines (synchronous machine and dc machine) were mechanically
uncoupled as shown in Fig. 7.1 (c) The dc motor was run at synchronous speed of the test
machine, and current and voltage was recorded. Power input minus copper loss will give the
iron loss, friction and windage loss of dc machine as given by
Ly =Voly — IGR, (7.1)
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where, V, and I, are the input dc voltage and current fed to dc motor, having its armature
resistance R,.

It is worthwhile to note here that the iron-loss of dc machine is dependent on both rotor speed
as well as field current. At a constant speed, it becomes dependent on the flow of field current
only. Therefore, at constant rotor speed, fixed losses, L, can be plotted as the function of motor
field current, I,. Results have been presented in Fig. 7.8, wherein, effect of both field current
and rotor speed are shown. A series of experimental recording has been made at different
speeds, i.e. at 600, 700, 800, 900, 1000, 1100 rpm (synchronous speed of 30, 35, 40, 45, 50, 55
Hz.). Almost linear dependency of fixed losses may be noted not only on the motor field

current but also on its rotor speed.
7.5.2 Determination of friction and windage losses

The test synchronous machine (acting as alternator) and its prime mover (i.e. dc motor) are
mechanically coupled as shown in Fig. 7.1 (d). The coupled machines are run at the
synchronous speed with field circuit of test synchronous alternator remain unexcited. During
this condition, power taken by dc motor will be equal to its losses (L,+ armature copper loss)

and windage and friction losses of synchronous alternator (L¢,,). Mathematically,

wa = Valg — Ic%Ra - L (7.2)

where, value of L; (iron and, friction and windage losses of dc motor) is evaluated in earlier
section. This test was repeated for different rotor speed, corresponding to different operating
frequency of test synchronous alternator. An approximately linear dependency of friction and

windage losses on rotor speed was noted, as depicted in Fig. 7.9 by green bar graph.

7.5.3 No load losses in Synchronous machine

DC supply is fed to the prime mover (dc motor) so as to run the alternator at synchronous
speed. Field circuit of alternator is excited with its armature open circuited. A series of reading
was recorded for alternator generated voltage V,., dc motor field current I, input voltage V,
and current I, of prime mover armature circuit, associated with different values of alternator
field current If,.. In this test, the input power to dc motor (V,1,) basically accounts for different
losses. These losses include the copper loss of motor armature I2R,, fixed losses of dc motor

L,, alternator friction and windage losses Ly, and its core-losses L.. Mathematically, it can be
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expressed as
Ley +Le =Vl — (L, + I2R,) (7.3)

It will be convenient to determine the value of (Ls, + L.) graphically, with the variation of

alternator generated voltage/field current. A series of experimental test has been carried out on
test synchronous alternator having its winding configuration of both six phase as well as three
phase, whose results are depicted in Fig. 7.10. In general, the magnitude of no load losses
increases with the increase in generated open circuit voltage or field excitation current of
synchronous alternator, at a particular rotor speed. Further, the magnitude of no load losses
increases with the increase in rotor speed, showing its dependency on the operating frequency.
Comparatively, this magnitude was found to be higher for the test synchronous alternator with
its six phases winding configuration. It is worthwhile to mention here that the y-intercept in
Fig. 7.10 determines the magnitude of friction and windage losses (Ly,,) of test synchronous
alternator, which are also shown in Fig. 7.9. Friction and windage losses were found to be
dependent not only on its operating rotor speed but also on the type of armature winding
configuration (six or three phase stator winding of test machine). In general, the value of L, is
higher for six phase winding configuration when compared with its three phase winding
configuration of the test alternator. In addition to friction and windage losses, the major

component of no load losses is constituted by the core loss. This loss is inherently present in all

142



the electrical machine, which is dependent on type of core material used, operating frequency
and flux level. The core loss consists of eddy current loss and hysteresis loss. A convenient way
for the evaluation of these losses has been discussed in following section.

7.5.3.1 Separate evaluation of eddy and hysteresis losses
The component of machine core loss, i.e. eddy current loss (L..) and hysteresis loss (L) are

expressed as

L.=L. + L.y (7.4)
Lee = eszrzn }
Lep = KnfBm (7.5)

where, K, = a constant, whose value depends on the type of ferromagnetic material used,
lamination thickness and volume of core material.

K, = a constant, whose value depends on core weight.

B,, = maximum value of flux density. n denotes the Steinmetz constant, whose value varies
from 1.5 to 2.5, depending on the magnetic properties of the core material.

Hence, eddy current loss varies with the squared value of frequency and hysteresis loss
becomes proportional to the operating frequency, at a fixed value of flux density (i.e. flux
linkage of synchronous machine).

Therefore, it will be convenient to rewrite equation (7.5) as

L. = C.f? (eddy current Ioss?

L.n = Cy,f (hysteresis loss) (7.6)

Value of constants, C, and C;, is determined experimentally, for a fixed flux density. In this
experiment, the magnitude of test machine flux linkage is kept constant by just keeping the
value of field excitation current at a fixed value. This is because, machine is operating at no
load condition with no armature reaction, and flux linkage is determined by the field circuit
only. Therefore, field current of the alternator is kept constant at some suitable value of 0.6
ampere, and a series of experimental data was recorded for different rotor speed (synchronous
speed corresponding to 30, 35, 40, 45, 50, 55 Hz.) Results obtained are depicted in Fig. 7.11,

for both six phase and three phase winding configuration. In this figure, the expression for
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losses has been determined by curve fitting. The constant term indicates the friction and
windage losses, the first order term indicates the hysteresis loss, whereas the second order term
indicates the eddy current loss. The hysteresis and eddy current losses are plotted for different
operating rotor speed/frequency for both six phase and three phase winding configuration, in
Fig. 7.12 (a) and Fig. 7.12 (b), respectively. Clearly, both hysteresis and eddy current losses are
greater in magnitude for six phase synchronous alternator than its three phase counterpart,
resulting in the increased no load losses in six-phase synchronous machine. The reason behind
this is explained below:

In case of three-phase synchronous machine operation, their exist a magnetic
interlocking between the stator and rotor field. Moreover, the salient structure of rotor will
align itself along the path of least reluctance. Therefore, during steady-state, a small airgap X,
exists between rotor and stator field, as shown in Fig. 2.38 (a) in chapter 2 for symmetrical
winding configuration. But, during the machine operation with asymmetrical six-phase winding
configuration, voltage is independently induced in both the winding sets abc and xyz of
constant magnitude, while maintaining the phase shift of 30° electrical between the phase a and
phase x. In this case, rotor aligns itself along the resultant stator field as depicted in Fig. 2.38
(b). Rotor axis in this position will have the airgap x', w.r.t. magnetic axis of the individual
winding sets abc and xyz. The airgap x' (for six-phase operation) is clearly greater than x (for
three-phase operation). Therefore, to establish the required flux level in airgap, magnetizing

current (i.e. field current I, in present case) is increased, resulting in increased no-load losses

in the test machine having asymmetrical six-phase winding configuration. Furthermore, the
machine with constant field excitation at no-load, flux linkage to stator winding with three-

phase configuration will be greater than its operation with six-phase winding configuration,
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because x’ > x. Hence, voltage generation in six-phase machine will be somewhat lesser than
half the generated voltage (theoretically it should be exactly half) in armature winding in three-
phase configuration with increased no-load losses with six-phase winding configuration.

7.5.4 Determination of Short circuit (SC) load test

The rotor speed was maintained constant at synchronous speed from prime mover side and
the end terminals of alternator stator winding is shorted (symmetrical SC). It should be noted
that in case of alternator with six phase winding configuration, each three phase set (abc and
xyz) is shorted separately. The power consumed by dc motor (V,1,) will be equal to the sum of
losses L, + IZR, + Ly, together with the alternator load losses corresponding to the stator SC
current. Hence, SC load loss can be easily evaluated by knowing the value of other losses from
the experimental procedure explained in above sections. Mathematically,

SC load loss = V1, — (L1 + IZRg + Lyy,) (7.7)
Further, stray load loss may be evaluated if the dc resistance of alternator stator winding r; (and
r,) is known, by using equation 7.8.

Stray load loss = (SC load loss) — (armature dc copper loss 141, + I%75) (7.8)
where, I, I, and ry, r, are the stator phase current and dc resistance of both winding set abc
and xyz, respectively.

These experimental steps have been carried out for both six phase and three phase
machine, at different rotor speed. The SC loss magnitude was found to be dependent on the
flow of stator current only, not much effected on rotor speed, for particular field excitation.
This has been depicted in Fig. 7.13 wherein, the dependency of SC loss on squared value of
stator current has been signified by the straight line. The SC load loss comprises of the
armature copper loss, core loss due to armature leakage flux together with a small core loss due
to resultant flux. Magnitude of stator current is much larger in six phase winding configuration
than its three phase counterpart. Although, the magnitude of total armature copper is almost
same, for both six phase and three phase machine. But in the case of six phase operation,
magnitude of leakage flux and also the resultant flux is increased. The increased magnitude of
flux linkage results in higher magnitude of core loss. Therefore, the magnitude of SC loss was
found to be higher in six phase machine configuration than its three phase counterpart. By

utilizing the evaluated values of SC loss, equation 7.8 was used to find the alternator stray loss.
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This has been expressed for stator current of 2 A, at different rotor speed, for both six phase
and three phase machine, as shown in Fig. 7.14. Stray loss was also found to be greater for six
phase than its three phase counterpart.

During the process of loss determination, supply voltage was found to be fluctuating due
to other load connected to the supply system, resulting in the change of input (dc through
rectifier) voltage. During the experiment, rotor speed was also controlled manually by using
rheostat in armature and field circuit of prime mover. It was practically difficult to maintain the
rotor speed exactly constant. These factors, together with the manual recording of a larger

number of measuring devices may result in some error.
7.5.5 Determination of Field circuit losses (copper 10ss)

Determination of field copper loss requires the accurate value of field circuit resistance. Since,
value of resistance is dependent on the operating temperature, therefore, the corrected value of

resistance may be obtained by using following equation:

(k+ty)
2 (k+ty)

R, = (7.9)

where, R, and R, are the resistance at cold standard temperature t; such as 25°C and at
operating condition temperature t,. K is a constant, whose value depends on type of material
used. Furthermore, value of brush resistance loss will also have to be taken into consideration.
This value at individual slip ring is equal to the product of (field current x 1 volt drop) watts.
Alternatively, the field circuit copper loss may be evaluated if the magnitude of brush voltage
Ve, is known for a given value of field current I.,.. Value of field current should be regulated to
maintain the rated terminal voltage of synchronous alternator at a particular operating
condition.
In the experimental setup, a small exciter generator is mounted to feed the field circuit

through slip ring and brush arrangement. The magnitude of generated voltage is proportional to
the shaft speed. The generated voltage together with the above discussed experimental steps,

copper loss of field circuit may be determined at different excitation current (If,.), as shown in

Fig. 7.15.
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7.6 Efficiency evaluation

Performance evaluation of the six-phase synchronous motor has been carried out at different
load condition, followed by the comparison with its three-phase counterpart. Evaluation of

efficiency of six-phase synchronous motor may be determined in following two aspects:

(a) Consideration of enhanced power handling capability of six-phase synchronous motor

when compared with its three-phase counterpart [7, 12 — 14, 16].
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(b) Power rating of the test machine is assumed to be constant (rated power), irrespective of
the type of stator winding configuration (six-phase or three-phase) [102, 129 — 130].

In above first aspect, efficiency has been evaluated at different load with constant input
terminal voltage for both six-phase and three-phase stator winding configuration. Fig. 7.16 and
Fig. 7.17 shows the evaluated efficiency curve with input phase voltage maintained at 200 V,
for six-phase and three-phase synchronous motor, respectively. Experimentally, maximum
efficiency of six-phase synchronous motor was found to be 75.1 % at input power of 3.6 kW,
whereas it is 70.5 % at input power of 2.1 kW for three-phase winding configuration.
Maximum efficiency of six-phase motor was found to be higher than its three-phase
counterpart, by 4.6 % approximately.

Furthermore, it is a usual practice to compare the motor performance with different
number of phases, under same magnetic condition in motor core. In this condition, above
second aspect will be fulfilled [102, 129] such that the input voltage in six-phase winding
configuration will be about half the voltage of motor with three-phase winding. Keeping in
view of this fact, the efficiency of the motor has been evaluated for both six-phase (with input
phase voltage at 120 V) and three-phase (with input phase voltage at 240 V) stator winding
configuration in Fig. 7.18 and Fig. 7.19, respectively. Efficiency curve of motor was found to
be similar for both six-phase and three-phase motor operation. Maximum efficiency of six-
phase synchronous motor was found to be 73 % at input power of 2.12 kW; whereas it is 72 %
for three-phase motor with 2.09 KW input power. In present aspect, efficiency of six-phase
synchronous motor was also found to be greater than three-phase motor operation, but by small

value i.e. 1 % approximately.
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7.7 Conclusion

A detailed performance evaluation of a six-phase synchronous motor has been carried
out under different operating conditions during steady state. Operation during steady state with
input supply to both winding sets abc and xyz, and input supply to only one winding set abc
have been presented. Experimentally, reduced sensitivity of motor operation towards supply
asymmetry was noted when operating with input supply to one winding set only (i.e. motor
generator mode).

Redundancy characteristic was further investigated by the inclusion of open circuit fault
at input terminals of motor. It was experimentally found that the current magnitude in
remaining healthy phases increases with the increase in number of open circuit faults at motor
terminals (including the operation in motor-generator mode), for constant output power. Infact,
above faults can even be sustained and still motor gives a satisfactory performance, showing its
redundancy characteristic. This feature encourages the use of six-phase (multiphase in general)
synchronous motor for the operation where reliability is of prime importance.

Further, a detailed experimental evaluation of different losses of six phase synchronous
machine have also been presented. Results have been presented for different rotor synchronous
speed (at frequency of 30, 35, 40, 45, 50, 55 Hz.). In general, the different no load losses of
synchronous machine with six phase winding configuration were found to be greater than its
three phase counterpart. Some of the important concluding remarks may be listed:

@ Friction and windage losses were found to be a linear function of rotor speed.

(b) No load losses of the test synchronous machine were found to be dependent on both
field voltage/current and rotor speed. At a particular excitation, difference in no load
losses for machine with six phase and three phase winding configuration, increases
linearly with rotor synchronous speed. The increased core loss for six phase machine is
due to the increased magnetic coupling of two sets of three phase winding (abc and
Xyz), occupying the same stator slots (local core loss).

(c) In six phase test machine, the magnitude of short circuit loss was found to be higher
than its three-phase counterpart. This is mainly because of the increased magnitude of

resultant flux, thereby increasing the value of local core losses.
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(d) Losses in field circuit are dependent on the magnitude of its excitation current. These
losses are independent of the rotor speed for a particular excitation current. Losses in
field circuit were found to be proportional to the squared value of excitation current.
Although the different no-load loss components of synchronous machine with six phase

winding configuration were found to be greater than its three phase counterpart, but during load

condition, the per phase current in six-phase winding configuration is substantially reduced for

a given load. Further, asymmetrical six-phase winding configuration with displacement angle

of 30° electrical results in the elimination of all the airgap flux harmonics of order (6x + 1;x =

1,3,5...). This leads to substantial decrease in losses (particularly stray loss), and overall

improved performance of the six-phase synchronous machine as compared to its three-phase

counterpart.
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Table 7.1: Steady-state performance calculation under different load.

Phase A B C X Y z

Load Torque Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim.
33.83% 2.58 2.53 2.73 2.70 2.19 221 2.38 2.34 1.94 1.85 1.96 2.05
26.46% 2.32 2.36 2.51 2.56 1.97 2.07 1.87 1.90 1.44 1.42 1.52 1.59

Table 7.2: Steady-state performance calculation under different voltage.

Phase A B C X Y z
Voltage level Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim.

180 3.55 3.52 3.74 3.70 311 3.19 3.27 3.22 2.89 2.80 2.83 2.85

200 3.87 3.86 4.24 4.28 3.61 3.68 3.82 3.82 3.32 3.25 3.24 3.20
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Table 7.3: Pre and post fault current data of winding sets abc and xyz at different load torque.

Phase A B C X Y Z
Load Torque Operational mode Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim.
Normal 2.58 2.50 2.73 2.75 2.19 2.22 2.38 2.30 1.94 1.80 1.96 2.07
33.83% Single phase opened 0 0 2.19 2.10 221 2.10 3.23 3.31 3.70 3.72 2.21 2.10
Double phase opened 0 0 2.77 2.73 2.77 2.73 0 0 4.99 5.07 4.97 5.07
Normal 2.32 2.22 2.51 2.50 1.97 1.98 1.87 1.83 1.44 1.34 1.52 1.52
26.46% Single phase opened 0 0 1.99 2.00 1.99 2.00 2.75 2.88 3.11 3.21 1.63 1.61
Double phase opened 0 0 2.17 2.20 2.16 2.20 0 0 3.72 3.70 3.77 3.70

Table 7.4: Pre and post fault current data of winding sets abc and xyz at different voltage levels (phase voltage).

Phase A B C X Y z
Voltage : : : . . . .
level Operational mode Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim.
eve
Normal 3.55 3.50 3.74 3.77 3.11 3.17 3.27 3.31 2.89 2.80 2.83 2.80
180 Single phase opened 0 0 2.99 2.97 3.01 2.99 4.80 491 5.40 5.44 3.06 2.90
Double phase opened 0 0 3.58 3.55 3.59 3.55 0 0 6.59 6.61 6.60 6.61
Normal 3.87 3.86 4.24 4.28 3.61 3.68 3.82 3.82 3.32 3.25 3.24 3.20
200 Single phase opened 0 0 3.42 3.43 3.43 3.43 5.12 5.24 5.93 6.01 3.39 3.30
Double phase opened 0 0 3.83 3.90 3.82 3.90 0 0 7.02 7.08 7.04 7.08
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Chapter 8

Conclusions and future works

8.1 Main Conclusions

This thesis presents a comprehensive analysis of six-phase synchronous motor having
two sets of three phase stator windings abc and xyz, with asymmetrical winding structure (30°
displacement between both the winding sets). Initially a simple but effective mathematical
model has been developed considering the effect of mutual leakage reactance between the two
stator winding sets abc and xyz in rotor reference frame. The developed model was employed to
evaluate the dynamic performance of six-phase synchronous motor under step change in load
torque, field excitation and input voltage. A satisfactory performance was noted with less swing
in stator current and rotor speed, resulting in its stable operation. Further, the effect of
displacement angle (between both stator winding sets abc and xyz) was also investigated. It was
found that for 30° phase displacement between both stator winding sets, when supplied by
independent three phase source (six-step VSI) results in a substantial decrease in harmonic
torque and less rotor current harmonics, leading to a smooth motor operation with less
mechanical noise and vibration in machine. Increased harmonics in stator current was also
recorded, leading to heating of stator. But the increased heating of stator can be easily taken
care of by providing better cooling arrangement.

An exclusive investigation of six phase synchronous motor during steady state has also
been reported in this work. Steady state analysis has been carried out for two different
operating conditions at input terminals, i.e. the input supply to both stator winding sets as well
as at only one set of three phase stator winding (motor-generator mode). This includes the
mathematical modeling of synchronous motor during steady state, followed by the development
of its phasor diagram at a particular operating condition (both at lagging and leading power
factor).

Fault analysis of motor drive system is extremely important to design its suitable
protective scheme. Most frequent faults, which are usually encountered are open-circuit and

short-circuit at the input terminals of machine. Analysis of six-phase synchronous motor during
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open-circuit and short-circuit fault conditions (both asymmetrical and symmetrical) have been

carried out in detail, and following important conclusions can be listed:

(i)

(if)

(i)

(iv)

v)

(vi)

During open-circuit fault, the magnitude of stator current is increased in remaining
healthy winding set due to higher power shared by it. Flow of stator current was found
to be unequal in magnitude of each phase due to asymmetrical condition. Non-
uniformity in current flow diminishes with increase in supply outage to more phases
and it finally becomes balanced in nature for a complete outage of a supply to a

particular winding set, but with increased magnitude.

The output of the three winding transformer used in experimentation had an inherent
supply magnitude asymmetry and this was reflected in the test results. Supply
asymmetry results in unbalanced flow of current in motor. Six-phase synchronous
motor was found to be more sensitive towards supply asymmetry as compared to its
operation as a three phase motor with supply in only one winding set (three phase

winding configuration).

Machine was found to operate simultaneously both as a motor as well as generator
when three phase input supply was fed to only one winding set. This operating mode
makes the machine suitable for special application (like air conditioner in electric

railway etc.).

Current during short circuit increases abruptly irrespective to the type of fault.
Magnitude of current was found to be dependent on the type of fault and becomes

maximum during symmetrical short circuit.

During asymmetrical short circuit, motor operation was found to remain stable whereas
instability was noted if symmetrical short circuit is not cleared within few cycles (not

more than three cycles).

During short circuit, variation in the ripple magnitude of motor torque T, was found to
be dependent on input voltage. A small variation in ripple magnitude was also noted

with the change in motor load.
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Stability of an electrical machine is extremely important when small disturbance is
encountered during steady-state. A detailed small-signal stability analysis of a six-phase
synchronous motor has been carried out by developing a linearized mathematical model
wherein the mutual leakage between both the stator winding sets abc and xyz is considered,
using dqgo approach. The developed linearized model is capable of describing the dynamic
behavior of small displacement/excursion about a steady-state operating point, so that the basic
linear control system theory can be applied to evaluate the eigenvalues. Association of
eigenvlaues and motor parameter has been established by evaluating the eigenvalue at an
operating point by changing the motor parameter within a particular range. It was found that the
two eigenvalues named as “Stator eigenvalue | and 11”, are almost unaffected by the variation
in rotor parameter and load. The other complex conjugate pair is affected by the variation in
moment of inertia J and load, which actually indicates “settling out” of rotor oscillation of
synchronous motor during hunting or swing mode. The remaining three real eigenvalues
indicate decay of the offset currents in rotor circuit and, therefore, are associated with the
effective time constant of the circuit.

Based on the variation of dominant eigenvalues, some important steps have been
suggested to enhance the stability of motor during steady-state. At design stage, stability
enhancement can be carried out from both stator and rotor side. From stator side, an effective
way is to decrease the value of stator resistance, but alternatively, value of stator leakage
reactance may be increased, if required. From the rotor side, it can be effectively carried out by
increasing the value of leakage reactance of the field circuit and /or by decreasing the value of
resistance of damper winding along g-axis. Further, stability of motor was also found to be
dependent on operating conditions. It can be enhanced either by increasing the input voltage or
operating frequency at a particular load. Increase in load torque upto a particular point increases
the stability, but it tends towards instability for further motor loading, under constant Volt/Hz
operation. Moreover, from field side, stability can also be increased by increasing the power
factor angle.

At a particular motor operation, stability can be enhanced by varying its parameters.
Since, parametric variation of a machine is a difficult task from practical point of view;

therefore, a simple closed-loop control scheme has been developed and analyzed, employing
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state-feedback technique. The developed control scheme is simple but effective which ensures
a stable operation of the six-phase synchronous motor in all the operating regions.

A way of selecting the elements of weighing matrix, associated with the motor state
variable has also been addressed. Selection of these elements determines the required shift of
dominant eigenvalues for stable operation of the motor.

The developed linearized model can be easily used to formulate transfer function
between input and output variables, where different stability plots (like root locus, nyquist plot,
bode plot) can be easily drawn. Thus greatly simplifying the control analysis of a system
applicable for six-phase synchronous motor.

Finally, a simple and effective closed loop scheme has been developed for load-
commutated inverter fed six-phase synchronous motor, operating in self-controlled mode. The
control scheme ensures the motor operation at leading power factor at all load conditions (no
load and load condition). Control of rectifier as well as inverter circuits have been explained in
detail, followed by the dynamic analysis for a step change in load torque (increased by 50 % of
rated/base value). Further, motor drive operation during steady-state was also examined. The
number of spikes was observed in the six-phase case, though commutation of inverter switches

(low cost thyristor) was found to be safe.

Further, a detailed experimental evaluation of various losses of six phase synchronous
machine has also been presented, for different rotor synchronous speed (at frequency of 30, 35,
40, 45, 50, 55 Hz.). The different losses (eddy current and hysteresis losses, short circuit loss,
losses in field circuit and, friction and windage losses) of the test machine were found to be
larger than its three-phase counterpart. This is because of the increased effective airgap with

asymmetrical six-phase stator winding in comparison with its three-phase counterpart (x’ > x).
8.2 Future Works

In this chapter, important conclusions have been drawn through a comprehensive analysis of
six-phase synchronous motor. In this view, following aspects can be taken as the subject of
future investigation as the extension of present work, applicable for a six-phase synchronous

motor (multiphase motor in general):
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(i)

(iii)

(iv)

v)

Mathematical modeling and analysis, which has been carried out so far, considered the
motor parameters as a constant value. In actual motor operation, its parameter also
varies. This is because of its dependency on temperature and saturation effect.
Temperature changes the value of system resistances whereas, the saturation effect
changes the value of magnetizing inductances. These factors (particularly saturation
effect) can be incorporated while developing the mathematical model of synchronous

motor.

Mathematical modeling of six-phase synchronous motor has been carried out by
ignoring the presence of harmonics in input supply. Effect of harmonics can be
incorporated in the modelling of synchronous motor.

Mathematical modeling together with the investigation of motor behavior during fault
conditions (open circuit and short circuit) has been carried out in detail. As an extension
of this work, suitable fault tolerant/protective scheme can be developed for abnormal
working situations created by the open circuit/short circuit fault. Further, occurrence of
fault conditions has been assumed and analyzed at input terminals of motor. But fault
occurrence within the machine, i.e. in the windings of stator or rotor, may also be
investigated with suitable fault detection technique together with the development of

suitable protective schemes.

The present work can also be extended to the development and analysis of drive system

using different power electronics converters for closed operation.

In the discussion of LCI fed synchronous motor, machine was considered to operate in
motoring mode only. But, analysis may also be extended for the machine operation in

regenerative mode too.
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Appendix |

Stator self and mutual inductances:
Laq = Lg1 — Lazcos(26;)
2

Lypp = Lay = Lapc0s2(6, — )
Lee = Lgq — Lypcos2(6, + 2?71)

1 2
Lap = Lpa = =5 Lar = Lazcos (26, =)

1
Lyc = Lep = _ELAl — Lyyc0s(26;)

1 2
Lac = Lea = =+ Laz — Laz cos (26, + )
Lyx = Lx1 — Lxzc0s 2(6, —$)

2T
Lyy = LXl - LXZ COSZ(QT - f - ?)
2n

L,z = Lx1 — Lxpcos2(6, — § + ?)

1 2n
Lyy = Lyx = _ELX1 — Lxpcos(26, — 2§ — ?)

1
Ly, =Lz = _ELXl — Lx,cos(26, — 2§)

1 2n
Lyz = Lgx = _ELX1 — Lxcos(26, — 2§ + ?)

Lax = Lya = Lax1€08§ — Lyx,€05(26, — &)

Lay = Lya = Lax1¢05(§ + 2 — Layzcos(26, — § — =)
Laz = Lza = Lax1€05(§ =2 — Layzcos(26, — & + =)
Loz = Lub = Lax1005(§ = =) — Lax2€0(26, — § — )
Lyy = Lyp = Lyx1€08(§) — Laxzc0s(20, — & + Z?H)
Ly, = Lzp = Lyxycos(§ + Z?H) — Lyxc0s(26, —§)

2 2
Lex = Lyc = Laxqcos(§ + ?n) — Lyxc0s(26, — & + ?n)
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2
Lcy = Lyc = Lyx1c0s(¢ — ?n) — Lpx2c0s(26, —¢)

2
Loy = Lye = Lyxic08(§) — Lyxzcos(260, — & — ?n)

Mutual inductances between stator and rotor:

Lokq = Lq1C05(9r)
Lpkq = Lg1€0s (HT - 2?”)
Lekq = Lgic0s (Hr + 2?”)
Laka = Lg1sin(6;)
Lpga = Lg1Sin (Hr - 2{)
Lekqg = Lgqsin (Hr + 2{)
Logr = Lgysin(6,)
2

Lpsr = Lgysin (Hr - ?)

Legr = Lggsin (Hr + 2{)
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Lqu = LqZCOS(Qr —-$)
Lykq = Lgzc0s (Hr —-&— 2?”)
Lykq = Lgzc0s (9,, -+ 2?”)
Lyka = Lgpsin(6, — &)
Lyka = Lozsin (6, — ¢ = %)
Loxa = Laasin (6, — + %)
for = LfZSin(Hr - f)

Lysr = Lgpsin (Hr o 2?")

Lygr = Lgpsin (Hr —-&+ 2?")



Appendix 11

Parameter of 3.7 kW, 6-poles, 50Hz, six-phase synchronous motor is given below:

Xpmq = 3.9112Q X, = X, = 0.1758 Q r, =0.210Q
Xy = 6.1732Q X3 = 0Q r, =0.210Q
Xixq = 0.66097 Q X;m = 0.001652 Q Tkq = 2.535 Q
X1xq = 1.550 Q 77, = 0,056 Q Teq = 140.0 Q
X1 = 0.2402 Q J =0.528 kg-m’
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Stator winding coil arrangement of six-phase synchronous motor having 6-poles, 36 slots with

Appendix 111

two 3-phase sets (abc and xyz), physically displaced by 30 degree.
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