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SYNOPSIS

The topological form of the equivalent circuit of
a magnetic system can be derived from its magnetic
circuit by the application of the concept of the duality
of electric and magnetic circuits. This concept is
employed in this thesis firstly to derive the equivalent
Tee and Pi circuits of a two-winding transformer. These
equivalent circuits are essentially composed of three
reactances in association with an ideal tronsformer. In
the Tee circuit, the pillar reactance is saturable while
the flanking reactonces are linear; in the Pi circuit,
the pillar reactances are saturable while the spanning
reactance is linear. Similar equivalent Tee and Pi
circuits of the direct-oxis of a synchronous machine
are also derived.

The major pert of this thesis is concerned with
the experimental determinction of the parameters of the
two cqguivalent circuits of a transformer or o synchronous
machine. The reactances can be detecrmined from tests if
the turns-ratios of the associated idecal transformers
are specified. For the non~linear Tec circuit, the turns-
ratio is unique, and can be experimentally evaluated.
Novel methods of evaluating this unique turns-ratio are
precsented. These methods supplement the Potier method of
determining the leakage reactonce of an altcrnator. It

is sbhown thaot the turns-ratio of the ideal transformer
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associated with an equivalent Pi circuit can not be
determined uniquely from tests. A valid equivalent Pi
circuit may be determined for any specified value cf
turns-ratio.

The characteristics obtained by tests on an
induction motor operated at stand-still as a transformer
are used to illustrate the methods of derivation of the
equivalent circuits. These equivalent circuits are also
determined from characteristics obtained from tests on
the machine used as an alternator. The relationship
between the two sets of characteristics is explained.

Results of tests on a model synchronous machine,
called the micro-machine, are discussed. These tests
were performed using in turn cylindrical-rotor and
salient-pole types of field systems, with the same
stator. The effect of different distributions of the
armature and field windings on the parameters of the
equivalent circuits is discussed. It is seen that as a
result of this effect, one reactance of the equivalent
Tee circuit and the reactances of the equivalent Pi
circuit can be only approximately determined from
terminal measurements. The test results indicate that
the advantage in accuracy of the Pi circuit representation
of the direct-axis (of this micro-machine) over the Tee

circuit is small.
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CLAFPTER 1

Introduction

The terminal properties of an air-cored tr-nsformer
formed by two coils having negligible resistsnce are
described by the self-incuctances of the two coils L,1 and
LE’ and their mutual inductance M., These parameters may
be represented by an equivalent Tee circuit composed of
the mutual inducteance M and leekaze inductances (Lq-M)
and (LE—M). Frequently, it is found convenient to
represent the terminal properties by an alternetive
ecuivalent Tee circuit formed by three inductances in
association with an ideal transformer of ratio n, as
shown in Fig. 1.1. The choice of this ratio is arvitrary
and hence any number of equivalent circuits can be derived
fron the measured inductances. For a single frequency
of operation, even circuits in which one of the leakage
inductances is negative can be precticclly realised by
representing the inductcnce by a capacitance of a
magnitude such thot the inductive and caracitive reactances
are equalj |

In practice, particular values of these ratios,
e.g. the ratio of the terminal voltages on open-circuit,
may be preferred to others mainly because they lead to
equivalent circuits the parameters of which can be

determined with greater ecase and more accurately than
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those associated with other ratiosE’B.

On exactly the same principles, a large number of
equivalent circuits can also be derived to represent a
loss~less, iron-cored transformer so long as the core 1is
unsaturated. A useful circuit is obtained by making the
assumption that the mutuel flux is constrained to the
iron core. This assumpbtion is also largely correct for
a practicel transformer. The ratio n in an equivalent
circuit based on this assumption will be equal to the
ratio of the physical number of turns on the two windings.
A transformer is very often represented by this circuit.

An explicit determination of the four parameters
of this equivalent circuit is not possible. NMethods
of derivation of this circult have been proposed in
many papers on the assumption that the turans~ratio is

4,5,6

known. Some times tThe parcmeters are also

determined by employing the open-circuilt voltage ratio
as the turns—ratio,7
Subject to certain additional approximations,
discussed in chapter 2, a saturated transformer can be
described by an equivalent Tee circuit in which the
mutual reactance depends on the voltaze across its
terminals and the leskaze reactances are of counstant

magnitudes., It is possible to deternine explicitly

the ratio an, and hence the other parameters of this
circuit from terminal measurements. In addition to
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tne three independent measurements that cen be made at
the terminals of a linecr four-terminal network, the
non-linear nature of the megnetisation characteristic

of the core is utilised to provide tae fourth weasurement
-required for the derivation of the circuit. This
derivation can be achieved in a number of ways. Two
novel methods, called tne transier-impedance and self-
impedance methods, are explained in chapter 3. The well-
known Potier method8 of determining the armature leakage
reactance of a synchronous machine employs a similar
approach,

A restricted similarity between a transiormer and
an alternator has long been recognised.(-9 This similarity
exists even when both the magnetic systems are saturated.
To illustrate this similarity, it was necessary to choose
for tests a machine that could be easily operated both
&s a transformer and &s an alternator. Hence, an
induction motor was employed as the test machine., Tests
on this machine are described in chapter 4. The machine
was tested both as a transformer and as an alternator.
The characteristics obtained from tests on the machine
as a transformer have been employed to demonstrate the
novel mevhiods of determining the recactances of the Tee
circuit. Potier-type tests were performed on the

machine both with the machine operating as a transformer
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and as an alternator. The relationship between the sets
of characteristics obtained by these tests is also
explained in chapter 4. This explanation brings out

the basis for the similarity between a transformer and
an alternstor.

1.1 Need for a P1 circult representation of synchronous

machines

One of the assumptions made in the representation
of a saturated transformer or a machine by the equivalent
Tee circult referred to above is that the leakaze fluxes
follow purely air paths. It has been pointed out in
reference 10 thet this assumption is not strictly correct
for a transformer, and a suggestion has been made that
the Pi circuit would be a more realistic representation
of the transformer. The Pi circuit representation of a
transformer hcs also been mentioned in references 11 and
12.

The fact that the representation of a synchroaous
machine by a Tee circuit is not completely justified is
snown by the variable values of reactance that result
from Potier tcsts on the machine, perticularly if the
machine 1s of the salient-pole type. The reacteance is
also found to be larzer than the calculated armature
leakage reactance:l5 The differcnce between the test and

calculaeted rcactances is large cnough to make 1t necessary
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to distinguish bctween the two reactances. The measured
reactance is called the Potier reactance.

Thie various factors that cause the Potier recactance
to be different from the calculated armaturc leaksge

reactance have becn discussed by Beckwitl.14

One of the
contributory factors is saturation of the field system
due to field lcakuge flux., The influence of this
particular factor on Potier recctance has been studied
by Saad Mikh&il.q5 e has derived an expression relating
Potier reactance to the crmature leakage reactance. This
expression is partly based on constants which can be
determined from design data. In a recent publication,
Schuisky16 has developed an approximate method by which
the influence of saturation due to field leakage flux is
allowed for in the prediction of field excitation.
Although the assumptions made in the Potier method
are not wholly correct, the Poticr reactance is widely
employcd along with the open~circuit characteristic for
the prediction of field excitaetion under various load
conditions. The use of Potier reactance is justified on
the grounds that the reactance can be casily determined
and that the predicted perfOrmance-is r¢asonably correct.
The properties of a ¥i circuit consisting of two non-
linear "pillar" rcactances spanned by a linear rcactance

nave veen examined in this thesis in en attempt to secure



7

a more consistent representeation of the machine. This
Pi circult representation is adopted for the direct-axis
of the machine.

This thesis is mainly concerned with an examination
of the possible methods of determining the parameters
of the equivalent Tee and Fi circuits of a transformer
and a synchronous machine. In the case of a synchronous
machine, the equivalent circuits are most conveniently
derived from the open-~circuit and zero power factor
characteristics of the machine. For this reason, attention
has been mostly devotcd to the study of an alternator
operating at zero power factor.

In chapter 2, the eguivalent Tee and Pi circuits
are derived by the transformation of more elaborate
networks. These networks are themselves obtained from
a consideration of representative flux paths in the
magnetic system. The approximations involved in the
derivation of the equivalent Tee and Pi circults are
indicated in this chapter. Though a qualitative
assessment of the relative merits of the Tee and Pi
circuit representations is made in this chapter, the
conclusions drawn are later modified in the light of
cxperimental rcosults discussed in chapters 4 and 5.

Chapter 3 sets out the test methods devised for

the derivetion of the Tee and Pi circuits. As stated
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previously, chapter 4 deals with the results of tests
on an induction motor opcrated as a transformer and as
an alternator.

Additional tests were performed on a model
synchronous machine, called the micro-machine, employing
both selicnt~pole and cylindrical-rotor field systcms.
The results of these tests are discussed in chapter 5.
The difficulties in thce determination of the paramcters
of the Pi circuit arc pointed out and it is shown that
these parameters can not be exactly determined from
terminal tests.

The conclusions from all these tests arc stated
in chapter 6.

The following points are thought to represent the
original contributions of the suthor.

1. The development of the transfer-impedance and
sclf-impedence methods of determination of the parameters
of the‘equivalent Tee circuilt.

2. A dcmonstration of the impossibility of determining
explicitly the turns-ratio of the ideal transformer
associlated with the equivalent Pi circuilt, even when

the pillar reactances are non-linear.

3. A study of the ropresceantation of the direct-axis

.0f a synchronous mechine by an equivalent Pi circuit.



CHAPTER 2
EQUIVAIZNT CTIRCUITS OF TRAHSFCRMIRS AND

SYNCHRONOUS MACHTNAS

2,1, BScope.

The concept of topological duality of magnetid
and electric circuilts is explained and later employed to
derive the equivalent circuits of a two-winding transformer.
Equivalent circuits for seturated cylindrical-rotor and
salient-pole synchronous machines supplying a balanced
load are obtained, and the approximations involved in
the representation of the machines by the Tee and Pi

circulte are indicated,

2.2. Derivation of equivalent circuits of a magnetic

szstem.

The process by which the equivalent circuits of a

magnetic system are derived can be divided into two
steps. These steps are the formulation of a lumped
mzgnetic circuit of the distributed magnetic system, and
the derivetion of the equivalent electric circuit from
the lumped magnetic circuit. The reduction of the
magnetic system into & magnetic circuit is an approximate
process. The approximations thet cre made depend upon
the purpose of the equivalent circuit and the available

data., Thus, very elasborate representations of the
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system are seldom necessary for the prediction of
terminal characteristics. The need to determine the
parameters from terminel mecasurements alone further
limits the number of parameters that an equivalent
circuit may contain.

Once the lumped megnetic circuit of a system has
been derived, however, the equivalent electric circuit
can be immediately obtained by applying the concept of
topological duality of magnetic and clectric circuitsj7’18’19

This concept is explained in the following sections.

2.%5. Elements of a magnetic circuit and the dynamic and

topological analoszues of magnetic systems.

The concept of duality of magnetic and electric

17,18 1o o

circuits hes been formulated by Cherry
comparison of the equations describing the magnetic and
e¢lectric constraints of an ideal transformer. Using a
more general approach, Morrj.s/]9 has arrived at the concept
of duality by deriving the elements of a magnetic circuit
by analogy with the elements of an electric circuit.
This approach is explained below.

The analogy between magnetic and electric circuits
rests on Lenz's lew, e = -Jﬁé, and the relation F =N1
(F represcnts instantaneous m.m.f.). These two equations

relate the electric circuit quentities e and i to the
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corresponding quentities ¢ and T in magnetic systems.

2.3.1, Ideal sources and passive elements in magnetic

circuits.

Ideal sourcces in megnetic circuits are defined by
analogy with the sources in electric circuits., Thus,
the ideal m.m.f, and é sources arc respectively defined
as sources which maintain the m.m.f., and é in a magnetic
system constant regardless of changes in the permeability
of the system.

Since the m.m.f.s and fluxes in the magnetic systems
considered here are set up by currents in various windings,
the nature of magnetic sources is determined by the
cglectric sources connectcd to different windings. Thus,
the m.m.f. set up by the field winding of an alternator
may be regarded as an ide¢al m.,n.f. source if the excitation
is derived from a current source. The cxcitation of the
primary of an ideal transformer firom a constant voltage
supply can be looksd upon as setting up an ideal flux
source. For a constant frequency of operation, an ideal
flux source is also an ideal é source. The ideal m.m.f.
and é sources are¢ symbolically rewrcsented as shown in
Figs, 2.1(a) and (b).

Corresponding to the three possive clements, R, L

and C in an elcctric circuit, three elemcnts ¢ , M.,
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and A can be defined in magnetic circuits, the

o
oy
[
H
€
¢]
ot
D
Fr
l_l
n

tics of all six clcments being renrescnted by

the equations

R=e/i; p = % . (2.1)
podedt o, o Jga (2.2)
and 1/C = QS%@E : 14K= QQ%@E (2.3)

e and M represent iron loss and the permeability of

iron respectively. Iron does not exhibit the characteristic
"described by . . The ecquivalent electrical analogues

of the‘magnetic systems considered here are therefore
networks of resistors and inductors alone, However, it

must be pointed out thet in the dual of these cguivalent

networks inductors would be replaced by capaéitors.

2.5.,2. Topological and dynamic analogucs of a masnetvic

A magnetic circult consisting of ideal sources
and passive elements can now bz formed. As in c¢lectric
circuitsy the connection 6f passivce clements in serics
or parallel constrains either of the two quantities é
or F o be the same in the elements. Topologically
these constraints could be repfesented by two graphs

“wnich are dual to ecch other. TFor example, two iron

cores carrying the¢ same uniformly distributed flux
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may be represented by cither Fig. 2.1(a) or (b). Besides
the topological duality of the two circuits, Figs. 2.1(a)
and (b) also show the dual relationship of the ideal
m.m.f. and flux sources. The c¢lecetrical analogue of the
magnetic circuit of Fig. 2.1(a) based on the analogy
discussed in the prcevious section is shown in Fig. 2.1(e).
Since an electric circuit can he repleced by its dual,
the magnetic circuit can also be represented by the
circuit of PFig. 2.1(d). Comparing the magnetic circuit
with Fig. 2.1(3), voltage cnd current in the analogue
(Fig. 2.14) now represent m.m.f. and flux respectively
in the magnetic circuit. The c¢lcments £ and pm are
represented by capacitive impedances.

Since Figs. 2.1(a) and (d) arc topologically
similer, the cepacitive analogue is called the topological
analogue of the magnetic circuit. As the analogy between
negnetic and clectrical driving sources is prescrved in
Fig. 2.1(c), the circuit is called the dynamic analogue

of the system.

2.4, Reorcsentation of magnetic systems by electric

circuites composcd of linear circuit elements.

A complete representation of the non-linecar
magnetisation charzcteristic and hysteresis loop of iron
by an electric circuit can only be achisved by employing

circuilt elements which heve similar cheracteristics.
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Consequently, if only linear circuit elements have to be
enployed, the electrical analogue forms only an approximate
representation of the magnetic system. The approximations
involved are brought cut by considering the representation
of an iron core carrying uniform flux.

Neglecting initial non-—-linearity, if the core is
unsaturated and has no losses, the magnetisation
characteristic reduces to a straight line. If & m.m.f.
varying sinusoidally in time is applied to the core, the
resulting flux is sinusoidal and in phase with the m.m,f.
The permeability M being the only property associated
with the system, the electricsl anzalogue will be an
inductance. The anclogy is exact.

If the core has hysteresis loss, a sinusoidal
applied m.m.f, will no longer produce a sinvsoidal flux.
Since the harmonic components of flux are usually much
smaller then the fundamental, attention is confined to
the representation of the fundamental component alone.
The applied m.m.f. being sinusoidal, the hysteresis loss
is supplied by the fundamental compnonents of flux and
m.m.f. alone. This loss causes the fundamental component
of flux to lag behind the m.m.f. by an angle 6. The two
guanvities are described by the ecuations

B F sin © 2.4,

m
¢m s5in (wat - ) 2.5.

n

and ¢
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From equation 2.5,

é = W@ cos (ot - Q) 2.6
Assuming That the core has unit dimensions, the following
expressions relating ¢m and Fcan be written down.
Fpsin 0 =(1/p). w @, 2.7
and F_cos @ =(14MJ. g, 2.8
The operating conditions in the core may be then
represented by a magnetic circuit consisting of a m.m.f.
source connected across the series combination of the
elements 1/- and léﬁ, . @ forms the mesh quantity in this
magnetic circuit. The dynamic anclogue of this magnetic
circuit consists of a current source connected to the ‘
parailel combination of a resistance R and an inductance
L. If the current i aad voltege e in the analogue

directly represent F and é respectively, the following

expressions can be used to describe i and e.

i= Fm sin ¢ © 2.9
e = u:@ﬁ sin ( Wt + ¥ ) 2.10
R and L are then given by the expressions
R = -F--Lf)c.flg; 2.1
m
and O L = "fi_gﬁ_ 2,12
Fm S1iny !

By comparing corresponding equations it can be seen

that if 4 1is made egual to ( /2 - @), R and L become
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respectively eqﬁal to F’andjﬂ . The passive elements in
the dynamic analogue are hence inversely related to the
corresponding elements in the magnetic circuit.

Instead of using a direct numerical relationship
between corresponding sources in the magnetic circuit and
the analogue, it is often convenient to use scale factors
to relate these quantities. These scale factors also
govern the relationship between the passive clements in
the two circuits. The use of an ideal transformer in an
equivalent circuit is an example of the use of a scale
factor.

Since p is a function of the angular frequency (s,
the resistance R in the dynawic analogue is frequéncy-
dependent. This freguency-dependent nature of the
analogue has been pointed out in reference 17,

When the dimensions of the core are other than
unitvy, the quantities 1/y and 1/ 1in equations 2.7
and 2.8 are replaced by the corressponding reluctances.
Both M and P, and the associated reluctances, may be
viewed as components of the vector permeability and vector
reluctence respectively. This point of view hixs been
developed by Macfadyen.go

The above devclopment of the dynamic analogue is
based on the simplifying assumption that the iron loss

is supplied by the fundamental components of m.m.f., and
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flux alone. Wahen the applied m.m.f. and flux are both
non-ginusoidal, some of the iron loss is elso supplied
by thec harmonic components of flux and m.m.f. For the
same fundamental m.m.f, or fiux, therefore, the total
iron loss associated with thz funcdamental components of
flux and m.m.f. will vary with the waveforms of the two
gquantities, The resistance R will be then waveform-
cependent. As an approximation, R can be chosen to
represent the totcl iron loss measured at a given
fundancntel m.m.f. with the flux sinusoidal. The total
iron loss refcrred to also inclules come eddy current

loss.

2.5. Representation of a caturated magnetic system

2.5.1. Electricel analogue of a seaturated iron core

When the iron core saturates, the permeability MK
varies over a cycle of applied m.m,f. or flux, This
variation results in further distortion of the waveform
of either or both the flux and m.m.f. The variations of
M are accounted for bj the concept of fundamental
permcability. Fundamental permesbility is defined as
the ratio of the fundamentzl components of flux and

m.m.f.g/I

A fundamental msgnetic circuit comprising the
fundanental components of m.m.f., flux and the fundamental

permeablility can now be formed, This circuit is
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represented by a fundamental eguivalent circuit which
consists of a linear inductive impedance connected across
a voltage or currenv source,

However, the fundamental perwmeability rcduces with
increasing fundemental flux. The inductance in the
equivalent circult must correspoadingly dcecrease as the
voltage across its terminals is incressed. An example
of tihiis chaage in fundamental permcecability is the
reduction in the syachronous reactance of an alternator
on saturation of the macihine.

The influence of saturation on iron loss is
approximately represented by a wvariable resistance in
the equivalent circuit. This resistance is calculated
by equsting the total iron loss to the loss occurring in

the resistance,

2.5.2. Influence of harmonic fluxes on fundamental . -

permeability.

Apart from the reduction in fundemental permeability
that accomranies an increase in fundemental flux, the
fundemental permeability is also iniluenced by the
narmonic componrnts of flux and m,m.f. Thus, for the
same fundamencel component of flux, the fundamental
permeability is minimum when flux is sinuscidal, and

. . . . . 21 . .
maximum waen m.m.f. is 51nu301dal? This change in
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fundamental permeability can be ignored if the magnetic
circuit operates in the region around the knee of the
magnetisation characteristic. The change in permeability
becomes significant when the magnetic circuit is highly
saturated.

The influence of hermonic fluxes and m.m.f.s. on
the fundamental permeability is also dependent on how
the fundamental permesbilities for different wavefomms
of flux are compared. Thus, the fundamental permeability
at a given fundamental m.m.f. is much less variablez with
the waveform of flux or m.m.f. than the permesbility at
a given fundamental flux. The~ decrease in the fundamental
permneability of & saturated iron core at a given
fundamental applied m.m.f, #s the m.m.f. and flux become
sinusoidal in turn is of the order of 5 to 10 per cent?ﬂ’ 22
The influence of harmonics on the fundamental permeability

is discussed in detail in reference 21.

2.6. Representation of exciting currents and voltages

In the electrical analogues described so far,
current and voltage sources represent m.m.f. and rate-
of-change of flux, or flux. As mentioned in section
2.5.1, the m.m.f.s. and fluxes are established by currents
and voltcoges in various windings in the system. In
practice, these currents and voltuges are of principal

interest.
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The currents and voltages at the terminals of the
windings in a magnetic system are represented in en
equivalent circuvit by adopting an arrcangement similar
to that shown in Fig. 2.1 e. This figure shows the
components of an eguivalent circuit of a Gtwo~winding
magiietic system., The ideal transformers 1 and 2
respectively couple the terminels of the dynamic analogue
to the terminals 1-1 end 2-2 of the equivalent circuit.
The terminals 1-1 and 2-2 correspond to the terminals
of the windings on the mzgnetic system.

The number of ideal trensformers in an eguivalent
circuit can be reduced to one less than the number of
windings on the system. This reduction can be acnieved
by referring the elements of the dynemic enalogue to the
primery (or secondary, as appropriate) side of any one
ideal trensiormer. Thus, ideal transformer 1 in Fig. 2.1e
can be removed if the elemments of the dynamic analogue
are referred to the primary side of the transformer.
Transformer-less eqguivalent circuits can also be obtained
by replacing the ideal transformers with equivalent
networks of impedances. The elements in these networks
may not be realisable in themselves, but in some cases
realisable components could be derived by suitable
combinetion with other elements of the equivalent

cir-cuit.25
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The turns-retio of an ideel transformer in an
equivalent circuit representing a physical coupled
system is not defined by the physical number oI turns on
a winding (or the ratio of the physical number of turns
on two windings). When the coupled system is a two-
winding transiormer, the turns-ratios of the two ideal
transformers are equal to the fundamental (time) volteges

rate of
induced in the correspondiny windings by unitlchznge of
the flux linking the windings. This definition of the
turns-ratio satisfies the reguirement thet the currents
and volteges at the terminals of an equivalent circuit
should corrcespond to those <t the terminals of the
respective windings of the magnetic system., At The sanme
time, the fluxes in the magnetic system are "correctly"
represented in magnitude in the dynamic analogue section
of the equivalent circuit. A modified definition of the
turns-ratio is adopted in the case of a synchronous
machine. for example, the Turns-ratio of the field and
armature windings of a cylindrical-roctor synchronous
machine will be defined as the retio of the currents in
the two windings that produce the same fundamental m.m.f.

in the magnetic circuit.
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2.7. LRepresentation of transformers and synchronous

machines by equivalent circuits.

The concepts expluined above are employed in the
following scctions to obtain the eguivalent circultvs of
a two-winding transformer, and cvlindrical-rotor and
selient-pole synchronous machines. The maznetic circuits
are derived in each case from a study of renresentative
patiis of flux in the system. Complete equivealent
circuits are obtained from these magnetic circuits and
transiormed to yield meore practical approxinate forms.

The approximations involved in each case ere indicated.

2.8, Egquivalent- circults of a two-winding trensformer.

The two-winding treansformer with uniform primsry
and. secondary windings located on ¢ifferent limbs as
shown in Fig. 2.2(a) forms an elcmentary magnetic system.
4 study of the procedure followed in the derivetion of
equivalent circuits of the system illustrates some of
the points mentioned in previous sections.

#1th only one winding of the tronsformer excited,
tic totcl flux linking the winding cen be divided into
fluzes following an entirely iron peth and fluxcs
following purt-%ron part-air paths. Representative
patias of the two fluxes are shown in Fig. 2.2a. The

part-air paths shown do not include paths whkich traverse
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only a part of the limb and link the excited winding
partially. When the winding is uriformly distributed
along the limb, the flux lines following such paths form
only a small proportion of all the flux lines following
part—-air paths. They can be therefore neglected. While
the flux lines following an entirely iron path wholly
link both the windings, the lines following part-air
paths link the two windings to varying extents. Some
of these lines do not link the open-circuited winding at
all. Such lines constitute a leakage flux associated
with the excited winding and are responsible for the
major part of the leakage reactance of the winding.

Since the two windings are identical, the flux
produced by winding 2 (excited alone) follows paths
similar to those described above. The principal
components of the resultant flux when both the windings
carry currents are shown in Fig. 2.2b. The major
difference between Figs. 2.2a and b is the presence of
flux paths linking winding 2 alone in Figz. 2.2b.

The simplified flux paths shown in Figs. 2.2 a
and b are axial in the two limbs. The Iflux densities
in different cross-sections token at various poiants
along the heizht of the limbs are then equal. The limbs
can be therefore represented Dy two lumped reluctances

in the magnetic circuit. Since the fluxes following
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part-air paths traverse different lengths of the yokes,

the flux densities at verious sections of the yokes

differ. Thus, the flux density at the section AA

/Fig. 2.2(b)/ is a meximum while that at the section BB

is a minimum. However, the fluxes following part-air

paths are usually small in comparison to the flux following
an entirely iron path and a detalled representation of

the yokes is not normally necessary.

A simplified magnetic circuit is obtained by
assuming that the yokes carry only the flux existing
entirely in iron. Once this assumption is made, the two
yokes may be represented by two lumped reluctznces in
the megnetic circuit., An additional simplification can
be made by replacing the leakaze fluxes linking the
respective windings partially by eguivalent fluxes
linking the windings wholly. This simplification rests
on the fact that the reluctance in the path of a leakage
flux line mainly arisces from the air path through the
window. The reluctance in the path of all leakage flux
linces is then nearly the same. This reluctance is also
not sigunificantly influenced by the level of saturation
of the transformer core.

Fig. 2.2c shows the lumped magnetic circuit
derived from the simplified view of the various fluxes.

SLl and SIQ are the reluctances of the two limbs; Syl
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and Sy2 are the reluctances of the yokes. (The term
"reluctance" employed in connection with an iron path
significs both the "true" reluctance and the loss
propcriies of iron.) Sp and SS are recluctances of the

air sections of the paths of the egquivalent leakaze Ffluxes.
()

2.8.1. Equivalent Llectric circuit of the transformer.

he topological form of the dynamic analogue is
derived by forming the dual of the lumped meagnetic circuit.
This dual is readily obtained by the graphicel method
illustrated in Fig. 2.2(c). The graphical method consists
of' joining nodes A, B and C placed within the three
meshes of the megnetic circuit to The reference node D
by lines crossing one element (of the magnetic circuit)
each. The resulting graph, drewn dotted in Fiz. 2.2(c),
is the topological dual of the original graph. The
dynamic analogue of the megnetic circuit is shown in
Fig. 2.%(a). Iron losses in various parts of the
magnetic circuit are represcnted by resistances in
parallel with the corresyonding inductances.

An cquivalent circuit of the transformer is
obtained by the addition of two idcal transformers to
the an=zlogue. This equivelent circuit is shown in
Fig. 2.%2(b). The two ideal transformers are represented

by the dotted lines. The turns-ratios, Nl and He, of
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the ideal transforiters respectively represent the number
of turns on windings 1 and 2 of the actual transformer.
Rl and R2 arc the rcsistences of these two windings. By
referring all the clements of the equivalent circult of
Fig. 2.3(b) to the primary side of ideal trensformer 1,
the number of ideal transformcrs is reduced to one. This
trensformer, having a turns-ratio of Nl/NE’ is placed as
shown in Fig. 2.3(c).

If a detailed representation of iromn loss 1is not
required, all tue loss can be assumed to be assoclated
with any one reluctance in the magnetic circuit. This
loss is then rcepresented by a single resistance R' in
the equivalent circuit of Fig. 2.3c. An =cuivealent
circuilt similer to that in Fig. 2.3%b has been derived
by Slemon. “

When the transformer is saturated, only the
Tundamental currents and voltages at the terminals of
the transformer can be represented on the equivalent
circuits derived above. The elements represeanting
various iron paths become non~linear. The non-linear
nature of these reactances is incdicated symbolically as
snown in Fig. 2.3c¢c. The reactances KP and XS represent
toe a2ir pativs of the leak.ozge fluxes. They are therefore

inear,



32

2.8.2. Beuivalent Tee and Pi circuits of the transformer.

When the magnetic circult is unsaturated, the
equivalent circuit of Fig. 2.%c is linear and can be
replaced by eguivalent Tee and Pi circuits. All the
three circuits would be equivalent in so far as the
impedances measured at terminsl pairs 1-1 and 2-2 are
concerned.

When the magnetic circult is saturated, every
operating condition can be described by an equivalent
Tee or Pi circuit. Therefore, a range of operating
conditions may be described by Tee and I’1 circuits in
which all the parameters are non-linear. These two
circuits are shown in Figs. 2.4(a) and (b). The
parzmeters of the i circuit are obtained by transformation
of the Tee formed by the reactances Xp, XS and Xy in
Fig. 2.5¢ and are given by the equations25

XLl (Xy + Xp + XX )

3
P4y 2
X = a — a S ™ o Lie. 2 . 5
1 }\.Ll -+ Xy -+ K.p 4+ X .A.D 1
- - X.S
) ) ) hid X ) )
1{5 = (Xp + KS‘ + _P.X.:;E.)T'l 2.14

frp (X, + iy + X XS).N‘12
-

A P
.‘\.2 = ] ' xy J{S 2.15
XL2 +(AS e e Xy)
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The Tee cilrcuit is the result of = further

transformation of the Pi network, its Larameters beiné5

1 1
1 %2
no= - - 2.16
71 A T
X+ X
hid - l 5
1T Xi + Xé + X5 2.17
XL X,
- 2 75
Xn = - 2.18
2 ! i -
Xl + Ly 4 X?

Especially when the transformer 1s unsaturated, Xy

is much larger than Xp or XS. The reactance XB of the

ns s s s X . . e
Pi1 circuit is then essentially the sum of kg

ng Xs. The decrease in Xy on seturation of the yoke

X and
D

results in an incresse in XB'
It mey be observed from the sbove equations that
react&ncele

5
12 Xp and le XS respectively. The division of reactance

nd X2 of the Tee circuit are not eqgual to
N

X5 (Fig. 2.4a) into X, and X, is governed by the
magnitudes of Xi and Xé. However, if the two limbs and
the windings are ldenticzl, reactances XLl and X1,

(Fig. 2.3b), as also reactances Xp snd Xy, are equal,
Reapt;nces Xi an Xé are then equal., The equality of
these reactences holds only when the iron is unsaturated.
Since Xi and Xé are usually large as compared to X5,
reactances Xl an X2 are then approximately ecgual to

2

1 Kp

+¥X.. Further, since X5 is very nearly the sum of I

3
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and ty KS, reactances i and X2 become approximately
- 2 -2
equal to .74 N 2 .
qul y .A.p (Ol }\41 KS)
wWhen the transformer is supplying an inductive
load connected to winding 2, limb L, operates at a
aigher flux density than Lg. Cn saturation of the

magnetic circuit, recctance X 7 then becomes smaller than

L
XL2‘ The reactances of the Tee and Pi circuits obtained
by transformation vary correspondingly.

The extent of epproximetion involved in representing
the transformer by a ¥i circuit in which X5 is lineear,
or a Tee circuit in which Xl and X2 are linear, depends
upon the saturation cheracteristics of various components
of the meznetic circuit. If the yokes saturate appreciably
as compared to the limbs, it becomes necessary to retain

reactance ngXy in the same position relstive to ngX

~

Z- . . - . s o2 .
and Nl KS as in Fig. 2.3%c. The Tee circuit is then a

p

more appropriate representztion than the Pi circuit. On

the other hand, if saturation occurs mainly in the limbs,

-

. 26 .. sy o
as in some ccses, tane Pl circuit forms a better

27

approximation to Ifig. 2.%c than the Tee circuit.
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2.9. Iguivalent circuits of a synchronous machine

2.S.1. DBasis for the representation of a synchronous

machine by an equivalent circuit.

The eguivalent circuits developed in the following
sections rc¢late the fundamental components of flux and
m.m.f, established by currents in the armature and field
windings. These circuits are developed to represent the

a
steady-stzte operation of/three-phase generator supplying
& balanced load.

An equivalent circuit of an unsaturated wmachine
can be developed by either reducing the machine to an
equivalent transformer, or by regarding it as a special
case of an induction motor. Both these points of view
lead to similar ecuivalent circuits. The two points of
view can be briefly explained as follows. Consider
first the approach in which the machine is reduced to
an equivalent transformer., In an ideal cylindrical-rotor
machine,the air-gep is uniform. When such a machine is
not saturated, the fundamental components of the armature-
reaction and field m.m.f.s. establish a resultant flux
which is sinusoidally distributed in the asir-gep. The
linkages of this flux with an armaturc phasc vary

sinusoidally in time. This veriation could also be

achilieved with the machine at stend-still by exciting the
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field winding with a.c. (It is assumed that there are no
damper circuits on the field system). The field winding
has to be placed with its axis coincident with that of

an armature phase, To achieve equality in tThe magnitudes
of fluxes and m.m.f.s in the machine under the two modes
of operation, the d.c. and peak a.c. cxcitations of the
field have to be equal. In addition, the fundamental
m.m.f. produced by the armature phase in line with the
field has to be incrcased by 1.5 to allow for the
influence of the other two phases in the rotating machine.
The phase relationship of the alternating currents in

the armature and field windings is dependent upon the
power factor of operation of the roteting machine. Thus,
these currents are in phase if the rotating machine
operates at zero power factor lagging; the currents
differ in phase by the angle (90 - &) if the rotating
machine operates at unity power factor. (& is the load
angle). This phase relationship is based on the positive
dircctions of currents defined by dots and crosses in
Fig. 2.5. The positive directions of the m.m.f.s. are
given by the right-hcnd screw rule. A dyanamic analogue
of the machine at stand-still cen be developed by the
application of the methods discussed in the previous

sections.
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An equivalent circuit of the maciaine can also be
derived by regerding the maciiine as a wound~-rotor
induction motor driven at synchronous speed. The
equivalent circuit of the induction motor is first
developed for the machine at stind-still (when it operates
as a transformer). This equivalent circuit is then
extended to represent normal operation of the machine Dby
means of the "ideal induction machine® transformation?g
The transformation of the rotor circuit quantities into
corresponding quantities on the stator side involves the
division of the rotor resistance and field voltage by
slip. The slip of an induction motor driven at synchronous
speed is zero. The referred rotor resistance then
becomes infinite. However, the referred field voltage
also becomes infinite. The excitation of a winding by
an infinite voltege source in series with an infinite
resistance could be regarded os cxcitetion of the winding
by a current source?g The d.c. excitation of the field
winding could be therefore represented in the eguivalent
circuit by a current source, As indicated above, the
phase relationship between the armature and equivalent
field curreats is governed by the power factor at which
the rotating machine operates.

In a salient-pole mechine the air-gap is not

uniform. The magnitude of the fundamentel flux estublished
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by the fundamental armature-reaction m.m.f., acting alone,
tncrefore Gepends upon the spatial position of the axis

9

of the m.m,f. The two-recaction theory2 provides an
approximate but cdequate means of analysis of salient-
pole macihines. In this theory, the fundamental armature
m.m.f, 18 resolved into components acting along the polar
and the inter-polar axis (called the direct and quadrature
axis respectively). Iquivalent circuits relating the
fundamental components of fluxes along the two axes to

the respective mom.f.s are derived by assuming the fluxes

and m.m.f.s zlong the two axes to be mutually independent.

2.9.2. Equivalent circuits of a cylindrical-rotor

machine operating at zero power Icctor.

Wnen the machine operates at zero power factor,
the fundamental components of the field and armature-
reaction m.m.f.s act direcctly in opposition on a common
magnetic system. The dynamic analogue of the machine is
obtained by considering the lumped circuit representation
of this system. The total flux in the magnetic system
is once again divided into a mutual flux and leakage
fluxes associated with the armzture and field windings.
The paths of these component fluxes are considered in
the following sections.

A cross-section through an elementary two-pole
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cylindrical-rotor machinc is shown in Fig. 2.5. A part
of the rotor structure is shown unslotted. This
corresponds to the usual practice followed in the
construction of these machines. A single-layer
arrangement of the¢ windings has been shown for simplicity.
Fig., 2.5 shows some idealised paths of mutual flux
at the instant that the current in phase A is at a
maximum. The figure shows that the paths traversc
different lengths of the stator and rotor cores. The
total flux at various cross-sections in the cores is
thercfore different. The prescnce of slots on the
stator and rotor causes the magnetic circuit to be
radially unsymmetricel. Further, the stator and rotor
teeth do not usually possess parallel sides. The
areas of cross-section at various heights along a tooth
are therefore different. Thesc are some of the factors
that cause the reluctances in verious flux paths to
differ. A lumped maznetic circult of the system 1s
derived by calculations based on an average length of
the flux path in the cores and average areas of cross-
section of the teeth and zir-gap. For example, an
equivalent reluctance of the air-gap 1s calculated by
using Carter's coefficients; the area of cross-section
of the stator teeth is frequently calculated by using

Simpson's rule. BSuch detalls are not reproduced here.
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These details could be obtained by refercncc to any

. . 20

book on the dcsisn of syncinronous machines.
4 represcentative path of mutual flux is shown in

Fig. 2.5. This path is assumed to traverse a length of

two-thirds the pole~pitch in the stator and rotor cores?o
The leakage flux associated with an ermature phase

can be divided into two main components. These components

arc the slot-leakage flux and overhang leakage flux.

The overihang leakage flux largely exists outside the

magnetic system. Hence it need not be considered during

the development of the dynamic anslogue. The slot

legkage flux consists of componcnt fluxes linking

individual coil-sides to varying exbtcnts. The paths

of These fluxes can be approximately represcnted as

shown in Fig. 2.Ca. The air patvth through the slots

larpely accounts for the reluctance in the path of the

slot leskage fluxes., Therefore the reluctance of all

the paths shown in the JTigure will be nearly egual and,

to a large extent, independent of scturation of the

armature core. Tnese fluxes can be thercfore replaced

by an equivalent flux linking the coil-side entirely.

The eguivalent slot leskage fluxes of thc three phases

form belts around the conductors of & phase group as

shown in Fig. 2.&b, At the instant shown, the current

ia in phase A is at a maximum while the currents in the
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other two phases are -ia/2. Since the peths of the slot
leakzayze fluxes associated with the three phases are
similar, it follows that the lealkage fluxes associated
with phases B and C would be equal to helf the flux
associated with phase A. A4s a result of this difference
between the leakage fluxes, the total flux in the stator
core varies from one phase belt to the next. However,
this variation is generally small and can be neglected.
In any case, the representation of this variation in a
dynamic analogue can not be exact since Tthe relative
magnitudes of the leskage fluxes of the three phases vary
from instant to instent. Also, such a refinement is

not usually necessary as the ampere-~-turns reguired by
the stator core form a small per cent of the totsl when
the machine operates at the rated voltage.

In & practical macunine, the armature winding is
not sinusoidally distvributed., In such a machine, the
space~harmonic components of armature-reaction m.m.f.
establish fluxes which are correspondingly distributed
in vhe air-gap. A part of these fluxes also links the
field winding and suould be therefore classified as a
mutual flux. However, since these fluxes are usually
small, they are considered as forming the differential

leakage flux of the armature.



A path of the equivalent slot leakage flux
associated with the field winding is shown in Fig. 2.6D.
This path is derived by making approximations similar
to those employed in the preceding paragrephs. For a
given operating power factor, the disposition of this
path with respect to a representative path of mutual flux
is invariant with time. Therefore the influvence of rotor
slot leakage flux on the saturation of the rotor core
can be shown in a dynamic analogue.

Figs., 2.7a and b respectively show the'lumped
nagnetic circuit and the dynamic analogue of the machine.
SsL in Fig. 2.7a is an equivalent reluctance representing
the armature slot lezskage flux paths. This reluctance
has a value such that the flux associated with it is the
slot leakage flux of phase A. The significance of the
other symbols is explained in Figs. 2.7a and b. The
iron loss in the machine is approxzimately represented by
the resistance R' in Fig., 2.7b. This resistonce mainly

represents hysteresis and eddy current loss in the armature.

2.9.3. Influence of saturation on the dynouic znalogue

If the distribution of resultant flux when the
macnine 1is saturated remains similar to that under
unsaturated conditions, Fig, 2.7b will also be the

fundamental-~frequency dynamic analogue of the saturated
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macinine. The inductances L Lst and LSL will remain

g?
constant. The other inductances rcpresenting various
iron paths would be non-linesr.

However, saturation influences the path of mutual
flux through the stator and rotor teeth. When the teeth
are highly saturated, the flux passing through the
adjoining slots can not be ignored, Thesec slots form
paths magnetically in perallel with the teeth. A
magnetic circuit compcesed of one slot and one tooth in
parallel can be rcpresented by an equivalent electric
circuit consisting of two inductances in series. The
two series inductences may be replaced by an inductance
having an equivalent magnetisation characteristic. In
the same way, the inductances Lst and Lrt in the dynamic
analogue can bec mocified to include the flux passing
down the slots,

Saturation of the testh results in a flat-topped
distribution of air-gap flux density. Conseqguently a
larger flux per pole is recuired to generate a given
fundamental voltage than when the distribution is
sinusoidal. The increase in flux per pole results in
increased saturation of the stetor and rotor cores. For
a given operating condition - for example, the machine
on open-circuit-the reluctances reprcsenting the two

cores can be approximately calculated allowing for the
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distribution of air-gap flux, When the armature and
field windings are distributed sinusoidally, the resultant
m.m,f., on load has thc same distribution as the m.m.f.
with the machine on open-circulit. Changes in the
distribution of air-gap flux density due to saturation
of the magnetic circuit are vhen similar under the two
operating concitions of the machine. The sane paramcters
of the dynamic anzalogue cen then be employed to
describe the operation of the machine both on load and
on open-circuit.

When the windings are not distributed sinusoidelly,
the distribution of resultent m.m.f. with the machine
on load is different from the distribution (of field
m.m.f.) on no-load. The distribution of air-gep flux
density 1is correspondingly different. If the cheange in
the distribution is considerable, the reactances of the
dynamic anslogue do not have identical values (for the
sane fundamental voltaze across their terminals) under
the two opcrating conditions of the machine. In a
cylindrical~rotor machine, the harmonic components of
the ficld and ermature m.m.f.s are usuelly small. The
change in the distribution of resultant m.m.f. is therefore

ignored for normal calculetions.
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2.9.4. Equivalent circuit of the machine

An equivalent circuit relating the current in an
srmaturc phase to the ficld current is obtained from the
dynanic analogue of the machine by the inclusion of an
ideal transformer. The turns-ratio of this transformer
is determined by equating the fundamental components of
the field and armatuvre-resaction n.m.f.s per pole. The
derivat;on of an equivalent circuit from a dynemic
analogue is considered in greater detail in appendix A.

The peak values of the fundamental components of
the armature-recaction and field m.m.f.s per pole are

given by the following expressions. (Ref. 26, p. 227)

2.7 I_ T K
_ 8 "ph “wl
Fa = 5 2.19
K KN, I
4 “w f °F
P, = — N ==
J.f ﬂ_ P 2-20

Tph and Nf are respectively the turns per phase on
the srmature winding and the number of turns on the field
winding. =n, the turns-ratio, is obtained by calculating

<L

a ) .
the value of T from the sbove two e:ixpressions.
f

An equivalent circuit of the machine is shown in
Fig. 2.8. Ra represents the armature resistance per
phase. ng is the reactonce corresgonding to the
pareallel combination of inductonces Lst’ Lg’ LSC and Lrt
in Fig. 2.7b. However, it should be pointed out that
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the reacteances in Fig. 2.8 are not derived from the
corresponding inductances in fig. 2.7b by & simple
multiplication of the latter by . The turns-ratios
of the ideal transformers have to be taken into account
i calculating the reactonces. The method of. salculation
haos been discusscd in eppendix L. An ecuivalent circuilt
similar.to Fig: 28 has been derived by Slemon==,

The overhanyg leakage reactance of an armature
phase 1s connected in series with Ra. The reactance
;o in Fig. 2,8 is the sum of the slot leakage, overhang
leakage and differential leckage reactances of an armature
phase, The stray losses produced by the overhang lealiage
flux can be approximately accounted for by a resisfance

R connected as shown in Fig. 2.8.

2.9.5. Equivalent Tee and Pi circuits of the machine

If the 7ield leckage flux is small, the influence
of this flux on the saturation of +the votor core can be
neglected. The reactance ch in ¥#ig. 2.8 can then be
assumed to function at the same voltaze as ng. The
macinine is then represented by the Tee circuit of Fig. 2.9a.
When the circuit of Fig. 2.8 renresents an unsaturated
machine, it can be transformed into the circuit of

Fig. 2.9b. This circuit may be described as a P?i circuit,

if the resistences in the circult are ignored. Since the
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resistances can be usually ignored in comparison with
the reactances, the following discussion is based on
transformations of Fig. 2.8 performed by assuming the
circuit to be wholly recctive.

When #ig. 2.8 deséribes an unsaturated machine,
the Tee and Pi circuits derived by transformation will
be equivalent. The Tee circuit with linear reactances
Xl and X2, and the Pi circult with a linear reactance X5
will be only approximetely equivalent to the circuit of
Fig. 2.8, when the latter represents a saturated machine.

The reactcnces of the Pi circuit are given by the following

expressions.g5
X X
< gs " sLf
Xre (ng + Egnr ¥ Rla
a
I _
T X 4+ (K 4 Ko, + 85 TSLfy -
rc gs sLf Ia
X X
Y_ = . La “sLf
XB = XLa + XSLf + -——X;g;— 2.22
X . X
and XJ =X + X + —53-—22 2.2%
1 gs La STE

ng includes the linear reactonce Xg of the air-gap.

This reactance (Xg) largely determines the value of X __
- la]

for operating conditions around the knee of the open-
circuit characteristic of the machine., Even at higher

operating voltages, reactance Xg exerts a linearising
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influence on X The percentage varistions of X3 are

gs’
therefore smaller than in a transformer operated over a
corresponding range of flux densities in the yoke. The
following arguments can be employed to determine the
influence of saturation on reactanccecs Xi and X2.

If the voltage across X (Fig. 2.8) is held
constant, the voltage across ng is higher on open-
circult than on load. The reactance ng is therefore
smaller on open-~circuit than on loasd. If ch is very
small and if Xst is large as compared to XLa’ the
contribution of ng to reactence X} can be ignored. The
reactance Xé will then be a single-valued function of
the voltage across its terminals. The variations of
X with load conditions will be then reflected in

gs
corresponding variations of reactence Xi. However, if

X is small, rcactance Xi can be assumed to be equal to

Ta

ng (i.e. reactence X] will also be independent of the

load conditions of the machine). The Pi circult would
then be a good approximation to Fig. 2.8.
On the other hand, if XLa is large as compared to

XSLf and if ch is also largce, the Tece circuit becomes
a more suitable approximation to Fig. 2.8. Thus, the
Pi circuit is a‘bettcr representztion of a machine,

having a large field leakage recactence, in which the

field system 1s highly saturzble, while the Tee circuit



56

forms a better approximation when the machine has a

larze armature leakage reactance and comparatively little
saturation of the field system. However, it is later
seen that in the machines tested, the difference between
the two circuits is not appreciable. This is due to the
small magnitude of the contribution made by the ficld

leakage flux to the saturation of the rotor core.

2.9.6. Equivalent circuit of a machine operating at

power factors other than zero

If the magnetic circuit of the machine is radially
symmetrical, the dynasmic analogue and the equivalent
circuit derived in the previous sections can be employed
to describe the operation of the machine at power factors
other than zero. The space displacement of the axis
of the armature-reaction and fiecld m.m.f.s. can be
repfesented by a corresponding phase shift between the
currents in the equivalent circuit. However, the magnetic
circuit of a practical machine is not completely
symmetrical owing to the presence of an unslotted part
along the pole-axis. The length of the equivalent air-
gap along the slotted part is larzecr than that along the
unslotted part. The maximum flux density in the rotor
teeth is a function of the spatial position of the

resultant m.m.f. The reluctance in the path of the
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mutual flux is therefore different under cpen-circuit
and@ load conditions of the machine. These effects are
not considered for usual calculations. The calculations
are performed assuming the equivalent circuit describing
the machine on open-circuit to be valid under load

conditions.

2.10. Equivalent circuit of & salient-pole machine

Unlike a cylindrical-rotor meachine, the field
winding in a salient-pole machine is concentrated round
the poles. The m.m.f. established by the field current
is distribuved in a rectangular fashion over the pole-
earc. Hence, to secure a necerly sinusoidal distribution
of the air-gep flux density, the length of thec air-gap
hes to be made non-uniform., The flux density distribution
produced by the field m.m.f. F, (acting alcne) is not
entirely sinusoidal in a prectical machine.

Owing to thc distributed nature of the armature=-
recction m.m.f. and the non-uniform length of the air-gap,
the eir-gap flux density esteblished by the m.m.f. (acting
alone) is not distributed sinusoidally. HMoreover, the
flux density distribution is zlso dependent upon the
spatial position of the axis of the m.m.f. As mcntioned
earlier, this factor is taken into account by resolving

tne fundeamental armavure~rcaction m.m.f. into component
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mm,f.s5. F and Faq acting along the direct and gquadrature

ad
axes respectively. Equivalent circuits for the direct-
axis are derived in thils section.

When the machine is not saturated, the harmonic
components of ailr-gap flux do not influence the permeability
of the magnetic paths of the fundamentel flux. A dynamic
analogue can be thercfore derived to represent the paths
of the fundamental flux ignoring the presence of the
harmonic components., The m,m.f.s. included in this
analogue are not, however, the m.m.f.s. Ff and Fad' The
m.m.f.s. in the analoguc have to be defined in conjunction
with an equivelent air-gap of uniform length. This
Gefinition is &s follows.

The longth of the equivalent air-gap can be teken
to be equal to lg’ the effective air-gap at the polar
axis. The ecguivalent direct-axis armature-~rcaction m.m.f.
Féd can be now defincd as a m.m.f. which produces the
same fundamenteal flux density across the uniform eir-
gap as thut exlsting in the machine. This definition
ignores the reluctance of the iron parts of the magnetic
circuit, The m.m.f.s. F_q and Féd are related :cs
follows. Tne peek eir-gsp flux density Bgm produced by
Fad is related to it by the exnression
B x 1

_gn 8 2,24

ad ~
o
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The equivalent air-gap being also of length lg,

the m.m,.f, Féd is given by the expression

t =
Faa = Bgp ¥ 1g/M . 2.25
Bgf is the peak fundamental flux density established

'
by F,q. The m.m.f.s. Fad and Fad are therefore related

as follows.

Fad' = F 2.26

hq X Bgf/Bgm

The ratio Bgf/Bgm can be calculated by using
constants derived by Wieseman,3l These constants have been
determined by the method of flux plotting. The values
given in the reference cover a range of salient-pole
structures. These structures are defined by the ratios
of the pole-arc to the pole-pitch and the maximum to
minimum lengths of the air-gap. The actual and equivalent
field mem.f.s. can be related in a similar manner

employing a set of constants given in reference 31.

2.,10.1. Eguivalent circuit of the direct-axis

The paths of mutual flux in the stator (armature)
are similar to those in a cylindrical-rotor machine.
The latter have been discussed in section 2.9.2. The
influence of armature leakage flux on the saturation of
the stator core is ignored for the reasons set out in
that section. The path of mutual flux through the pole

is adequately described by the representative path shown



60

in Fig. 2.10., In =zddition to the mutusl flux following
this patvth, thcre is some amount of fringe flux at the
pole~tips. For calculations, the nresence of this flux
is tcken into account by modifying the reluctance of the
sir-gap.

Some paths of field leakaze flux are shown in
Fig. 2.11. This figure shows that a considersble part
of the field lezkage flux only links the winding
partially. (See also the flux plot in reference 31).
The total flux at various cross-scctions along the height
of the poles is therefore different, being a maximum in
the yoke and the basc of the pole and a minimum in the
pole-shoe. The lcakage flux paths contain a large air
sgcvion. Therefore, for the usual levels of saturation
of the polcs, the influence of this saturation on the
reluctence of the leskage flux paths and the distribution
of leakege flux may ve ncglected. As a result, the
actual field lcakage flux can be approximately renlaced
by an equivalent flux linking the field winding entirely.
This equivalcent flux includes fluxes which exist at +the
ends of the poles and the pole shoes. he path of the
ecquivalent flux is shown dotted in Fig. 2.11.

Tle flux at various scctions along the height of
the poles is then assumed to be the same., The pole system

and thc yoke are therefore represcnied by two rcluctances
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in series in the magncetic circult. The magnetic circuit
and the dynamic analogue based on the above considerations
are shown in Figs., 2.12a and b. An cqguivelent circuilt
can be obtained from Fiz. 2.12b by the inclusion of two
ideal transformcrs. The final eguivalent circuit of
Fig. 2.12c¢, including only one ideal traisformer, is
derived by the considerations outlined in appendix 4.
The turns-ratio n of the ideal transformer in Fig. 2.12c
is obtained by equating the expressions for the equivalent
earmeture and field m.m.f.s. The conditions at terminals
1-1 of Fig. 2.12c correspond to the fundemental dircet-
axis phase voltage and current in the machine, The
current at terminals 2-2 is the field current. The
significance of various resistances in the equivalent
circult has bcen expleined in section 2.9.4. The magnetic
circuit of Fig. 2.12a Las been employed by Saad Mikhail/|5
to derive a relationship bcetween the Poticr and armature
leckage reactances of a salient-polc machine.

On saturation of the megnetic system, the harmonic
components of cir-gap flux influence the reluctance of
the paths of fundemental flux (i.e. flux associated with
the fundamental air-gep flux density). Feor any one
operating condition, the rcactunces of the equivalent

circuit cen be calculated allowing for the distribution
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of the gep flux. The differcnce between the distributions
of air-gap flux in the nachine on open~-circuit and when
it is supplying e loed is more pronounced than in a
corresponding cylindrica17rcpor machine., The changes in
the distribution 6f:air-gép flux are accompanied by
changes in the waveform of the phase voltage.' Some
_records of the phase voltage of a sal1ent-pole machine
'_ion open—circuit and when the machine 1s supplying a zero
uower—factor load are included in. chapter 5.
The_changes-lnuthe dlscrlbutlcn of_gap flux
influcncetthe paramefers of the cquivalent circuit. For
exampie, for the sane fundamental flux the tctal flux
per pole is larger when the machine is supplying a load
.than when it is on open-circuit. The increaée in total
fiux results in additional saturation'of the poles, yoke
and:the stator core. Therefore, for the same voltage
,5¢#°S§ their terminals; reactences XP’ XY; and oo
(Fig. 2.12c) bave a smaller value when the machine is on
vload then when it is on open—clrcuit. -
| The equivalent circuit of Fig. 2 12¢ is more
useful for rcpresenting the direct-axis of a machine
having a large fleld leakave recctance. When such a
machine operates under load condltlons at which the field
m.m,f. is much larger than tne armature-reactlon m.m,f.

(e.g. at or above the roted termrnal voltzage), there is
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considerable seturation of the poles due to field leakage
flux. At the same time, the distribution of the resultant
air-gap flux is not significantly different from the
distridbution at thc same generated voltsege with the
mechine on open-circuit. An cgquivalent circuit with
parameters calculated on the basis of the flux distribution
on open-cirduit cen be then also employed to represent

the machine on load. The condition referred to above
would be obtained in a maciiine having a large number of
poles and a small pole~pitch. The f£ield leakage
coefficient of such o machine is usually larger than

that of & machine having a small number of poles and a
large bole-pitch. Por example, average coefficients
of.ﬁ.a and 1.2 are obtained for the two types of machines
from the values given in reference 32.

The eguivelent circuit of Fig. 2.12c¢ can be
transformed to the equivalent Tee and Pi circuits. ®Since
Figs. 2.8 and 2.12c¢c are similar; the remerks made in
section 2.9.5 can also be applied to the tramsformation

of Fig. 2.12¢c.

2.11. Equivalent circuit of the quadrature-axis

An equivalent circuit of the quadrature exis is
derived by employing the methods described in the

previous section. The only m.m.f. achting along the axis
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is Fa This m.m.f. acts on a magnetic circuit which

incluges a non-uniform zir-gap. The resulting distribution
of air-gap flux contains a substantial third hormonic.

An equivalent circuit is obtained by employing
an eqguivsalent reluctance of the air-gep. This reluctance
is defined so as to relate the fundamental quadrature-
axis flux and the m.m.f. Faq’ assuming the m.m.f. required
by the unsaturated iron u:ths to be negligible. The
equivalent reluctznce can be calculated by using the
constants given in reference 31.

The actual distribution of flux along the guadrature
axis has been shown in refersnce 31. An idealised
representation of the flux paths is shown in Fig. 2.13a.
Most of the "mutual" flux follows a path through the
pole~shoes and the upper part of the voles, The peaths
of this flux taroush the stztor teeth and core are
similar to the paths of the direct-axis flux. Ususlly
the reluctance qu of the equivelert air-gav contributes
mainly to the reluctance of the guadrature—-axis flux
paths. A magnetic circuit based on an approximate
representation of the iron paths is therefore adequate.
Such a megnetic circuit is shown in Fig. 2.13b. Sst
and Ssc are reluctances of the stator tecth and core,

and S is the reluctance of the mutuel flux path through

the pole~shoe and pole body. SsL is an cquivelent
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reluctance of the armature leakage flux paths. The
equivalent circuit derived from Fig.2.13b will include
one ideal transformer. This ideal transformer can be
remdved by referring the elements of the equivalent
circuit to the primary side of the transformer. The
resulting equivalent circuit is shown in Fig.2.13c. Ra
and Xy, are the armature resistance and armature leakage
reactance per phase. Xaq is the quadrature-axis armature-
reaction reactance. The voltage and current at the
terminals of Fig. 2.13¢c are the guadrature-axis phase
voltage Vq and current Iq. Reactances Xaq and Xy together
form the quadrature-axis synchronous reactance Xq.

When the machine is saturated, the assumption
that the direct and quadrature axes fluxes (and m.m.f.s.)
exist independently of each other is not wholly correct.
The interaction of the two axes has been examined in
references 33 and 34. However, for ordinary calculations
this interaction is ignored. In many cases the saturation
of reactance Xq is not marked and it 1is sufficient %o

use the unsaturated value of Xq for calculations.
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CHAPTER 3

Determination of the parameters of the eguivalent

Tec and Pi. circuits

5.1 Scope Two methods of obteaining the parameters of
a non-lincar equivalent Tee circuit are explaincd. These
methods are called the transfer-impedance and self-
impedance methods. The methods of determination of the
parameters of a Pi circuit are developed.

3.2 Determination of the parameters of the equivalent

Tee circuit frgm tests

A Tee circuit of inductances is shown in Ffig. 3.1a.
Wien the reactance X of this circuit is saturable, it
is possible to use its non-linear characteristics to
determine the turns-ratio n explicitly. £4s an example
may be mentioned the well-known Potier method of determining
the leakage reactance of an alternator. Two alternative
methods of deriving the Tee circuit are explained in
this chapter. These methods are called the transfer-
impedance and the self-impedance methods. The former is
applicablec when the voltages at both pairs of terminals
of thc circuit can be measured. The latter method is
a modificztion which permits the determination of the
turns-ratio when the voltege across one pair of terminals
can not be measured. This situation arises when the

‘circuit represents a synchronous machine. The voltage
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across the terminals of the equivalent circuit representing
the fieldterminalsis then not available.

Though thc methods are c¢xplained by considering the
determination of the parameters of a Tee circuit composed
only of inductances, the methods can be employed/with
small modifications, to determine the¢ paremcters of a
Tec circuit of the type shown in Fig. 4.6. (P 99).Therefore
the methods are called 'impedance' methods and not
‘reactance' methods.

5.5.17 Transfer-impedance method

This mcthod is bascd on open-circuit tests poerformed
as per Figs. 5.1 (a) and (b). Thesec tests yield the
transfer-impedance characteristics drawn in Figs. 4.3
and 4.4 (P.94-5). These cheracteristics relate voltages
V2 and V% to currents Iq and Ié respectively.

Referring to Figs. 3.1(a) and (b),

nV2 V%
X = e =
m 31 Té7n
X v 'S
; e m _ 2 1 '
which gives = = Iq = _15" 3.1.

As saturetion of the reactance Xm occurs when a
definite number of ampere~turns are applicd to it, if
1t saturates when the current Iq is equal to Ia’ it will
only saturcte when the current Ié is cqual to Ib, Ia and

Ib being related by the egquation nIa = Ib.
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Further, as the ratio of the voltages V% and V2
for the same current through Xm is equal to n, the
voltege Vi when a current Ib is pessing through Xm will
be n times as large as the voltage V2 when Ia is passing'
through it. Thus, the volt:iges VA and VB and the currents
IA and IB at the two points A4 and B on the charccteristics
of Fig. 4.4, will be in the ratio n, if the two points
represent the same level of saturation of the reactance
Xm. Conversely, if the points A and B arc located upon
the two characteristics, the ratio of their coordinates
will be cqual to n,

From cqgn. 3.1, the ratios VA/IA and VB/IB are both

equal to Xm/n. Sincc these ratios are the slopes of the
lines drawn to the two points from the origin, the points
A and B liec on the same straight line from the origin.
The points A and B, and other similar pairs of points
are, therefore, the points of intersection of the two
charactecristics with various straight lines drawn from
the origin. It may be noted thaet the points of inter-
scction are not defined in the unsaturated; lincar parts
of the two characteristics which are themselves coincident
straight lines from the origin. This reiterates the
impossibility of obtailning a singular velue of n from

tests on a2 linear circuit.
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2.%5.7.4.. Magnitudes of the reactances of the network.

Once thc turns-ratio hes been found in the above
manncr, the reactances can be easily obtaincd by using the

following formulsze.

nv
_ 2 1 .
(V - nV,5)
1. _ 1 2 7.3
1= Il
v _ 1
. (nV2 Vl) 5.4
2 - Ié/n ° e

The reactance Xm can be plotted as a function of the

voltage nv, or Vi across it.

5.%.2. Self-impedancc method.

This method can be employed to obtain a solution
of the network when one of the voltages is unknown, as
in a synchronous machine. Assuming thet the voltage V2
in Fig. 3.1(a) cannot be measured, the rcactances and

the turns-ratio arc determined in the following manner.

2+:2.2.1. Value of the turns-ratio.

Consider two points (V,, I,) and (Vz, Ig) on the
unsaturated and saturated parts of the charescteristic
showing Vl as a function of Il' Denoting the value of

the reactance Xm when unsaturcted by X the following

s’
equations cen be written down.

VA/IA = (Xuns + Xq) 2.5.
VB/IB = (Xm + Xl) 3.6,
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By subtraction, we obtain
v

K =% - (44 - 2B 3.7
uns m’ " TK Ig cfe
Two similar points (VA , IA) and (Vé , Ié) on
the graph of the voltage Vi against the current Ié will

be 'related by the equations

Vi Xuns
IA - n
I L 8 - n . .
B
s - T 1 ]
from which (“uns Xﬁ) VA _ VB ) 3.9
n iy 7 27

ot s R . . _ -
Xm will be equal to Xm if IB n = IB. If the

s _ v i .
quantities (Xuns Xm) and (Euns Xm) arc plotted

n
against IB and Ié respectively, as in Fig. 4.8*, n can

be found by locating two points P and Q the coordinates
of which &re in the same ratio. The points P and Q
cannot be directly obtained by a geomctrical construction
as in the lest method and a trial-and-error method has

to be uscd instead. Thce point P is fixed on one of the
characteristics and the ratios of the absiccae and
ordinates of the point P and points likc Q arc cxamined.
The truc point Q is obtained when the two ratios are
equal.

Since the diffcrcnce (X - Xm) is zero when the

uns
rcactance Xm is unsaturated, this method fails, as
expected, when applied to linear circuits.

*(P.106)
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3.%5.2.2. Detcrmination of the reactances:

The recactance Xm is calculated from egn. 3.8 and
can be plotted as a function of thc voltage across it.
The value of £ is given by eqn. 3.6.

In order to find the recactance X2, an additionsl

short-circuit test has to be performed as shown in Fig. 3.2.

The ratio of the terminal currents is glven by the

equation
I2sc - Xm I
n X2 + Xm 1sc
5 s — . n -
waence an = XmCIlsc' ~'I-2—S—C— l) %.10

The reactance Xm will be equal %o Xuns for the usual

values of the short-circuit current.

%.3%.3, Potier mcthod.

The Potier mcthod is an alternative method of
obtaining the turns-ratio whcn onc of the voltages is
unknown., It is widely employed for the determination of
the armaturce leakcge rcactance of synchronous machincs.8

The rcactance X,l is found in this method from the
cheracteristic relating V) to Ié obtaincd from the no-
load test of Fig. 3.1(b), and the zero powcr-factor
characteristic relating the two quantities when a
variable, purely reactive load is connected to the pair

of terminals 1-1, the current through the load being kept
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constant, The two chareacteristics are shown in Figs.
4.9a and b. (P.112-13)

The recactance is determincd from a triangle ABC*
constructced by drawing the base CB cqual to 00' (the
current 1) at short—circuit)jand the linc BA, parallel
to the straight-line part of the open-circuit characteristic,
to intersect the choracteristic in A. The altitude AD of
the triangle represcents the voltage drop ILXl’ and,
since IL is known, Xl can be found.

The turns-ratio is thc rabtio of the currcent
rcpresented by the length CD and the current IL.

The reactance Xm is determined from the open-—
circuit cheracteristic by using eqn. 3.8, and the
rcactance X2 from the short-circuit test of Fig. 3.2
and eqn. 3%.10.

Sincc the open—ciréuit and zero powcr-factor
characteristics arc parallel straight lincs when the
circuit is unsaturatcd, the above construction fails to
yield a trienglce with & definitc altitude and, thorcfore,
a definite valuc of n, or Xl, in that region of the

characteristics.

*(Fig. 4.9a)
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3.4. Solution of the Pi network.

2.4.1. Determination of the rezactances from open—-circuit

tests.

If the turns-ratio of the ideal-transformer in

Fig. 3.%. is known, thc rcactances of the Pi circuit
can be found from the open~circuit tests shown in Figs. 3-3

and 3.4 by using the following formulae.

(V3 - V) .
XB/n = ___TI_— (Appendix B) 3.11

v v
X! = l = = l
1 TR T OER T
S %.12
3 %3
nV2 nVé
- R o R A e £ B
RS Iy/n - X

However, as shown in Appendix B, n cannot be
explicitly determined from the terminal tests, whether
the reactances Xi and Xé are saturable or not. The only
method of obtaining & solution of the nctwork is to
agsume a suiteble velue of n, for cxample, the ratio of
the voltages Vl/V2’ and calculste the rcactances from

the above equations.

2.4.2. Dectermination of the recsctances if one of the

voltages is unknown

If the voltage across a pair of terminals (Voltages
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vV, and Vy, for cxample) is unknown, the reactances
cannot be obtained from the above equations and the
following procecdure has to be adopted instecad.

The transfer impedance of the nctwork is cqual to

Vg.'.'_ = XJ" Xé - 1 2.4
- T ] hd
Il Xl + X2 + X; n

The ratio of the currcnts with the terminals 2-2 short-

circuited (Fig. 3.5) is given by the expression

I2sc - n i
Tisc X+ %3
from which X,/X! = (n lise - 1) 5.15
c /%] = - T D

2sc
Similarly, the ratio of the currents with the terminals

1-1 short-circuited is equal to

-1
Thgd @ o+ Xa
from which X I
Xg nIlsc‘

If all thc above tests are performed at voltage
levels which do not cause saturestion of either Xi 6r X'2,
the three rcactances can be determined from the above
equations for any assumcd velue of n.

The values of Xi and Xé when saturated can be
determined from graphs of the voltages V2 and Vé against
the currents I1 and Ié respectively. From a point just

above the straight-line part of the characteristic
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relating Vé to Ié at which the voltage im Véz , and at
which th¢ reactance Xi may be assumcd to be unsaturated,
the current Iéz through Xé and, hencce, the value of the
rcactance Xé at the voltage Vég can be determined.

The value of the reactznce Xi at the voltage
(Vé2 + I35 x XB) is found from the g?aph of the voltage
V2 ageinst thc current Il‘ By locating
the point on the graph of the voltage Vé against Ié
at which the voltage across Xi is (VéE + Iég X XB)’ the
value of Xé at a higher voltage is obtaincd. Through a
repetition of this process, the reactances Xi and Xé
arc obtained as functions of the voltages across their
terminals. Thce results can be alternatively presented
in the form of charactcristics relating the volteges

across the reactonces to the currents through then.

3.5, Bolution of a circuit containing four reactances

As pointed out in the previous chapter, the
equivalent circuit of Fig. 2.8 (P.48 ) can not be
exactly reduced to the Tee and Fi circuits containing
lincar scrics elements. Consider the simpler circult
obtained by ignoring the resistances in Pig. 2.8. It
is possible, in theory, to determine the reactances
of this circuit from terminal tests. A possible mcthod
of determining the reactances would consist of synthesising

various circuits from some of the terminal charactcristics,



85
using diffcrent assumed values of n and the ratio
Xst/XLa° The circuits so obtained can be employed to
'prcdict' othcer terminal characteristics. The accuracy
of the assumcd values of Xst/XLa and n is indicated by
the agreement betwecn the predicted and test characteristics.,
An approximate circuvit heving terminal characterisziiidjmes
in good agreement with the test charccteristics cankbe
cbtained by this means.

This method can be successfully used only if the
recactances XSLf and XLa significantly influence the
terminal charccteristics. These reactanccs are usually
small in a circuit representing a synchronous machine.
Thercfore, large changes in thc values of these recactances
alter the terminal characteristics to a comparatively
smell extent. The method outlined ebove will therefore
yield & number of circuits having characteristics in
similar agrecment with the test characteristics (i.e. a

singuler solution can not be obtained).
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CHAPTER 4

Equivalent Circuits of a two-phase machine

4.,1. Scope. Tests on a two-phase induction nmotor at

stand-still are described. The characteristics obtained
from these tests arc cmployed to determine the parameters
of the equivalent Tee and Pi circuits of the machine.
Equivalent circuits are also derived from characteristics
obtained by testes on the machine as an alternator., The
rclationship between the charocteristics obtained from

tiie two types of tests is explained.

4,2, Choice of the test machine

The methods of determining the paremeters of the
Tee and Pi circuits outlined in the previous chapter
could have been illustrated by tests on & two-winding
transformer. An induction motor was employed as the test
machine mainly becwzuse it could be operated both as a
trensformer and as an alternator., This facility is not
rezdily available in an alternator of normal design. In
such an alternator, the field inducticnce is usually
lerze., In addition, damper circuits are often nresent
on tvhe field system of the machine. TFor both tihiese
reasons, &en alternator of normal design can not be

€asily tested as & transformer.
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The facility offered by the incuction motor has
mcde it possible to illustrete the similarity that
xists between a trunsformer and an alternator even when

tne megnetic systems of both are saturated.

4,5. Specifications of the test apparatus

4.%3,1, Test machine

A slip-ring induction motor of the following
specifications was employed as the test machine.

Make

s

A.%.G., Berlin.
Rated voltage : 100 volts

Horse-power 2

Rated speed 1550 r.p.n.

Humber of poles : L
Humber of phases : 2

Single-layer windings with concentric coils were
employed both on the stator and rotor of the machine.
The windings on the stator and rotor were housed in 32
and 48 slots respectively. The lay-out of the windings
is shown in Figs. 4.1a and b. The resistanccs of the
stator and rotor pvhases were measured and found ©to be
0.49 and 0.3 ohm per phase respectively.

When operated cs cn alternator, the michine wis
driven by & 2 h.p., 200 volts, seprrately-excited a.c.

motor.
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4.5,2, Voltage sources

90

and measuring instruaents.

The variable voltaze supply recuired for tests on

the machine at stand-still was obteined from a single-~

phese "Variac" auto-transformer of the following

specifications.

Make

X3

Type
Input voltage :
Output voltage :
Maximum Current :

D.C. suprlies for

Claude-Lyons Ltd.
50 - B

250 volts

0 - 270 volts

20 amp

the driving motor and for exciteation

of the winding forming the field winding (Quring tests

on the machine =s an alternstor) were obtained from 200

volts and 12 volts supplies in the laboratory.

Multi-renge rectifier~type and moving-iron type

voltmeters were cmployed for the measurement of voltoges.

The proportions of the fundemental and harmonic components

of voltazes and currents were measured by ucing a

'Radiometer' wove-~anclyser.

55

Alternating currents

were measured with moving-iron type ammeters, Moving=-

coil instruments were employed for the me:surement of

direct currenvs.
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4,3,%, Zero power factor load

Two out of & set of three similaer air-cored recctors
were employed as the zero power factor load., Iach of
the reactors consisted of two colls mountecd on wooden
boards capeble of relative movemeut. These coils were
gach wound in threc concentric sections which could be
interconnected in various ways. The colls themselves
could be connectcd in series or parallel, aiding or
opposing., Thus, a very wide renge of inductance © could
be obteined et the terminals of the rcactors.

Bach sectlon of thie colls had a recistonce of
C.55 ohm , a spccified sclf-inductance of 0,011 H, and

2 specified maximum mutual inductince of 0,0045 H.

4.4, Open-circult charactceristics of the machine &

staend-still

Tcsts on thie machine at stend-still were performed
with the rotor placed in a position ot which the axes
of the stetor ond rotor phascs were coincident. This

)

position was located by exclting & stator phose and
slowly turning the rotor till the voltage induced in a
rotor phuse was a meximum. The voltage induced in the
otner rotor nhase was very nearly zero for this position

of the rotor.

Open-circuit tests were performed as por Figs.
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3.1a and b. (p.73). The characteristics obtained from
these tests are shown in Pigs. 4.2, 4.3 and 4.4, The
reason for the use of both a rectifier and a moving-
iron type voltmeter is explained below.

On saturation of the machine, the exciting current
contained a third harmonic component. This component
caused third harmonic voltage drops across the leakage
reactances of the source and the winding excited.
Consequently, both the voltage applied to this winding
and the voltage induced in the open-circuited winding
contained third harmonic components. These components
were so disposed as to cause the waveforms of the two
voltages to be peaked.

From the test results, discussed in the following
sections, it is seen that the leakage reactances of a
stator and a rotor phase respectively form approximately
14 and 5 per cent of the minimum magnetising reactance.
Since the leakage reactances are small, their values
determined from tests are subject to errors. Some of
these errors could be avoided by a suitable choice of
measuring instruments. The choice of the type of
voltmeter may be mentioned as an example. The indication
of a rectifier-type voltmeter is considerably influenced
by the waveform of the measured voltage.36 On the other

hand, the indication of a moving-iron type voltmeter is
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substantially independent of the waveform of the voltage.
To assess the magnitude of the error caused by the use
of a rectifier voltmeter, both types of voltmeters were
employed to measure various voltages. From Fig.4.2
it can be seen that the maximum difference between the
values of voltage V; indicated by the two voltmeters is
approximately 1 per cent. The maximum difference between
the indicated voltages in graph b, Fig. 4.2 is 2.5 per
cent. The values of the induced voltages V2 and Vi
indicated by the two voltmeters differ by a maximum of
5 per cent. Of the values quoted above, about 1 per
cent may be ascribed to instrumental errors. The remaining
difference mainly arises from the influence of harmonics
on the indications of the rectifier voltmeter.

A resistance of 0.1 ohm was connected in series
with the winding excited. The fundamental and harmonic
components of the voltage drop across this resistance
were measured. These measurements showed the fundamental
and third harmonic components to be the prinecipal
components of the exciting current. The ratios of the
third harmonic and fundamental components of the exeiting
currents were calculated from the measured voltages.
These ratios were employed along with the indicated
currents to obtain the corresponding fundamental components

of the exciting currents. The fundamental components
%X These remarks  ave made i th ,SPGC,B‘C y’ef)oyen ce to the
wWavelorms  obtained  chring  the  Tesks.
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are plotted azeinst the resnective indicated currents

in Fig. 4.5.

4.4.1. Errors involved in thc neglect of iron loss and

resistances of the windings

The methods of determination of the mcrameters of
the Tee and Pi circuits discussed in the preceding
chepter refer to »urely inductive circuits. An equivalent
circuit of the test machine includes resistuances
representing copper and iron losses in the machine.

These resistances are placed in the cgquivelent circuit

as shown in Fig. 4.6. Somec obscrvations on the errors
involved in celculating the paremeters of the Tee circuit
ignoring tuc¢ resistances are made in the following
paragraphs.

The transfer-impsdance chorscteristics drawn in
Figs. 4.3 and 4.4.are the choracteristics of the
impedance Zm/n. Z_ is the impedance formed by the

m
parzllel combination of R' amd X . Figs. 4.3 and 4.4
show straight lincs drawn from the origin to iantersect
the two graphs. Corrcsponding points of intzrsection,
such as A and B in PFiz. 4.3, represeant operating
conditions <t which Zm/n hzs the same value.
A compzrison was made of tie rutios of the third

hornonic and fundementzl components of bthe induced
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volteges at various pairs of corresponding points in
Fig. 4.3. This comnarison showcd thc ratios ussociated
with Vi to be approximately 2 per cent larger then those
associated with V2. This differcnce betwsen the two
ratios is small and can be ignored. Hence the waveforms
of the induced volt:iges at corresponding voints on the
two graphs may be assumed to be similar. The equality
of the vclues of impedance Zm/n a2t these points then
implies the equality of voltiges Vi and nVe. Therefore,
the ratio of voltages Vi and V,, or currents I} and Il,
at corresponding points is e¢gual to n. The preseance or
absence of R' hence does not influence the turns-ratio.
An approximate indication of the error ceused by
evaluating Xm ignoring the presence of R' (Fig. 4.86)
is obtained as follows. If the small phzse difference
between Vq and V, is ignored, the component of I in
phase with V1 may be assumed to be the current through
R'. Then the quidrature component of Il represents the
current through Xm. The phase-anele between Vl and Il
was measured and found to be of the order of 80°, The
in-phase and quadrature components of Il are therefore
equal to 0.173% Iq ana 0.985 I respectively. Hence,
the value of Xm obtained by dividing nV2 by Il is 1.5
per cent smaller than that obtained by dividing nV2

by 0.985 I,. Since the error involved is small, X
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hes been calculated ignoring the influence of R'.

The reactence Xl was calculated foom a set of
measured values of Vqys V2 and I1 teking into account
the phese relationship between V1 and Il' The voltasze
drop across the winding registance Rl was also taken
into account. The colculated value of Xl w=zs found to
be within 4 per cent of the vilue obtaoined by dividing
the arithmetic difference bebtween Vl and nV2 by Il'

An average value of reactonce X2 = 0,45 ohm was
obtained from calculations in which the resistances R2
and R' were ignored. This vclue is 0,05 ohm larger
than the reactuance calculated teking the resistences
into zccount.

The avove results indicate that the errors involved
in ignoring the resistances in the equivalent Tee circuit
are small. This conclusion would also apply to other
methods of determination of the parameters of the Tee
¢circuit. In addition, the results 2lso show that the

eremeters of the Pi circuit may be cdetermined ignoring

RS

the resisbances in the eguivaleut circuit.

4,4.2, Parameters of the equivalent Tee circult

determined by the transfer-inpedance method

The cvercpe values of n obteined from Figs., 4.3

and 4.4 are 1.81 and 1.78 respectively. The variations
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in the values of n cver the range of the test characteristics

amount to 2 per ccot of the average values. The

difference between tThe two averapge velues of n and the

voriations in its values could arise from instrumental

and graphical errors of the order of 1 »er cent.
Lguation 5.2 was emploved to calculaote the values

of Xm. The calculated values are plotted in graphs a, b

and ¢, Fig. 4.7a as functions of the measured velues of

I Graph a2 shows the values of Xm calculated by using

1
thie volteges indicated by the moving~iron voltazeter and
the fundamental component of Il. Graph b siiows the values
thot were cbtained by employing the voltoges indicated

by the rectifier voltmeter and the indicated current Il.

The velues of determined by using the voltages

£
indicated by the rcctifier voltmeter and the fundamental
component of Il cre plotted in graph c.

An average difference of 5-per cent between the
rezctances in areniis a antG ¢ rejdresents the error caused
by the use of the rectifier voltmeter, The error

resulting from the use of Tthe indicated current instead
of its fundcmental component is reprcecsented by the
verticul interccpts between graphs b and c.

The reuctcnce Xl was calculated Trom operating

points situated in the saturated rezions of the test

characteristics by employing cquatvion 2.%. The calculated
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values are plotted as functions of the indicated current
Il in yrapnsa, b and ¢, Fig. 4.7b. The grephs are
denoted by symbols corresponding tc those employed in
Pig. 4.7a. The sigznificance of tiese symbols has been
explained above. The slopce of the unsaturated part of
graph a, Fig. 4.2 rcpresents the reactance (Xuns + Xl)
wirile the slope of the unsaturated part of the transfer-
impedance characteristics represeants the reactance

X /n. The resctance Xl could be calculeted as the

us

difference between (X + Kl) ond n % Xuns/n. However,

uns
the reactance obtained by this calculation is considerably
influenced by small errors in the measurcment of the two
slopes. It may be observed from Fig. 4.2 that the
possible error in the value of regctance (Xuns + Xl)

1s of ‘the order of an ohm. Hence, assuming that

X 1s cxactly determincd, thc value of Xl could be

uns/n
in error by an ohm. Graphs &, b and ¢, Fig. 4.7b are
partly drawn dotted to indicete this uncervain nature of
the reactence, The velucs indicatced by the dotted lines
are nominal values of the reactance.

The average values of Xl obteined from graphs a
and ¢ differ by approximately 20 pner cent. This
aifference is »noartly caused by the influence of hermonics
on the voltages indicated by the rectifier voltmeter.

A tart of this difference (about 10 ner cent) could be
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the rcsult of errors in the measurcument of voitages.

The difference between grophs a and ¢ illustrates the

nced for o proper choice of the measuring instruments.

Graph d, Fig. 4.7b shows the values of X2 caleulated

by using eqguntion 3.4, The fundamentol components of

Vé, Vi and Ié were cmployed in these czlculations., The
variations in graph 4 occur on zccount of the small
magnitude of XE' These variations could be coused by
cxperimental cnc zgraphical e¢rrors of the order of 1 per
cent., An approximcte vclue of 0.45 ohm' cann be cmployed

for this rcactance,

4,4.3, Porameters of the equivalent Tce circuit

calculated by the self-impedance method

This method has been employed to determine an
average value of the turns-ratio from the test
characteristics drawn in Figs., 4.2 and 4.3. The
voltages Vs and Vé ore cssumed to be unknown.

Fig. 4.8 shows the reacvances (X - Xm) and

uns
(Xuns - Xm)/n plotted &s functions of I, and I}
respectively. The mcthod of determining n by locating
corresponding points on the two characteristics is
illustrated by points P and Q. An averaze turns-ratio

of 1.8 is obtainced from choracteristics 2 zcnd b in

Fig. 4.8.
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As stated earlisr, the possible error in the
measurement of the slope of the linear part of graph &,
Fig. 4.2 is of the order of an ohm. To obtain an
indication of the iniluence of such an error on the turns-
ratio determinced by this method, en additionsl
characteristic ¢ has been drawn in Fig. 4.8. This
characteristic is displaced from b by an ohm, An average
turns-ratio of 1.89 is obtained from grephs a and c.

Reactance Xm is directly proportional to n. Therefore,
the values of Xm corresponding to the valucs of n quoted
above are determined by multiplying the reactances
obtained from graph a, Fig. 4.7a by the factors 1.8/1.81and
%f%%. Both the values of n (1.8 and 1.89) have been
used to calculate X;. Graph &, Fig. 4.88 shows the
values of Xl corresponding to 2 turns-ratio of 1.8. The
average reactance from this graph is within 5 per cent
of ©he reactance obtained from graph a, Fig. 4.7b. The
values of Xq corresponding to a turns-rotio of 1.89 are
plotted in groph b, Fig. 4#.8e. The avercge rcactance
determined from groph b is approximately 40 per cent
lower than that obtained from groph a, Fig., 4.7b., In
addition, the reactance in greph b, Fig., 4.8@ varies to
& grester extent theon the reactences in graph a, Pig. 4.7b

and greph &, Fig. 4.8a.
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Better approximations to n and Xl can be determined
if it is known (ag in the present case) that Xl is nearly
constant at all operatiag points on the test characteristics.
The following procedure is employed to determine better
valuecs of n and Xl.

The symbols Xll and qu denote the values of Xl
corresponding to turns-ratios of nq and Ny Manipulation
of cquation 3.3 leads to the following expression relating
qu and an.

(o -my) 1y Vp

X,IE = X,],] - . Il L"o’]

The reactances qu and qu can be evaluated from
the currents and voltages at various operating points
on the¢ test characcteristics. The values of qu and qu
will be related in eacih case by an expression similer
to equation 4,1, If n, were to be the "corrcct! value
of the turns-ratio, the values of Xqo in all such
expressions would b¢ equal. Therefore, when N is not
known, its valuec can be decitermincd by equating two
cxpressions similar to equation 4,1. The reactance qu
can be then obtcined by substituting the value of ny
in one of the expressions.

The procedure outlined szbove was used to calculate
better approximations to n ond Xl. A turns-ratio of

1.89, detvermined from sraphs a and ¢ in Fiz. 4.8, wes
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employed as ny. Values of the reactance Xll ware
obtained from grcoph b, Iig. 4.8a. A value of n, = 1.84
was obtained by equating the vzlucs of xll at 5.0 and
15.0 amp . The corrcsponding value of resctance qu is
1.2 ohms. It may be notcd that no, is closcr than n,

to the turns-ratio of 1.81 determined by the tronsfer-
impzdance mecthod. Also, the reactance Lyp 1s in better
agreemcnt with thie averzge rcactance obtecined from graph
a, Mg, 4.7b than cither of the two values of qu.
Similar calculations were performed using other pairs of
points on groph b, Fig. 4.8a. These calculations
yielded different values of n, and LOPY However, all
these values werc better approximations to n and Xl

than the origincl values employed in the calculations.
This procedure will yield incorrect resulvs when the
reactance Xl is not constant over & range of opcrating

points on the characteristics.

4,5, Potier-type tests on the machine

Potier-type tests were performed on the machine at
stand-still, A rotor phase was employed as the primary
winding of & transformer. The stetor phase located with
its axis coincident with that of the rotor phase formed
the secondary winding. One of the recctors described in

section 4.%.% was employved as the load., A zero power
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factor characteristic, relating the voltage at the
terminals of the secondary'winding to the primery current,
wes obtained by varying the primary voltage and load
recctance, keeping the load current constant. A Potier
test wes also pecriormed on the machine by opereting it
‘f:yvo - phase
as a A alternator. A rotor phose was employed as the
field winding. A load current of 4,5 amp wes employed
for both types of tests., The terminal voltages were
measured with 2 movihg~iron voltmeter.

Figs. 4.9a and b show the charzcteristics obteined
from tests on the machine at stand-still. The reactances
calculated Ifrom the altitudes of various Potier tricngles
are plotted in graph a, Fij. 4.10 against the open-
circuit voltoges denoved by the vertices of the triangles.
An indication of -the possible error in the Potier
reactance is provided by a comperison of the velues of
tne reactance obteined from triangles PQR and P'Q'R in
Fig. 4.9b. The difference Q' corresponds to an error
of 1.2 per cent in thc mecsurement of primary current
at the point R. The difference between the reactances
determined from the two trisngles is 0.2 ohm . The
possible error in the Potier reactionce evalvated from

riangles located in the pertizlly seturcted regions of
the test cherzcteristics (below S0 volts on the open=-

circuit charecteristic) is larger.
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An explicit value of Potier reactance can not be
determined from the linear regions of the test
characteristics. Hence, a value of the reactance equal
to the first explicitly determined value has been adopted
in this region. Graph a, Fig. 4.10 is then produced
back to the ordinate-axis as shown by the dotted line.

The equivalent primary current is represented by
the length SR in triangle PQR (Fig.4.9b). The turns-
ratio is equal to the ratio of this equivalent current
and the load current. An average turns-ratio of 1.82 is
obtained from various Potier triangles. This ratio is
in good agreement with the average value of 1.81
determined by the +transfer-impedance method. An average
Potier reactance of 1l.55 ohms is obtained from graph a,
Pig.4.10. This reactance compares with an average
reactance of 1.4 ohms determined by the transfer-

impedance method.

L,5,1. Results of Potier tests on the machine operating

as an alternator

Figs. 4.11 a and b show the characteristics obtained
from tests on the machine as an alternator. The linear
part of the zero power factor characteristic drawn dotted
was obtained from a preliminary test. The slope of this

line 1is slightly smaller than the slope of the open-
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circuit characteristic, and, consequently, Potier
triangles like ABC in Fig. 4.1la can be fitted between
the two characteristics. The Potier reactance calculated
from this triangle is much larger than that calculated
from the altitude of triangle A'B'C' (Pig. 4.11b). (The
base B'C' is equal to BC).

An examination of the wave-form of the short-
circuit current in an armature phase showed the current
to be distorted. The harmonic components of this current
were measured using the Wave-analyser. These measurements
showed the third and fifth harmonic components of current
to be 0.14 and 0.135 of the fundamental component
respectively. In addition, it was observed that the
terminal voltage when the machine was loaded was initially
distorted. For example, at an indicated terminal voltage
of 25 volts, the third and fifth harmonic components of
voltage were respectively 18 and 22 per cent of the
fundamental component. Both the current and the voltage
became increasingly sinusoidal as the load inductance
increased. Thus, at a terminal voltage of 45 volts, the
third and fifth harmonic components of voltage formed 6
and 8 per cent of the fundamental component respectively.
The load current was practically sinusoidal for terminal

voltages above 25 volts.
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The presence of harmonics in the short-circuit
current caused the moving-iron type ammeter to indicate
a current 1.02 times larger than the fundamental
current. The zero power-factor characteristic was
obtained by keeping the indicated armature current
constant. Therefore, the component of armature-reaction
m.m.fs due to the fundamental current was smaller at
short-circuit than at other points on the characteristic
(at which the load current was practically sinusoidal)
by a factor of 1.02. The field current was correspondingly
smaller than that required to circulate a fundamental-
frequency short-circuit current of 4.5 amp. The use
of a smaller field current at short-circuit as the base
of the Potier triangles leads to triangles such as ABC
in Pig. 4,11a.

The presence of harmonics caused the voltmeter to
indicate a voltage larger than the fundamental terminal
voltage. The slope of the linear part of the zero
power factor characteristic obtained by plotting the
indicated voltages is therefore larger than the actual
slope. This increase in slope partly compensates for
the reduced field current at short-circuit. No such
compensation however occurs for terminal voltages above
45 volts. At such voltages the difference between the

indicated terminal voltage and the fundamental voltage
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is negligible.

An exemination of the field current with the
armature short-circuited showed th&t the current
contalned a harmonic componcnt. To suppress this
component, an inductor was connected in series with the
field winding. It was observed thit on suppression of
the harmonic component of field current, the armsture
short-circuit current becume nesrly sinusoidal. This
observation could be explained as follows. The third
harmonic component of the field m.m.f. at short-circuit
induced a third harmonic voltage E5 in the armature phases.
This voltage caused a third harmonic current 15 to flow
through the short-circuited armature phases. The
current 15 establishedam.m.f., the fundamental component
F5 of which revelved at three times the synchronous
speed in a direction oprosite to the direction of rotation
of the rotor. (Ref. 8, p. 218). 4 fourth harmonic
voltagze was conseguently induced in the field winding.

A currcnt I4 was established in the closed path formed
by the field winding and a potential-divider arrangement
of resistors connccted across the winding for the control
of field excitetion. This curwent I,+ set up a pulsating
m.m.f, the space fundemental of waich could be resolved
into two equal m.m.f.s (Ref. 8, p. 201) rotating at four

times the synchronous speed in opposite dirsctions.
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These m.m.f.s, revolved at threc and five btimes the
syncnronous speed with respect to the stator. The
component revolviny <t three times the synchronous speed
reacted with the m.m.f. I, while the other component

2
caused a fifth harmonic current to flow in the stator
phascs.

Siance the 'forward' and 'backward' rotating components
of the m.m.f. e¢stablished by current I4 were equal, each
of the compecnents could be associated with a current
I4/2. Fig. 4.12a shows an eguivalent circuit relating
the third-harmonic current I5 and the current I4/2.

This circuilt is derived by regarding the two currents
as currents in the stator and rotor windings of an
induction motor having balanced two-phase windinzs on
the stator and rotor. This machine is coannccted to a
third-hermonic source E3 and is dviven at a slip of 4/3,
The reactaaces X] end X% ip Fig, 4,12a are the lecakage
and megnetising rceactunces, at fundamental freguency,
measured at the terminals of 3 stator phase. These
reactznces are aprroximately equal to the reactances
Xl and Xm determined by tests on the actual machine at
stenud-still. Xg is the referred leckecze reactance of a
rotor phase measured at fundamental frequency. This

reactance is also nearly equal to X2. Rt 1s the total

resistance in the path of current Iq. The turns-ratio
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n' is nearly equal to ratio n obtained from Fig. 4,3,
An equivelent circuit relating the {ifth Lharmonic current

15 induced in a stator phase to the component 14/2 is

~

~

shown in Fig. 4.12b.
The insertion of an inductor in scries with the

field winding is reprcesented by an increase in reactance

'y

”5 in Pigs. 4.12a and b. For the same driving voltage
E5’ the currents 15, 15 and 14/2 are consequently
reduced. As far as thce harmoanic components of load
current are concerned, an increase in the load inductence
is represented by an increase in Xi in Figs. 4.12a and

b. A simplified anclysis shows that currents I5 and 15
decrease even though the voltage E5 increases with
increesing field current. The connection of an inductor
in series with th:e ficld winding lecads to further
suppression of the harmonic components of load current.

An approximute indication of the relative magnitudes
of I5 and I5 can e cobtaincd 1if it is assumed that
rcactances BXE and BXE in Pizs. 4.12a and b can be
ignored in comparison with the impedances connccted in
parallel. The currents 15, Iq/2n' and 15 then become
equal. The measured third and f£fifth harmonic components
of the¢ short-circuit current in a stator phasc respecitively
form 14 and 13.5 per cent of the fundemental componcnt.

The egrecment between the two velucs shows that the
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above approximation is reasonable. In the foregoing
explanation no mention has been made of the third and
fifth harmonic components of short-circuit current caused
by the fifth harmonic voltage induced in a stator phase
by the field m.m.f. This voltage is small in comparison
to the third harmonic voltage E3 and hence its effect

has been ignored.

In the alternators employed in practice, the three
phases are usually connected in star. By performing the
short-circuit test by connecting together the three line
terminals of the machine, the third harmonic component
of short-circuilt current is suppressed. The fifth
harmonic component is small. Therefore the short-circuit
current is nearly sinusoidal in such machines. In
addition, the voltage across a phase is deduced from the
measured line-to-line voltage. By this means the
influence of the third harmonic component present in the
phase voltage is eliminated. Hence, the effects discussed
above are not present during tests on a normal three-

phase machine.

L.5.,2, Leakage reactance of a stator phase obtained

from tests on the machine as an alternator

The linear part of the zero power factor

characteristic drawn solid in Fig.4.lla was obtained
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by performing the Potier test with an inductor connected
in series with the field winding. Checks made at some
points on the characteristic showed that the presence or
absence of the inductor did not significantly alter the
remaining part of the characteristic.

The slopes of the linear parts of the open-circuit
and modified zero power factor characteristics are nearly
equal. The effect of an increase of 0.3 amp in the base
of the Potier triangles may be assessed by comparing
the reactances obtained from triangles A'B'C! gnd A"BY"C!
in Fig.4.11b. The reactances obtained from these two
triangles differ by 0.3 ohm. Hence the effect examined
in the previous section does not materially alter the
reactance obtained from triangles such as A'B'C',

Changes in the length of the base, however, significantly
alter the reactance evaluated from triangles such as ABC,
Fig. 4.11a.

Graph b, Fig. 4.10 shows the Potier reactance
determined from Figs. 4.11a and b. Considering the
inherent inaccuracy of the method, the agreement between
the reactances shown in graphs a and b is satisfactory.
An average turns-ratio of 2.58 is obtained from Figs. 4.1lla

the expecled value ¢}
and b, This ratio is very nearly A J2 times the average

turns-ratio of 1.81 determined from Fig. 4.3, The Lurns —wailios

are vrelated by the dacly V2 Owing 1o he —iach thal in one
case the uns-rdlio  is  the aafio of ke y.m.s. valwes of The
€6Vu|mlen3‘ a”ernc\'ﬁnﬂ curvenl i the  yefor and e Joad (MYYG’nL‘/

while 1 the other case it is the villic o} the eguivalent
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divect - cavrent n the volor end the Aoad  current.
Efforts made to determine the leakage reactance of
a rotor phase by the Potier method were not successful

owing to the small magnitude of the reactance.

L4,5.3. Relation between the characteristics obtained

from tests on the machine as a transformer and

as an alternator

The +test characteristics of Figs. 4.9a and b can
be related to those in Pigs. 4.1la and b by the following
considerations. The relation between the open-circuit
characteristics in the two sets of figures is comnsidered
first. For brevity, the operations of the machine as a
transformer and as an alternator are respectively called
mode A and mode B operation of the machine. The effect
~of hysteresis is not taken into account in the following
explanation.

Consider operating points on the two sets of open-
circuit characteristics such that the d.c. and peak a.c.
excitations at these points are equal. (These points
are referred to as ‘'"corresponding" points in the
ensuing discussion). The distribution of air-gap flux
density at the instant that the current in mode A operation
is a maximum would be the same as the distribution due
to the field m.m.f. This similarity between the two

distributions holds i}respective of the extent of
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saturation of the magnetic circuit. A set of open-
circuit characteristics is drawn dotted in Figs. 4.1lla
and b. These characteristics are obtained by re-plotting
the open-circuit characteristics in Pigs. 4.9 and b in
terms of the peak a.c. excitations. These peak excitations
have been approximately calculated by the addition of
the peak fundamental and third harmonic components of
the exciting current. Any phase displacement between the
two components caused by hysteresis has been neglected.
The factors causing the difference hetween the dotted
and experimental characteristics are explained below.

At corresponding points on the open-circuit
characteristics in Pigs.4.9 and 4.11, the voltage
induced in a stator phase by the fundamental component
of air-gap flux is the same for both modes of operation
of the machine when it 1s unsaturated. However, additional
fundamental-frequency voltages are induced in mode A
operation by the fluxes distributed harmonically. These
fluxes induce harmonic voltages in a stator phase in
mode B operation of the machine. Therefore, to obtain
the same fundamental voltage, the field excitation has
to be increased to a value larger than the peak a.c.
excitation. The proportion of the additional fundamental-
frequency voltage induced in mode A operation by the

harmonically-distributed fluxes can be calculated by the
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following expression.
B Kn

Efy is the voltage induced by the nth harmonic component

Efn
Ep

1
n

of air-gap flux. By, is the peak value of the corresponding
flux density. Kyn 18 the nth harmonic winding factor of
a stator phase.
For operating voltages at which the magnetic circuit
is unsaturated, the ratio By,/B 1 is equal to the ratio
of the corresponding components of the m.m.f. established
by a rotor phase. The distribution of this m.m.f. is

approximately described by the following equation.

N
F =§T P—f i /0.902 gin © + 0.103 sin 36/  L.3

We is the number of turns on a rotor phase. i is the
instantaneous current in the phase and € is the angle

in electrical degrees measured from the inter-polar axis.
The coefficients in the above expression are respectively

equal to K& and K&B/B, where K@n is the nth harmonic

1
winding factor of a rotor phase. The winding factors
of a stator and a rotor phase for the fundamental and
third harmonic components are equal.

The ratio EEB/Efl calculated from equations 4.2

and 4,3 is 0.013. In order to secure an increase of

1.3 per cent in the fundamental terminal voltage, the
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field current has to be 1lncreased correspondingly when
the main magnetic circuit is unsaturated. The slopes of
the linear parts of the two open-circuit characteristics
in Fig. 4.11a should then differ by a corresponding
amount. However, since this difference is small, it 1is
obscured by experimental and graphical errors.

On saturation of the magnetic circuit, two
additional factors contribute to the difference between
the dotted and experimental characteristics. These
factors are the changes in the distribution of air-gap
flux and the presence of a third harmonic (time)
component in the induced voltage in mode A operation of
the machine. As stated in section 4.4, this component
arises due to harmonic voltage drops across the leakage
reactances of the source and the winding excited. The
two effects mentioned above can be considered separately
as shown below.

The influence of changes in the distribution of
air-gap flux is considered in the present paragraph.
The induced voltage is assumed to vary sinusoidally in
time. Consider again two corresponding points on the
open-circuit characteristics in Figs. 4.9a and b, and
Pigs. 4.11a and b. On account of saturation, the
distribution of air-gap flux in mode B operation,and in

mode A operation at the instant that the exciting current
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is a maximum, is more¢ Iflat-toppred than the corresponding
m.m.f. ¢istribution cdcseribed by cguation 4.75. he ratio
EfB/Efl therefore increases. As a result, the additional
field m.m.f. required to geunerate the volbtage Ef5 is
larger then that required in the absence of scturation.
The presence of a peaking third-harmonic component
in the induced voltage in mode A operation indicates
that the time-variation of the flux linking a stator
phase can be renresentcd by a flat-topped wave., The
influence of this variation of flux linkages is more
clearly seen by assuming the air-gap flux to be sinusoidally
distributed in space, Consider corrcsponding opcrating
points on thec two sets of open-circuit charascteristics.
At the inmstant that thc a.c. excitation is at its peak
value, the flux distributions in both modes of operation
of the machine arec similar., Thoe flux linkages with a
stator phase vary sinuscidally in time in mode B operation
of the machine as shown in graph b, Fig. 4.1%., The
variavion of flux linkages in mode 4 operation is
represented by a flat-tonned wave aaving the same peak
value as in graph b, (zraph a, Fiz. 4.13). The dotted
grach ¢ in Fig. 4,13 snows the fundamental component of
sravh a. The voltage induced by tais component is larger
than that induced by a change of flux linkeges as per

greph b. This effect adds to the effect of a change in
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o. — VARIATION OF FLUX LINKAGES WITH A STATOR PHASE
IN MODE A OPERATION OF THE MACHINE

b —  VARIATION OF FLUX LINKAGES .WITH ‘A'STATOR
PHASE IN MODE R OPERATION OF THE MACHINE

CANDd — FUNDAMENTAL AND THIRD HARMONIC
COMPONENTS OF G

FIG, 4.13 VARIATION OF FLUX

LINKAGES WIiTH A STATOR PHASE OF

THE MACHINE
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the distribution of air-gap flux ceused by saturation.

It may also be pointed out that the additional
field excitation recquired to secure a spccified increase
in fundamental voltage increcascs with saturation of the
magnetic circuit. This may be seen by an examination of
the open-circult characteristics in Figs. 4.711a and Db.
For example, the increase in field current corresponding
to an increaese in the voltage from 50 to 51 volts is
0.1 amp , while that corresponding to an increase in the
voltage frqm 105 to 106.5 volts is 0.7 amp. All these
factors cause the dotted and experimental open-circuit
characteristics to diver ge as shown in Figs. 4.17a and
b.

The zero power factor characteristics in Figs. 4.9a
and b can bec related to the characteristics in Figs.
4.112 and b in a similar manner. The same load current
was employed for both types of tests. Therefore, the
same m.m.f, was established by a stabor phase in both
types of tests. As in the previous case, the relation
bectween the two modes of operation of the machine can
be established by considering corrcsponding operating
points on the two sets of zero powcr factor charscteristics.
The flux distributions at the instant that the current
in a stator phase is meximum are similar in both types

of tests. The differcence between the two sets of
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characteristics, arising out of thc non-sinusoidal
Glstribution of the rotor winding and saturation, can be
¢xplained as in the preceding paragraphs. The fact

that the turns-ratio determined from Figs. 4.11a and b

is nearly\[§-times that detcrmined from Figs. 4.9a and

b indicates that the two sets of zero power factor
characteristics are related in the same manner as the
open-circuit characteristics. This conclusion is
reinforced by the similar values of Potier reactance
determined from the two sebs of characteristics. (graphs a

and b, Fig. 4.10)

4.6, Equivalent Pi circuit of the test machine

Fig., 4.14 shows the values of XB/n calculated by
using equation 3.11 (p. 80 ). The quantitics V3, V,
and I, (sce Figs. 3.% znd 3.4, p 81 ) were obtained
from the test charactecristics of Figs. 4.2 and 4.3.
The fundamentel component of I, was cmployed for
calculating Xa/n. The variations of approximately 10 per
cent (from a mean value of 1.0 ohm ) in Fig. 4,414 could
Dbe caused by errors of the order of 1 per cecnt in the
voltages Vé and V2. The influence of such cerrors is
more¢ pronounced on the values of Xa/n calculated from
voltages and currents at operating points located in

the partially-saturated and unsaturated regions of the
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test charcecteristics. FHence the values of Xa/n obtained
from these pnoints arc not shown in Fig. 4.14. The graph
is produced back to thce ordinate-~axis by a dotted line.
Furtuer calculations were periormed by employing
a rcactancc XB/n of 1,0 ohm ., To obtesin a comparison
of the cquivalent Tee and Pi circuits, a turns-ratio of
1.81 was employed to cvalvaete the rcactances of the Pi
circuit, This ratio is equal to the avcrage ratio
obtained from Fig. #4.3. The reactance X5 is then
1.81 ohms. Eguations 3.12 and 3.13 wer¢ uscd for
calculating Xi and Xé. The results of these calculations
are shown in Tig. 4.15. These results are presented
in the form of characteristics relating the voltages
and currents <ssociated with each of the two reactances.
This manncr of precsentation facilitates calculsztion of
the terminal properties of the network., Since the values
of X5/n in Pig. 4.4 vary by 10 per cent, the cnaracteristics
of Xi and Xé could be in error by a similer amount.
Points marked by crosscs in Fig. 4.15 were obtained
by trunsformetion of the cequivalent Tee circuit. Average
values of 1.4 and 0.45 ohms were cmploycd for resctances
Xl and X2. The values of Xm were obtsined from greaph a,
Fig., 4.7a. The values of X5 obtained by trensformation
very vetween 1.87 and 1.91 ohms. The charecteristics

of Xi and Xé derived by troansformation are in reasonable
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agrecement with the characteristics obtained by direct
calculations. This ayrecment suggests that the machinc
can be represented by either tne Tee or the Pi circuilt

to thec samc degree of accuracy.

4.6.1. Egquivalent Pi circuit based on characteristics

of the machine as an alternator

The parameters of the cquivalent Pi circult were
Getermined from the characteristics drawn in Figs. 4.11a
snd b by cmploying the mcecthod outlined in section 3.4.2
of chapter 3. The reactances were calculated using a
turns-ratio of 2.6, This rsotio is nearly \fg-times the
turns-ratio of 1.81 employcd above for cvaluating the
parameters of the Pi circuit from the characteristics of
Figs. 4.2 and 4.3.

Two of the turce torminal measurements specified
in equations 3.14 to %.16 are obtained from Fig. 4.11a.
These two mceasurements are the slope of the unssturated
vart of the open~circuit characteristic, and the ratio
of thce field and zrmature currents with the armature
short-circuited. The third meccsuremcnt was obtaincd by
opcrating the machine as an altornator with a stator
phase as the field wincding. The ratio of the sihiort-
circuit currcecnt in & rotor phase and the corrcsponding

ficld current furnished the third measurement. The
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influcnce of harmonics in the short--circuit currcnt was

(@}

minimised by the connection of an ilanductor in serics
with thce ficld winding. Tac field excitation required
to circulate a short-circuit current of 7.0 amp wes
found to bc 5.6 amp .

In order to utilise the measurcemenvs made with a
stator phase used cs the field winding, 1t is necessary
to specify a turns-ratio Ny Ny is the ratio of the
short-circuit currcnt in a rotor phase and its cecculvzlent
ficld currcat in a stotor vhasc. As stated in Chopter 2,
the turns-ratio is obtained by cquating the fundamental
componcnts of the m.m.f.s produced by currents in the
two windings. It may be clso recallcd that to esteblish
the sane peak fundamental m.m.f. with d.c. excitation
of & winding as with a given a.c. cxcitation, the d.c.
ecxcltation has to e equal to JE timcs the r.m.s. a.c.
cxcitetion. (Assuming that the magnetic circuit is
unsaturatcd). These factors can be uscd to rclate 0, to
the ratio ny (2.6) of the vauivalent field current and
the armaturc short-circult current when a rotor phase is
employcd as the field winding. The relatiounship of n,
and ny is as follows.

Bguivalent field current in a rotor phusc

nl-

Short-circuit currcnt in & stotor phase
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!2 % Altcrnating current in a rotor phose

Tquivalent dircet current in e stotor pnase

=

2 X O,

°r n, = + ny 4.4,
The calculatcd value of reactancc X5 is 2.3% ohms,

The corrcsponding characteristics of Xi and Xé were
calculated using the test charecteristics of Figs., 4.11a
and. b, A modificd form of the method suggested in scction
%.4,2, was emploved for detormining the characteristics
of Xi and Xé. In this modified form, an opcrating point
lying just above the straight~line pert of the zcero power
factor cheracteristic was chosen., At this point, the
rcactance Xi could be¢ assumcd to be unsaturated. Based
on this operating point, the current through Xé and the
voltage V22 across the reactance were calculated. Next
an opcrating point at which thc voltage across Xé is \/’22
was locatcd on the open-circuit charactceristic by employing
a trial-and-crror procedure. The current through Xi at
a voltage Vqyq across it was then kuown. Further,
knowing the ficld current at a voltage Vll on the zero
pow:.r factor characteristic, the current through Xé
could bc calculated ot a voltage &across Xé hiziher then

Voo. This proccdurs wes repeated to determing the
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characteristics of Xi and Xé. The characteristics of

Xi and Xé determined in this manner are shown in graphs
a and a', Fig.Lk.16.

The difference between the value of X 2.33 ohms

5 =
and the value of X3 = 1,81 ohms quoted in the previous
section is mainly caused by small errors in the
measurement of various short-circuit currents. For
example, if the d.c. excitation of a stator phase
required to circulate a short-circuit current of 7.0 amp
in a rotor phase is taken as 5.7 amp. (instead of

5.6 amp ), the calculated reactance X, becomes 2.9 ohms.

3

The unsaturated values of Xi and Xé alter correspondingly.
The saturated values of these reactances are based on
the value of X3 and the unsaturated wvalue of Xi. Hence,
the saturated values arc also influenced by errors in
the measurement of the short-circuit currents. To
illustrate this statement, characteristics of Xi and Xé
corresponding to X3 = 2.9 ohms are also shown in
Pig.4.16. Points on these characteristics, drawn dottéd,
are marked by triangles. Comparing corresponding
characteristics, it may be observed that the increase in
X3 results in an increase of approximately 25 per cent
in the current through Xi. The decrease in the current

through Xé is of a similar magnitude. However, this

change in the characteristics of Xi and Xé does not
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significantly alter the total current required by the
two togzcther. Hence, the parameters of the Pi circult
deteriined in the above menner could be cmployed to
calculate the ficld cxcitation under diffcerent load
conditions. The czlculated exciivation would be
casonably accureto.

The problems associated with the experimental
cetzrmination of the parameters of the cquivelent Pi
circult are discusscd in more detail in the following

chapter.
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CHAPTER 5

Bguivalent Circuits of the micro-machine

5.1l. Scope. Tests on a model synchronous machine called

the micro-machine are described. These tests were
performed on the machine employing, in turn, field
systems of salient-pole and cylindrical-rotor type
construction with the same stator. The parameters of

the equivalent Tee and Pi circuits of the machine are
determined from the characteristics obtained from tests.
It is shown that the referred field leakage reactance in
the equivalent Tee circuit, and the parameters of the
equivalent Pi circuit can be only approximately
determined from terminal measurements. The results
indicate that the equivalent Tee and Pi circuits
constitute equally satisfactory representations of the
micro-machine with a cylindrical-rotor. The error
involved in using the Potier reactance for calculating the
zero power factor characteristics of the micro-machine
with a salient-pole rotor is seen to be small, Since the
parameters of the equivalent Pi circuit can be only
approximately determined from terminal measurements, the
results indicate that the use of Potier reactance is

both adequate and justified for the machine examined.
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5e2. The micro-machine and other test avparatus

Tests were performed to assess the extent of additional
saturation (due to field leakage flux) of the magnetic
system of a salient-pole machine and the influence of
this saturation on the Potier reactance of the machine.
The micro-machine37 was employed as the test machine.

A constructional feature of this machine 1is that
different rotors can be employed with the same stator.
This feature makes it possible to obtain a direct
comparison of saturation effects in a cylindrical-rotor
and a salient-pole machine. Tests were performed on
the machine employing one cylindrical-rotor and two
salient-pole field systems. The specifications of the

machine are as follows:

Make : Alsthom, France.
kVA Output : 0.6 - 4.5

Rated Voltage : 220 volts
Number of phases : 3

Speed : 1500 r.p.m.
Stator number : 334819

Salient-pole rotor A number : 334818
Salient-pole rotor B number : 334819
Cylindrical rotor number s 334827
Air-gap with salient-pole rotor A: 0,8 mm.

Air—gap with. salient-pole rotor B: 0,31 mm.
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Alr-gap with cylincdrical rotor : 0.3 mm.

The stetor has 54 slots end is wound with two
double~layer windings connected in series. The windings
ere similar fractional-slot windings consisting of coils
heving a piteh of 1-13, ZXach slot contuins 14 conductors.
Thc resistance of an armeture phase, consisting of 126
turns in series, is 0.15 ohm . Thc phases are connccted
in star.

The field windings in the salient-pole rotors are
located in deep slots as shown in Fig. 5.1(a). The
ficld winding of the cylindrical-rotor machine is of the
concentric type., The winding is houscd in 24 slots
arrenged as shown in Fig. 5.1(b).

A genged unit of threc single-phase "Variac
auto-transformers was employed as the sourcc of variable
voltage 2.c. supply. The spceifications of the thrce
componcnts have been given in section 4,3.2. of Chepter 4.
The d.c. supplics werce derived from the 200-volts supply
in the laboratory.A

Meesurcments of voltages and currcnts were made
with multi-rznge moving~iron instrumenits spceified to
be¢ cecurate to within 1.5 pcer cent of the maximum value
of the range as per BS 89. .The instruments were checked
against precision multi-range meters with a specified

accuracy of half per cent of the full scele readings,
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For convenience, the characteristics of the machine with
salient-pole rotors A and B and the cylindrical-rotor are
referred to hereafter as the characteristics of machines

A, B and C respectively.

5.3. Characteristics of the machines.

The zero power factor characteristics of the machines
were determined for a range of load currents by testing
the machines as alternators. The inductors described in
section 4.3.3. were employed as the load. The
characteristics were checked by testing the machines as
over-excited synchronous motors.38 Good agreement
has been obtained between the two sets of characteristics.

The test characteristics of machine A are shown in
Figs. 5.2(a) and (b). Those of machine B are drawn in
Pigs. 5.3(a) and (b ). Pigs. 5.4(a) and (b) show the
characteristics of machine C. Approximate calculations
based on the measured losses in machine B and on
information supplied by the manufacturers regarding the
losses in the other two machines have shown that the
influence of losses on the test characteristics of the
machines is negligible. Similar calculations have also
indicated that the influence of the resistance of the

load on the characteristics can be ignored.
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5.4.1, Potier recactance of the salient-pole machines.

Graphs a, b and ¢ in Figs. 5.5 and 5.6 show the
Potier reactance of machines A and B respectively. The
reactance is plotted against the open-circuit voltage
denoted by the vertex of the Potier triangle. The graphs
are denoted by symbols corresponding to those employed in
Figs. 5.2& and b and 5.3a and b. The values of turns-
ratio marked are the ratios of the load current and
the equivalent field current. These values are average
values obtained from the test characteristics. An
indication of the limits of possible error in the
determination of the reactance is provided by comparing
triangles PQR and P'Q'R in Pig. 5.3(b). The length
QQ' corresponds to a total error of 1.5 per cent in the
measurement of field excitation at short-circuit and at
the point R. The resulting difference in Potier
reactance is 0.3 ohm. The influence of these errors is
larger on the values obtained from the partially saturated
regions of the test characteristics (below 140 volts on
the open-circuit characteristic in Fig.5.3(b)). Hence,
values of Potier reactance in this region are not shown
in Figs. 5.5. and 5.6. The significance of graphs
marked 'd' in the two figures is explained in a later

section.
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The significance of the variations of Potier
reactance and the difference between the average values
obtained from various graphs can be judged by expressing
the changes in Potier reactance as corresponding changes
in the field currents on load. This has been done by
calculating the zero power factor characteristics from
the open-circuit characteristics, employing the minimum
values of Potier reactance and the corresponding turns-
ratio.

The minimum Potier reactance and turns-ratio of
machine A are 3.5 nhms and 8.16. The corresponding
values for machine B are 3.3 ohms and 7.6. It is seen
in the following section that the minimum values of
Potier reactance of machines A and B are 1in reasonable
agreement with the minimum Potier reactance of machine C.

The calculated characteristics are drawn dotted
and marked (i) in Pigs. 5.2b and 5.3b. The calculated
characteristics do not differ significantly from the
part of jhe test’ characteristics shown in Figs. 5.2a
and 5.3a. As an illustration of this fact, the calculated
characteristic (i) associated with graph ¢, Fig. 5.3a
is shown in the figure. For operating voltages below
60 volts, characteristic (i) is practically coincident
with the test characteristic. This coincidence would be

expected in view of the fact that the magnetic circuit is
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unsaturated in this region of the test characteristics.
The significance of the other characteristics drawn in
Figs. 5.2b, 5.3a and 5.3b is explained in a later section.
From Fig.5.2b it can be seen that the variations
of Potier reactance in graphs a and b, Fig. 5.5 correspond
to very small changes in field current. The more
pronounced difference between corresponding field currents
in the calculated characteristic and experimental
characteristic ¢ in Figs. 5.2b and 5.3b indicates the
presence of additional saturation in the machines when
they are on load. The two factors that lead to this
additional saturation on load are increase in the field
leakage flux and changes in the distribution of air-
gap flux density. Increase in the field leakage flux
results in increased saturation of the poles; changes
in the distribution of air-gap flux density lead to
increased saturation of the poles, yoke and stator core.
The effects being considered are small. Therefore,
a consistent quantitative indication of the influence
of the two factors mentioned above can not be easily
obtained. Only a general discussion of the influence of
these factors is included in the following paragraphs.
The changes in the distribution of air-gap flux
density are reflected in the waveform of the phase

voltage. PFig.5.7(a) shows a record of the phase voltage
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of machine A operating on open-circuit. Fig. 5.7(b)
shows the voltage when the machine, operating as a
synchronous motor, draws a zero power factor current of
5,0 amp.. Figs. 5.8(a) and (b) are similar records of
the phase voltage of machine B, All four records refer
to an operating condition denoted by a line-to-line
voltage of 220 volts.

The fundamental and harmonic components of the
phase voltages were measured with the wave-analyser.
These measurements showed the fifth and higher harmonic
components to be small. Hence the distribution of air-
gap flux density may be approximately represented by the
expression

B= By sin 6 * A By sin 36 (5.1)

The positive and negative signs correspond to
flat-topped and peaked distributions of air-gap flux
density respectively. Bpj is the peak value of the
fundamental air-gap flux density. A is the ratio of
the third harmonic and fundamental components of flux
density. € is the electrical angle measured from the
inter-polar axis.

The average flux density over a pole pitch becomes

T= 2 + A )
B= 2By (1_3) (5.2)

Saturation of the magnetic circuit tends to make
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the distribution of flux-density flat-topped. Therefore,
if the poles are so shaped as to produce a peaked
distribution of air-gap flux density when the magnetic
circuit is unsaturated, the proportion of the third
harmonic component of open-circuit phase voltage will

at first diminish on saturation of the magnetic circuit.
On the other hand, with poles so shaped as to produce a
flat-topped distribution of flux density when the
magnetic circuit is unsaturated, the proportion of the
third harmonic phase voltage will increase on saturation.
Such a check together with the visual indication provided
by the waveforms of the open-circuit phase voltages
showed the distributions of flux-density to be flat-
topped in machine A and peaked in machine B. The
distributions of air-gap flux density in both the
machines when they are supplying load are clearly flat-
topped.

Equation 5.1 describes the distribution of flux
density at the armature surface. Nevertheless the average
flux density B can be used as a measure of the total
flux in the poles of a salient-pole machine operating on
open-circuit. However, a part of the air-gap flux
established by the fundamental armature m.m.f. does not
link the field winding. Hence, the flux density B does

not provide an exact indication of the flux in the poles
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of the machine operating on load. The ratios of pole-arc
to polé—pitch of machines A and B are 0.91 and 0.97
respectively. These ratios are larger than those
usually employed in practical salient-pole machines. An
approximate flux plot showed that except for the flux

contained within 5 electrical degrees of the inter-polar
axis, all the flux established by the direct-axis
armature m.m.f. (acting alone) of machine A 1links the
field winding. The flux not linking the field winding
of machine B would be of a similar order of magnitude.
Therefore, the error involved in using B (equation 5.2)
as a measure of the total flux in the pole systems of
machines A and B 1s small.

The generated fundamental voltage is proportional
to B ;. Therefore, the ratio B/Bp; can be used to
compare the total flux per pole under two operating
conditions of the machines at which the generated
fundamental voltages are equal. The quotient of the
values of this ratio under the two operating conditions
is an indication of the change in the total flux per pole.
This quotient is denoted by K'.

Values of the ratio A in equation 5.1 were
calculated from the measured fundamental and third
harmoniec components of phase voltage by using the

following expression.
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fz = KW3 X B3 = KW3 x A
B Kn B Ka

The minimum values of Potier reactance of machines A and

B were used for calculating the fundamental generated
voltage corresponding to a given voltage on the zero

power factor characteristics. Based on the wvalues of

A, values of the ratio K' were calculated. K' is the
ratio of the total flux per pole required to generate

a given fundamental voltage on load and on open-circuit.
The calculated values of K' are given in table 5.1 (p.167).
The distribution of air-gap flux density alters considerably
as the terminal voltage of the machines on load increases
from zero. However, since the iron is unsaturated in

this region of the operating characteristics, these

changes in the distribution of air-gap flux density do

not influence the test characteristics or the Potier
reactance. Hence only the values of K' referring to
operating points located in the saturated regions of the
test characteristics are included in Table 5.1.

The fact that the values of K' in Table 5.1 are
greater than unity indicates that a larger flux per pole
is required to generate a given fundamental voltage when
the machines are supplying load than when they are on
open-circuit. The increase in the total flux per pole

becomes more pronounced as the load current is increased.
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Table 5.7

Values of ratio XK' in machines A cnd ‘B

Machine B Machinc A
Generoted Phase Load currcnt in Load currcnt in
Voltoge volts. amp amp
3.0 5.0 7.0 5.0 7.0
93.5 1.08 1.15 1.21 1.10 T.14
107.5 1.08 1.13 1.18 1.08 T1.12
145,0 1.03 1,065 1.10 1.05 1.075
155.0 1.02 1.05 1.07 1.045 1.07
170.5 1.02 1.03 1.0 1,04 1.03
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The reduction in ratio K' with increasing generated
voltage indicates that the distribution of air-gap flux
density in the machines on load gradually approaches the
distribution that exists when they are on open-circuit.
The additional field current required to secure a specified
increase in the fundamental generated voltage progressively
increases with saturation of the magnetic circuit.
Therefore, the above decrease in K' does not signify
a correspondingly smaller difference between the field
currents required to generate a given fundamental voltage
under the two operating conditions of the machines. Thus,
in spite of the decrease in K', the experimental and
calculated zero power factor characteristics could
progressively diverge as shown in graph ¢, Fig. 5.2b
or graphs b and ¢, Fig. 5.3b.

From equation 5.1, the flux density at the polar
axis is Bp (l: A). This flux density is a measure of
the saturation of the stator teeth located at a given
instant along the polar-axis. The symbol A' denotes
the ratio of the flux densities at the polar axis under
two operating conditions of the machines at which Bp
has the same value (i.e. same fundamental generated
voltage). Values of A' have been plotted in Fig. 5.9 as
a function of the fundamental generated voltage of machine B,

The values shown relate the flux densities at the polar
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axis of machine B operating on open-circuit to the flux
densities when it is supplying a load current of 7.0 amp.
Values of A' for fundamental generated voltages at which
the machine is unsaturated are not shown in Fig. 5.9.

The figure shows that the operating flux density when
the machine is on open-circuit is on an average 1.3 times
ag large as the corresponding flux density when the
machine is supplying load. The reduced flux density on
load signifies reduced saturation of the stator teeth
located along the polar-axis. The m.m.f. required by
these teeth would be correspondingly smaller.

If the increase in m.m.f. due to increased saturation
of the poles, yoke, and the stator core were less than
the decrease due to reduced saturation of the teeth, the
experimental zero power factor characteristics would
lie to the left of calculated characteristics (i). The
actual disposition ef the experimental and calculated
characteristics in Fig. 5.3(b) thus indicates that the
increase in field m.m.f. predominates.

A part of the increased saturation of the poles
occurs on account of the increcase in field leakage flux
on load. An approximate indication of this increase 1is
obtained by ignoring the changes in field m.m.f.
corresponding to the changes in the distribution of air-

gap flux density discussed above. The increase in
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field leakage flux is then equal to the leakage flux
associated with the component of field m.m.f. equivalent
to the armature-reaction m.m.f. This flux is represented
by the voltage drop across the referred field leakage
reactance caused by the load current. The referred field
leakage reactances of the machines have been approximately
calculated from measured transient reactances in section
5.6.1. The values obtained are 2.4 ohms and 3.37 ohms
for machines A and B respectively. The voltage drop
across the referred reactance of machine B due to a

load current of 7.0 amp is 23 volts. This voltage drop
forms about 12 per cent of the maximum voltage on the
open-circuit characteristic (Fig.5.3 (b)). The

increase in field leakage flux on load thus forms 12

per cent of the main flux. This increase compares with
an increase of 7 per cent in the main flux due to changes
in the distribution of air-gap flux density.

The influence of saturation due to field leakage
flux on the test characteristics is similar to the
influence of changes in the distribution of air-gap flux
density discussed above. Saturation due to field leakage
flux 1s taken into account by representing the machines
by the eguivalent circuit of Fig. 2.8, or, more

approximately, by the Pi circuit.
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Comparison of the intercepts between characteristics
(i) and experimental characteristics bt and ¢ shows that
additional saturation on load is less pronounced in
machine A. The smaller rc¢ferred field leakage reactance
of the machine indicates that, for the same load current,
additional saturation on load due to ficld leakage flux
is smaller in machine A. Further, a comparison of the
values of K' in Table 5.1 shows that changes in the
distribution of air-gap flux density are also slightly
smaller in machine A. In addition, it is possible that
the maghetisation characteristics of the two rotors are
slightly different, so that the increas¢ in flux
corresponds to different increments in field m.m.f. in

the two machines.

5.4,2, Potier reactance of machinc C.

Graphs a, b and ¢ in Fig. 5.10 show the Potier
reactance of machine C determined from the test
characteristics of PFigs. 5.4(a) and (b). Unlike the
graphs in Figs. 5.5 and 5.6, all three graphs in
Pig.5.10 yield similar values of Potier reactance for
voltages above 140 volts.

The characteristic drawn dotted in PFig.5.4(Db)
is calculated from the open-circuit characteristic by

employing the minimum Potier rcactance of 3.7 ohms and
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the corresponding turns-ratio of 6.34. Comparison of
this characteristic and experimental characteristic c
shows that the variations of Potier reactance in graph c,
Pig. 5.10 correspond to a maximum increase of 1 per cent
in the field current required on load. The small
magnitude of this increase leads to the conclusion that
additional saturation due to field leakage flux and
changes in the distribution of air-gap flux density is
very small in the machine.

The minimum Potier reactance of 3.7 ohms of
machine C compares with a reactance of 3.5 ohms of
machine A, The agreement of these two values with the
minimum Potier reactance (3.3 ohms) of machine B can
be regarded as satisfactory considering that the possible
error in Potier reactance is 0.3 ohm. An additional
factor that causes some difference in the minimum values
of Potier reactance is the dependence of the differential
leakage component of armature reactance on the rotor
employed.

A check on the test results is provided by the
value of leakage reacténce of machine C supplied by the
manufacturer. This value of 3.5 ohms is in good agreement
with the minimum Potier reactance determined from tests.
Similar values of leakage reactances of machines A and B

have not been supplied by the manufacturer.
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5.5, Self-impedance characteristics of the machines.

The self-impedance characteristics of the machines
were determined by driving the rotor at synchronous speed
and exciting the stator from .a three-phase supply. The
rotor was maintained in the same position relative to the
fundamental armature m.m.f. as when the machine was
synchronised. The control of the position of the rotor
was achieved by altcring the armature current of the d.c.
motor. The above precaution was taken to ensure that
the fundamental armature m.m.f. acted along the direct-
axis.

The three line currents were not balanced. The
maximum difference between the currents was 2 per cent.
This difference primarily arose due to unequal magnitudes
of the phase voltages supplied by the "Variac" auto-
transformer. A part of this difference can also be
attributed to lack of perfect symmetry of the three
phases of the machine. Average values of currents and
voltages have been employed for drawing the characteristics
shown in Figs. 5.11, 5.12 and 5.13.

The direct-axis synchronous reactance Xy is the
sum of reactances X and Xy of the Tee circult drawn in
FPig.5.11. The unsaturated value of this reactance can
be calculated by dividing the open-circuit voltage

generated by a given field current by the short-circuit
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armature current circulated by the same field current.
(Ref. 8, p. 434). This calculated reactance is more
reliable than the reactance obtained from the slope of
the linear part of the self-impedance characteristics.
A modification of the self-impedance method

suggested in chapter 3 simplifies the determination of
the turns-ratio by this method. Referring to Fig. 4.8
(p.106 ), the coordinates of corresponding points P and

Q are related as follows.

(Xuns - Xm) Il
i ( )
X - X I
uns m e
or (Xuns - Xm) I = n

Since Ié = nlg, it follows that the products of
the coordinates of points P and Q@ are equal. Similar
products of the coordinates are plotted against the
respective currents in Fig. 5.14. The turns-ratio is
obtained from Fig. 5.714 by calculating the ratio of the
currents at corresponding points, like A and B, on the
two graphs. Both these points have the same ordinate.

The graphs drawn in Fig. 5.14 refer to machine A.
The values shown in these graphs have been calculated
from the bpen—circuit characteristics in Figs,5.2(a)
and (b) and the self-impedance characteristics in

Fig. 5.11. The symbols Ia and If respectively denote
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the armature current in the self-~impedance test and the
field current in the open~circuit test. For convenience,

the values of n(X - Xm) I, shown in Fig. 5.74 are

uns
plotted agsinst BIf and not agcinst If. Hdowever, the
values of turns-ratio marked on the figure arce the

ratios of the armature and ec¢uivalent field currents,

Figs. 5.15 and 5.716€ show similer sets of graphs for

machines B and C.

5.5.17. Reactance X1 of machines 4 and B

To facilitate reference to the recactance in the
text, the symbol Xl has been used in the following
paragraphs to denote the armature leskage reactance
determined by the self-impedance method. As originally
defined in chapter 3, this symbol would also denote the
Poticer reactance and the "true" armature lezkage
reactance,

Average values of turns-ratio obtained from Figs.
5.14 zand 5.15 are respectively equal to 7.75 and 7.5.
The calculated values of reactance Xl of machines A and
B are plottecd in graphs 4, figs. 5.5 and 5.6. These
values arc plotted as Iunctions of the voltages shown on
the seclf-impedance characteristics of the two machines.
Some of the reasons for the difference between the

minimum Potier reactances of the two machincs and the
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values of reactance Xl are stated in the following
paragraphs.

A part of the difference between the ainimum
fotier reactance and Xl is due to experimental errors.
Comments on the accuracy of the self-impedance method
are included in the following section. It is possible
that during the self-impedance test the axis of the
fundamental armature-reaction m.m.f. was displaced from
the polar-axis of the machine. However, in view of the
care taken to properly locate the axis of the armature-
reaction m.m.f,, any displacement in the axis would be
only of the order of 4 degrees.

Due to the non-uniform length of the air-gap, a
peaked distribution of air-gap flux density is
established during the self-impedance test. Figs. 5.17(a)
and (b) show the corresponding waveforms of the phase
voltages of machines A and B. These waveforms refer to
an operating condition defined by a line-to-line voltage
of 220 volts., These waveforms may be compared with the
waveforms of the phase voltages of the two machines on
open-circuit. The lattcr waveforms are shown in
Figs. 5.7(a) and 5.8(a).

The distributions of air-gap flux density at
corresponding operating points on the open-circuit and

self-impedance characteristics of the two machines can
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be compared in the following manner. (The "corresponding”
points are points on the two characteristics at which the
fundamental generated voltages are equal). Cwing to a
peaked distribution of air-gap flux density, the flux
density at the polar axis is higher during self-impedance
tests on the machines. Therefore, for the same fundamental
flux, the teeth located along the polar-axis operate at

& highcr flux density during the self-impedance tests
than during open-circuit tests on the machines,
Conscquently if these teeth are saturated, a larzer m.m.§.
is regquired to esteblish the same fundamental flux

during seclf--impedance tests on the machines. On the

other hand, the average flux density over a pole-pitch

is sma’ler when the distribution of flux density is
peaked then when the distribution is flat-topped. The
total flux per pole during self-impedance tests on the
machines is then smaller than the flux at corrcsponding
operating points on the opcn-circuit charactoristics.

The poles, ycke and stetor core are thercfore satﬁrated

to a lesser extont during the self-impedance tests.
However, the m.n.f. required to generate a given fundamental
voltage during the self--impedence test is larger than

that required to generate the same voltage on open-
circuit. This fact can be seen by a comperison of the

experimental self--impedance characteristics with the
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characteristics drawn dotted in Figs. 5.11 and 5.12.

The latter heove been caelculetcd from the open-circuit
characteristics by using the minimum values of Potier
reactence and the corresponding turns-ratio. The
maximum difference between corresponding currents in the
experimental and calculated characteristics is 6.5 per
cent in machine A and 9.6 per cent in machine B, As
stated before, the currents in the three phases differed
by about 2 per cent during the self-impedance tests on
the machines. The three line voltages were also not
exactly equal. Both these factors could cause the
expcrimental characteristics to be in error by about half

the percentage vaelues quoted above.

5.5.2. Reactance Xl of machine C.

Two sets of graphs a, a' and b, b' are drawn in
Fig. 5.16 to assess the influence of errors in the
mcasurement of the field current at short-circuit and the

slope nxun of the open~circuit charactcristics. Both

s
these factors influence the unsaturcted value of Xd‘
Graphs a and a' are obteined from caléulations based on
a slope of 412.5 ohms and the corresponding value of
Xd = 68.75 ohms. Grapns b and b' are celculated by
using a slope of 422.5 ohms and a reactance Xd of

71 ohms. The difference in slopes corrcsponds to an
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error of 2.5 per cent in the measurement of open-circuit
voltages. The differencc between the two values of Xd
corresponds to an error of 3 per cent in the mcasurcment
of the field current at short-circuit.

The average values of n from gravhs a-a', b-b'and a-b'
are 6.35, 6.25 and 6.6 respectively. The corresponding
values of reactence Xl ar¢ shown in graphs a, b and c,
Fig., 5.18. Values of Xl below 130 volts on the sclf-
impedance characteristics are subject to larzer errors.
Hence these values are not shown in Fig. 5.13. As
would be expected, the accuracy of the method is very
poor for volteges below 145 volts on the sclf-impedance
characteristic. The corresponding voltages on the open-
circuit characteristic are below 135 volts. However,
consistent values of reactance Xl are obtaincd from the
region above 145 volts., A comparison of graphs b and ¢
in Fig. 5.18 shows the possible crror in these values of
Xl to be ebout 13 per cent. This figure comperes with a
possible error of 7 per cent in the determination of
Potier reactance.

Unlike the reactances of the two salient-pole
machines, the agreement between Potier reactince and
reactance Xl is reasonably good for machine C. This
agrecement again indicates that additional saturation of

the cylindricel-rotor machinc due to field leakage flux
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and chengecs iﬁ the distribution of cir-gavp flux density
is small.

It mzy be pointed out thut only one point on the
sc¢lf-impedence charactcristic has to be detzrmined to
obtain a value of the recctance Xl. For accurecy this
point must be located in tho highly saturated region of the

charocteristic.

5.6. Eguivalent Pi circuit of the machines

5.6.1. Evcluation of the paramecters of the equivelent

circuit.

The terminels 2-2 of the equivalent circuit drawn
in Fig. 5.20*form thc "field" tcrminels. The formulae
derived in scection 3.4.2. are beosed on the egquivalent
circuit of Fig. 3.4. (p. 81 ). Since n is defined as
the retio of cguivalent armature and field currents, the
asnset of the ideal transformer has becn changed as is
shown by a comparison of the two figures, This changec is
token into account by reploacing n by 1/n in cgas. 3.4,
3.15 and 3.16.

The reactences of the Pi circuit can be celculated
by using thc¢ three equations referred to sbove., The
ratio of the armaturce and ficld currents with the armature
short-circuited, and the open~circuit transfer-impcdance

arc obteined from the test characteristics in Figs. 5.2(a)
* P. 210
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to 5.4 (a). The ratio of the armature and ficld currents
with the ficld terminels short-circuitcd coustitutes the
third condition.

At first sight it appeszrs possiblc to mcasure this
ratio by pe¢rforming & locked rotor test.39 This tcst
could not be psrformed due to the prescncce of damper
windings on the rotors. As an alternative, the transient
recactances of the three machines were obtaincd from sudden
three~phase short-circuit tests.59 The transient
reactance is the rezctance measurcd at the armature
terninals with the field winding short-circuited. The
unsaturated values of this reactance for thce tharce
macnines are as follows.

Transicnt rcactance of machine A : 7.6 ohms.

Pransient rcactance of machine B : 9.7 ohms.

Transient rcactance of mochine C : 6.0 ohms.

However, the use of transicnt recctance or other
measuremnents made with the field winding short-circuited
is not strictly valid for the rcasons stated bolow. When
the machines arc unsaturated, their Tec ond Pi circuit
represcntations arc equivalent to each other. The
following recmarks are therefore based on tiae Tec circuit
reprcscntvation of the macnines., The paramcters of the
cguivalent Pi circuits of thc machines are determincd

by transformation of thce respective Tee circuits.
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Only thc field lecekage flux that exists in the
iron and causes additional saturation is recprescanted
in the dynamic anelogues from which the cquivalent circuits
of the machines arc dcerived. Howcver the ficld leakage
flux which partly detcrmincs the ficld current during
the locked~rotor test includes the overhang leakage flux
existing entircly in cir. This field lcakage flux also
partly determines the difference between the field
currents during the tronsisnt and steady-state phases of
the sudden thrce-phase short-circuit test. Ignoring for
the present the influcnce of other factors, the referred
field leakaege rcactance determined by cithcer of the two
tests would then be laerger than the rcactence corrcsponding
to the leskage flux causing additional saturation of the
rotor iron. In the casc of a salic¢nt-pole maciine, the
length of the overhang of the ficld winding is small,
and the overhang leokage flux forms only a small part of
the total field leckage flux. The length of the overhang
is comparatively large in the czse of a cylindrical-rotor
machine., In this type of machine, perticulerly in one
neviny two poles, the overhang leckage flux could form
a substentisl pert of the totel field leskage flux. When
the equivalent circuit of Fig. 2.12¢ (p g4 ) is lincar,
1little crror is involved in replacing it by the Tee

circuit of Fig. 5.11. 1In Fig. 5.11, X2 represents the
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rcferred field lecekeze reactance. Reactance XB of the
Pi circuit, dcrived by transformation of Fig. 5.11,
includes both thec reactances X1 and X2' Consequently,
the perecentage diffcerence betwsen the values of X2
cvaluated by including the contribution of the ficld
overhang leakage flux and c¢xcluding it is larger than
that betwcen the two corresponding valueslof X5'

Thus, for the salicnt-polc machines, the influence
of the field overhang leakage reactance on the parametsrs
of the Pi circuit would be small. In the absence of
other effects; these parameters could then be determined
by the locked rotor test (performed with the damper
winding removed) or by the sudden three-phase short-
circuit test. Howcver, allowance has also to be made
for the effects of the different distributions of the
armature and field windings and the non-uniform length
of the air-gap. These factors causc the measured
transient reactance to be larger than the rcactance
corresponding to the "actual" ficld leakage flux.

40 . . .
has derivcd an c¢xpression for the transicnt

Kilzore
reactance of a salient-pole machine., This expression

involves the reactance Xun and constents dcscribing the

S
distributions of air-gaep flux density established by
the field m.m.f. and the fundamental armature m.nm.f.,

each acting alone. A similar mcthod is employed below
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to determine the "actual!" refcrred ifield leakage
reactance X2 of machinc A, This method is based on
constants evaluatsd by approximetely rceprescnting the
distributions of air-gap flux density by their fundamental
and third harmonic componcnts. Thesc componcnts of flux
aensity are calculated from the mcasurca fundamental and
third harmonic componcnts of phasc voltage. The
calculated constants describing thce flux distribution in
machine A are as follows. The symbols employed are
adoptcd from reference 31.

Ratio of the peak fundamental

and actual flux densities due 1.06

to field m.m.f, = Al

Ratio of the totel flux to

the fundamental flux per pole 1.02

¢steblished by field m.m,f. = K¢

Ratio of the peak fundamental

and actual flux dcnsitices duc to

0.877
fundemental direct-axis armature-
rcaction m.m.f. = Adl
Ratio of the total flux to the
fundamental flux per pole set up
0.953%

by the fundamcntal direct-axis armature-

reaction m.m.f. = Kl
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During the transient phase of the sudden short-
circuit test the field end armature windings carry, in
gencral, both fundamcntal-freguency alternating currents
and dircct currcnts. The a.c. in the armature corresponds
to the d.c. in the field; +the d.c. in the armature
leads to a.c. in the field winding. There are additional
components of currcent in the two windings due to such
factors as the harmonic componcnts of armature m.m.f.
These commonnents of currcent are usually very small,

They are ncglected in the present analysis. Only the
fundamental component of the armature-resction m.m.f.
1s considercd in this analysis.

If the sudden short-circuit test is conducted with
the test conditions so adjusted as to causc no saturation
of the magnetic system, each of the components of current
in the armature and fic¢ld windings can be considered to
act separately. The total flux linking either winding
can be determined by supcrposing the fluxes due to
individual componants of current.

Thce interaction of the fluxes duvue to fundamental-
frequency alternating current in the armature and the
corresponding dircct current in the field winding can be
then reproduced by a locked rotor test performed with the
damper winding rcmoved. In practice, this lockcd rotor

tcst 1is conducted by exciting two armature phases,
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connected in serics, from a sinzle-phase supnly. The
snort-circuited field winding is located with its axis
coinmcident with the axis of the resultant armature m.m.f.59
The disposition of the two armature windings with respect
to the direct-axis and thelr connection in series, |
ensures that no voltage is induced in ths windings by
the third harmonic component of air-gap flux. The
voltage across oneé phase corresponds mainly to the
fundamental air-gap flux.

In the czse ¢f the normal operation of the
machine, voltege mcasurcments arc made betwecn lines to
cxclude the contribution of the third harmonic voltage.
The phase voltage is Geduccd from the mesasurcd line-to-
line voltage. This remark also applies to the measurcment
of voltage in the sudden three-phase short-circuit test.

For calculations, both the practical locked rotor
test and thc sudden three-phasc short-circult test can
be visualiscd in terms cf a Lypotncticel locked rotor
test performed by cmplceying onc armature phase., In this
test, an armature phase is located with its axis coincident
with the direct-axis. This nphase is excitced with a.c.
The fundamental component of the sltcrnating m.m.f. set
up by currcnt Ia in the phase is incrcascd by 1.5 times

to allow for the contribution of the other two phases in
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the actuel machine. Thus, the m.m.f. acting zlong the
direct-axis is cqual to the fundamental armature-reaction
m.m.f. Fa sé¢t up by all threc phases of the actual
machine. The flux produccd by bthis m.m.f. links the
armature end thc short-circuitcd field winding.

As mentioned above, the practical locked rotor
test and the sudden short-circuit test arc so conducted
as bto exclude the influcnce of the third harmonic
component of flux. Thereforec only the voltage induced
in an armature phasc by the fundamental component of
flux must bc considercd in the hypothetical test.
However, the flux linking the field winding is the total
flux in all three toests,

The magnetic circuit of bthe machine is assumed to
be unsavuravcd. Therefore, the individual fluxes due
to the armeturc-rcaction and ficld m.m.f.s are superposed
to determine the resultent mutual flux.

The calculations in the following sections are
based on the essumption that the resistences of the
armature and field windinzs are negligible. Iron losses
are also neglectcd, and it is assumed that in the case
of the sudden thrce-phasc short-circuit test, the ficld
winding is normally connected across a d.c. source of

neglizible internal impedance,
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As the fiecld winding is short-circuited, the total
flux linking it must be zero, The totval mutuzal flux per
pole set up by the fundamental armature-reaction m.m.f.

Fa is given by the expression,

Mo Fa .2
¢a= "'—'I‘g——-- X J.[Ldl J\ﬁ X 6. ‘u Kl
Fa
= =2 % 0.877 x 0.953 (5.3)
&8

The symbol a represents the area of cross-section
at the air-gap. Sg is & reluctaence based on the eifective
minimum length, lg, of the air~gep. The reluctance of
iron paths is neglected.

The mutual flux per pole due to a current if = I%
sin W@ ¥ in the field winding has the following time-

maximum value.

_q e Ip
@r= —é X s X Al X K¢

. Tl
- %_ x _QP_E x 1.06 x 1.02 (5.4)
g

No is the Total number of turns on the field winding.
The pesk value of the leakage flux per pole
linking the field winding alone is represented by ¢if.

Equating the fluxes linking the ficld winding, we have
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Fo
s— x 0.877 x 0.953
g
1
- %; x 5 x N If x 1,06 x 1.02 + §1.  (5.5)
1 Ll .«
or 1.06 x =X p X bg Is
)
- x T x b 877 x 0:925 _ gif (5.6)
"5 a ’ T.02 T.02 :

The fundamental component of the resultant air-gap flux
has the following value.
— l - l _]: = N I~
(5.7)
Subgtituting for the second term from equation 5.6, we
obteain,
- (i o8 gl

¢g— (Sg x F_ x 0.877) x 0.065 + 0,68 QLf (5.8)

The measured transient reactance corresponds to the
linkages with the armature phase set up by flux ¢g and
the armature leakage flux. The linkages due to ¢8 yield
a reactance denoted by X. This reactance is the parallel

combination of reactances Xun and X5 of a Tee circult

S
similar to thet in Fig. 5.11. The small letter is used
to indicate that Xy is not the "actual" referred field
leakage reactance.

The reactance X is the difference of the transient
and armature leakage reactances., Employing the minimum

Potlier reactance of 3.5 ohms as the armature leakage

reactance, X becomes 4.1 ohms. The Term enclosed within
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brackets in equation 5.8 represents the fundamentel flux
per pole estublished by ¥, . If equation 5.8 is multiplied
tnrough out by the term 2 17 £ Ton K1/ J2 I, tae
following equation is obiteincd.

0.98 x 277 £ T K
X = 0.065 X + pom B W1

uns, Je 1

pro  (5.9)

a

Employing a turns-ratio of 8.1¢, a value of Xuns =

51.5 ohms 1s obtained from the open-circuit characteristic
of Fig. 5.2a. Eguation 5.9 then yields

| 277 L Tph le

75T @le = 2.1 ohms. (5.10)

By following the procedure outlined in appendix A, an
exprcssion for the "actual" referred ficld lecakage
reactance X, can be derived. This reactance has a

value such that thce voltage drop across 1t corresponds to
a voltas e drop of ¢if across the associated reactance in
the dynamic analogue. Reactance X2 is given by the
following expression

2TV gL, 1.91 A
. Lf al _ 2
Ko = mrIrE, * 7 % (Tgp Kyp)

f -f
P

Substituting from equation 5.10 in the above expression,

we have, i
2.7 Adl Tph le 1

s = X e X 2,1
2 AT, 11
I
= % X I—% X ra./] (5'11)
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The turns~ratio n is the ratio of the armature and field
currents which cstablish the same fundamental air-gap
flux.

If both sides of equation 5.6 are multipliced by the
term 217 £ Tph le/ Je I}, the left hand side becomes
the fundamental voltaze induced in an armature phase by
unit field current. Hence it can be replaced by n Xuns'

The othsr two terms cen be written as follows,

2 T, K, I
X _ — T)h 1 1 . . - .EL
nX .= L x Sg x P, = 0.877 7% I}
L 0.955 _ 2TE Ton Kn Pre
1,02 Jé Ié T.02
I 27T £ T, K . z @
- - o . 0,953 ph “wl LT
teeemuns = Xuns * IT * TOZ 72 INE 1.02

(5.12)
Substituting from squation 5.10 for the term involving

¢if’ equation 5.12 becomes

DXing = £ Xupg X gf%%é - $%%2—7 éi (5.13)
Reactunce X2 can now be determined by eliminating Ia/If
between equetions 5.11 and 5.13. A value of Xy = 2.4 ohms
is obteined from the two equations.

The general exprsssion for X2 Gerived by the above
procedure is as follows.
- Ky -
[ X - Xms (1 -~ 35) 7 KQ X Kuns

- 5,14
(Xyns = &) (5:14)

X2=
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The constents describing the air-zap flux density
distribution in mechine B ore: Al = 0,865, K¢ = 0,95,
Agy = 0.767 and K, = 0.9. CImploying a turns-retio of
7.6, thc rcactance X bececomes 61 ohms. Using the

uns
minimum Potier rcactonce of 3.3 ohms as the armature
lcakage reactance; X Dbeccomes 6.4 ohms. Equation 5.14
then yields a value of X2 = 5.37 ohms,

For comparison, the values of X5 have also been
calculated by using the cxpression for X derived in
reference 40, These calculations vield the velues of
X, = 2.3 ohms and X, = 2.5 ohms for machines A and B
respectively. The diffcrence between these recactsnces
and the corrcsponding reactances evaluated as above
arises from the differeat zpproximations employed for
their calculation. In reference 40, the cxpression for
reactance X 1is derived by assuming that only a part of
the space fundamental of flux established by F_ links
the ficld winding. The flux linking thce field winding
is cvaluated by first determining the recvangular
d¢istribution of m.m.f. of which F, forms the fundamental
componcnt. The constant Al is then uscd to detcerminc
the fundamental flux established by the rectangular m.m.f.
This flux forms the left hand side of an ecuation the
right hand side of which is similer to e¢quation 5.5. The

¢xXpression for ¢g is the same as in cquetion 5.7. Thus,
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the expression for rceactance X is derived in reference
LO by ignoring the linkages with the field winding due
to the space-harmonic components of flux established by
F,. Besides the fundamental component F,, the rectangular
m.m.f. referred to above also has harmonic components.
Some of these components establish fundamental air-gap
fluxes. The linkages of such fluxes with the field
winding are also ignored in reference 40. On the other
hand, the method described in the preceding paragraphs is
based on the assumption that all the fluxes established
by F, link the field winding. It has been pointed out
in section 5.4.1 that this assumption is justified feor
the two machines considered. It would be less so when
considering practical machines in which the ratio of
pole-arc to pole-pitch is smaller than in the test
machines. In the practical machines, the linkages with
the field winding established by the harmonic components
of the air-gap flux due to Fj would be small. Hence the
expression derived in reference 40 would be more appropriate
for such machines,

As an additional check, the referred reactance X2
was approximately calculated from design data. Referring
to Fig. 5.1a, the leakage flux passing between the pole
sides was calculated by considering the field winding to

be located in partially-closed slots. The slots were
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regarded as being composed of three sections, as shown

in Pig. 5.19. The field winding was considered to be
formed by a wedge-shaped arrangement of uniformly
distributed conductors having a negligible cross-section.
The leakage flux existing at the ends of the pole system
was evaluated by adopting the simplified representation
of the flux paths used in reference 42 (p 42). This

flux does not contribute materially to the total field
leakage flux. An approximate representation of the paths
of this flux is therefore justified. The calculations
yielded the values of X, = 1.86 ohms and X, = 3.0 ohms
for machines A and B respectively. In spite of the
approximate nature of the calculations, these values
offer reasonable checks on the reactances determined from
the terminal measurements.

Reactance X, has to be employed in a linear Tee
circuit describing the steady-state operation of the
unsaturated machine, Transformation of this Tee circuit
yields an equivalent Pi circuit. Using the value of
X, = 2.4 ohms, reactance X3 in the equivalent Pi circuit
of machine A becomes 6.1 ohms. The reactance X3 in the
corresponding equivalent Pi circuit of machine B is
6.8 ohms, If the effect of different distributions of
the armature and field windings is ignored, x, becomes

the referred field leakage reactance in the equivalent
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SECTION 3
A

1
SECTION 2

e —

MAIN FIELD :
SECTION |

WINDING

.5 Cm, | N MACHINE A

/

OPENING O .
0.5 Cm, IN MACHINE B

CORE LENGTH = 10-7 Cm
A LL DIMENSIONS ARE IN Cm,

FI1G . 5.19 SIMPLIFIED REPRESENTATION

OF THE SLOT SHOWN AN FIG. 5.1
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Tee circuit. Recactance XZ is evaluated by equating X

to the parallel combination of Xuns and x The values

5
of x, for machines 4 and B are 4,7 and 7.16 ohms
respectively. The values of X3 in the corresponding Pi
circuits, derived by transformation, are 8.72 ohms and
10.8 ohms respectively. The unsaturated values of
reactances Xi and Xé in the two Pi circuits differ. The
two values of X3 differ by 43 per cent in the case of
machine A and 60 per cent in the case of machine B. (The
percentage values quoted arec based on the 'actual' value
of X3).

Calculations were performed to determine the
reactances X, and X, of the equivalent Tee circuit of
machine C. The reactance X2 was evaluated also taking
into account the small proportion of linkages (with the
field winding) duc to the third harmonic component of
flux established by the field m.m.f. The winding factors
of the field winding were calculated on the basis of the
disposition of the rotor slots shown in Fig.5.1b. The
reactance X2 derived by celculation includes the referred
overhang leakage reactance of the field winding. Only
the flux linkages, with the field winding, established
by the fundamental component of armature-reaction m.m.f.

were taken into account. This component of m.m.f. acts

on an air-gap of uniform length (except for the influence
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of slot-openings) and establishes a fundamental air-gap
flux. The small flux set up by the harmonic components

of armature-reaction m.m.f. forms the differential

leakage flux of the armature. The minimum Potier reactance
of 3.7 ohms and the cofresponding turns-ratio of 6.34

were employed for the calculations, the calculations

being similar to those explained in connection with

machine A. The calculations yielded the values of X, =

2

1.26 ohms and X, = 2.4 ohms. The corresponding values

of X3 are 5.03 ohms and 6.24 ohms respectively. The

difference between these two values of X3 is 24 per cent.
This difference is smaller than the difference between
the two values of X3 of machines A and B mainly because
in the case of machine C, the reactances X, and X, form
less significant parts of XB'

The results indicate that the direct use of the
measured transient reactance for evaluating the parameters
of the equivalent Pi circuit is not strictly correct.
However, both the test measurecments and calculations are
simplified if the measured transient recactance is directly
employed. Therefore, the performance of the Pi circuit
derived on the basis of the measured transient reactance
is examined in the follcwing section. A comparison of

the performance of this Pi circuit with that of the more

"exact" Pi circuit is also made in the following section.
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5.6.2. Performance of the equivalent Pi circuits of the

mecaines
Assuming that the transient reactance Xé is the
recactance measurcd at terminels 1-1 of the circuit drawn
in Pig. 5.20 with terminals 2-2 short-circuited, we have
' -

= ' (5.15)
d k{ﬁ+—Xg

The reactances of the equivalent Pi circuit can be

X

determined by solving cquation 5.15 and equations similar
to equation 3.4 and 3.16. The method by which the
saturation characteristics of reactances Xi and Xé can be
obtained has been explained in section 3.4.2.

The open-circuit charecteristics of the tiree
machines along with the zero power factor characteristics
marked a were employed for celculating the characteristics
of Xi and Xé. The valucs of n used for these calculations
are 8.16, 7.6 and 6.%4 for machines A, B and C resvectively.
The calculated cheracteristics are drawn in Figs. 5.20,
5.218 and 5.22.

The celculated characteristics of X and Xj.are
influenced by expcrimental errors such as an error in the
imeasurement of the field currecut at short-circuit. To
indicate the influence of these errors, two sets of

graphs are drawn in Fig. 5.27a. Graphs a and a' show

the characteristics of Xi and Xé calculated by using the
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experimenteal velue of the field current at snort-circuit
(0.415 amp); b and b' are the characteristics evaluated
by using a field current of 0,417 amp. The difference
between the two field currents is 1.2 wer» cent. The
influence of an error in Xi and Xé on the prediction of
field excitation is small. This is seen by a comperison
of points on the characteristic marked (ii) with the
points enclosed in squeares in Fig. 5.%b. The former
points represent calculated field currents based on
graphs a and a' in Fig. 5.21a while the latter are based
on graphs b and b'., The entire range of graph a,
Fig. 5.3%b has been utiliscd to determine the
characteristics of Xj. The characteristics of Xé do
not cover a renge wide enough to permit the determination
of velues on greph (ii) sbove 140 volts. (The graph
referred to is that associated with groph ¢, Fig. 5.3b.)
However, the part of greph (ii) shown is sufficient to
establish the trend of the greph. The graphs assocliated
with gra»h ¢, Fig. 5.3%a show that errors in Xi and X3
perceptibly influence the predicted ficld currents at
operating points located in the unsaturated region of
the calculated zero power factor characteristics.
Additional graphs marked (ii) are drawn in Figs. 5.2b
and 5.5b. These graphs are based on the characteristics

of Xi and X, shown in Fig. 5.20 and in graphs a and a',
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Fig. 5.29a. The calculated graph (ii) corresponding to
graph b, Fig. 5.2b is almost coincident with graph (i).
Since the uasaturated regions of the operating
charactcristics are not of much interest, similar graphs
marked (ii) are not drawn in Figs. 5.2a and 5.3a. (This
remark excepts the two graphs mentioned in the preceding
paragraph).

The difference between graphs (i) and (ii) in
Figs. 5.2b and 5.3b i3 largely accounted for es follows,
The minimum Potier reeactance and the corresponding turns-
ratio have been employcd for calculating the grephs
marked (i). Both these qguantities are inrfluenced by
experimental errors, As mentioned in scction 5.4.1,
the possible error in Potier reactance is 0.3 ohm , The
average value of Potier reactance based on graph (ii)
gnd the field current at short-circuit given by gzraph ¢,
Figs. 5.2a and B.Ba; is 4.0 ohms for both the machines.
Some of the values of Potler reactance shown in graph a,
Fig. 5.5 are nearly equal to 4.0 ohms. Therefore, the
difference between calculeted characteristics (i) and
(ii) associated with graph c; Fig. 5.2b ecould largely
arise from experimental errors. The Potier reactance
shown in zreph a, Fig. 5.6 is more consistent than that
shown in grevh &, Fig. 5.5. Hence the difference

betwcen graphs (i) and (ii), Fig. 5.%b recpresents
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a slight increacse in the accuracy of prediction (of the
field excitetion) achieved by ths use of the Pi circult.
The meximum differcnce between the field currents in
graghs (1) and (ii) associated with grevh ¢, Fig. 5.%b

is %.5 per cent. The corresponding difference between

m

the field currents in the two graphs associated with
graph b, Fig. 5.3b is zbout 1 per cent,

Additional chceracteristics of recctances Xi and
Xé of the ecuivclent Pi circuit of machine B are drawn
in Fig. 5.21b., These characteristics correspond to the
"actual" reactance X5 = 6.8 ohms (section 5.6.1). The
chiracteristics shown in Fig. 5.21b are derived from the
open-circult characteristic and zero vwower factor
characteristic a in Figs. 5.%3a and b. Taese
characteristics of Xi and Xé heve been used to calculéte
the zero power factor characteristics for 5.0 and 7.0
amp . The calculeted characteristics are found to be in
in close agreement with the corresponding characteristics
marked (i) in Fig. 5.3b.

Referring to the characteristics of machine B,
the difference between the two zero power factor
chiaracteristics (associated with experimental
charecteristic ¢) calculeted by using the two Pi circuits
is small, Thercfore additional calculations were

performed to ensure that the difference between the two
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calculatcd characteristics represented the effecct of
using difierent velucs of XB’ Xi and Xé. These calculations
were performed on a aypothetical Pi circuit. The
charactzristics of reactors 1 and 2, described in
appendix B, were suitably modified and used as the
charecteristics of Xi and Xé. The recctance XB was
cuosen o0 be egual to 1 ohm . The terminals of reactance
Xé were assumed to form the "field" tcerminals. The
open~circuit characteristic of the Pi circuit and its
zero power factor characteristic for a load current of
2,0 amp were calculated. Using these cclculated
terminal characteristics, the characteristics of Xi and
Xé corresponding to an arbitrarily increased value of

= 2,0 ohms were determined, The original Pi circuit

~r
Fay

5

(with X 1.0 ohm ) and the Pi circuit with X, = 2.0

3 >

ohms werc then employed to "predict" zero power factor
PLOY » ¢

characteristics for a higher load current. It was found
thaot the "field" current determined by using the Pi
circuit with X5 = 2.0 ohms was cleerly larger thon that
determined by using the original Pi circuit.

The fectors causing the difference between
experimental characteristic ¢ and graph (i), Fig. 5.3b
have been indicated in section 5.4.1. Of the factors
discussed thcre,tho influence of additioncl saturation

Gue to chinges in the distribution of air-gan flux
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density cen not be cccounted for in an eguivalent circuit.
Further more, both the Tee and Pi circuits arc only
approximete forms of the equivalent circuit of Fig. 2.12c.
Both these factors account for the mejor nart of the
difference between graphs (i) and (ii) and graph c. The
close agreemecnt, referrced to previously, between
cheracteristics (i) in Fig. 5.3(b) and the characteristics
cclculated by employing the Pi circuit with X3 = 6,8 ohms
must be expected in view ol the small difference between
characteristics (i) and (ii).

The direct use of the mecasured trausicent reactance
for calculating the reactances of the Pi circuit is not
entirely correct. Thereforec, the slight increase in
accuracy achieved by thc usc of this Pi circuit (with
X5 = 10.8 ohms ) nust bec regarded as being cmpirical in
nature. The extent of this increase would depcnd upon
the pole~profile.

The characteristics of ;eactances Xi and Xé of
the equivalent Pi circuit of machine C are shown in
Fig. 5.22. ©Points on the zero power factor characteristics
for 7.0 amp calculated by using the Pi circuit
representation are enclosed by squares in Fig. 5.4 b.

The field currents in graph (1) asseeiated with graph c,
Fig. 5.4b are within 1 per cent of the exnerimental

field currents. Both thesc factors indicote that the
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Tee and Pi circuits constitute cqually satisfactory

reprosentations of the machine.

5.7. Test on machine B at power factors other than zcro

The results of a real-load test on machine B are
presented in this scction. These results are mainly
used to briefly indicatc the method of calculating load-
angle and field exzcitation when a Pi circuit represcentation
of the dircct=axis is employed. The quadraturc-axis is
represcnted by reactance Xq.

The load test on machine B was performed by
opsrating the machine as a synchronous motor. The d.c.
machine coupled to it was opcerated as o« generator
supplying a variablc resistive load. The load anglc 6
was measurcd on a calibrated disc by mcans of a stroboscopic
arrangement., Table 5.2 shows the test results.

Vector diagrems rceferring to the operation of
machine B as an cover-e¢xcited synchronous motor are drawn
in Pig. 5.23. To secure uniformity of prescutation, the
machine is shown operating as a generator in thc
accompanying direct-oxis equivalent circuits.

Referring to Fig. 5.23, the meximum phase-shift
introduced by the resistonce of an armaturce phese is

about a degrce. The maximum voltage drop due to this



Table 5.2.

: Load Test on. Salient-Pole itiachine B.

Phase

Load

Power

Power

From Test.

From Tee circuit. from Fi circuit

b

Power Oqtpu? Field Load Tield Load Field

vorter dme o er 7 Rilohatee. | Qument smgle  Qurrent ngle Queren:
watts. f f £
125 5.28 2.265 0.962{lag) 1,81 0.75  59° 0.743  60°33 0.7k
4.8  5.52 2.072  1.00 1.655 0.75  49° 0.7  51°6  0.73
125.1 bbb 1.596  0.955(lad  1.261 0.75  34° 0745  36° 6 0,73
12740 3436 0.8k 0.656(lead)  0.575 0.75 18° 0.775 17°21+' 0.75
127.2 2.2 0.248 0.222(tead O 0.75 7° 0.76 5° 6 0.75

1
)

Q22
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THE DOTTED LINES SHOW THE CONSTRUCTION THAT CcouLD
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ADIRECT-AXIS REPRESENTED BY A TEE CIRCUN

NO

TERMINALS 1-) f\RMATURE
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b. DIRECT-AXIS REPRESENTED BY A P CIRCUIT

FIG. 5.23 VECTOR DIAGRAMS OF A

SYNCHRONOUS MOTOR OPERATING AT A

LEADING POWER FACTOR




222

resistance is 1 volt. In view of the small magnitudes
of both these quantities, the following calculations
have been performed neglecting the resistance of an
armature phase. The iron loss in the machine is also
ignored.

Prom Fig. 5.23(a), the load-angle 6 is given by

the expression,
IX cos ©

CB d .16
tang:OC=V+IXqSin6 (5.16)

The reactance Xq was determined from a slip test (Ref.
39, p. 1334). An unsaturated value of 28 ohms was
obtained from this test. The reactance Xq does not
saturate at the rated terminal voltage.

The calculated values of & are given in Table 5.2.
The difference of about 2 degrees between the experimental
and calculated values of & arises from small errors in
the measurement of power. These errors result in errors
in the angle 6., An additional factor that may be mentioned
is that the minimum load angle that could be measured on
the calibrated disc was 2 degrees. PFurther, the possible
error in the experimental value of rcactance Xq is of the
order of an ohm. Considering all these factors the
agreement between the measured and calculated angles can
be regarded as satisfactory. The voltage V4 across the

terminals of the direct-axis equivalent circuits and the
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current Id can now be calculated employing the following

expresgsions.

Vg = V cosd (5.17)
I sin (& + 9) (5.18)

1l

Ia
The method of calculation of field excitation has been
indicated on the vector diagrams. A Potier reactance of
3.3 ohms and the corresponding turns-ratio of 7.6 were
employed for calculations based on the Tee circuit
representation. The characteristics of reactances Xi
and Xé corresponding to a reactance X3 of. 10.8 ohms were
employed for calculations using the Pi circuit
representation of the direct-axis. The calculated values
of the field excitation are given in Table 5.2.

It can be seen from the table that almost similar
values of field excitation are obtained from calculations
based on either representation. These values are in
agreement with the experimental field currents.

It may be mentioned that the maximum internal
voltage across the reactance X of the equivalent Tee
circuit is 135 volts. The open-circuit characteristic
in Fig. 5.3(b) shows that the maghetic circuit is only
slightly saturated at this voltage. It has been found in
the previous section that the difference between the
field currents predicted with the two circuits is small

at much higher levels of saturation. Hence the agreement



between the two calculeted field excitations in Table

5.2 has to bc expected. . .
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CHAPTER ©

Conclusions

The experimental work described in the previous
chapters has amply illustrated the novel methak of
determination of the parameters of the equivalent Tee
and Pi circuits of a two-winding transformer. Only the
turns-ratio of the associated ideal trcnsformer and two
of the three reactances of the equivalent Tee circuit
have to be employed for the prediction of the steady-
state performance of a synchronous machine. A novel
method of determiningtheturns-ratio and the two reactances
has been discussed and illustrated by tests on the model
synchronous machine. Theoretical considerations show
that a synchronous machine can be more fully represented
by a Pi circuit which is in gencral not equivalent to
the Tee circuit. The parameters of this Pi circuit can
be determined by the additional measurement of the
transient reactancc. This additional measurcmcnt can be
also uscd to determine the third reactance (referred
field leakage reactance) in the equivalent Tee circuilt
of the machine. It is clear that the novel methods
referred to above could zlso be used to derive the
equivalent circults of a slip-ring induction motor.

It is seen that when the cylindrical-rotor

synchronous machine is represcnted by the equivalent Tee
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circuit, the vealues of the armaturce leakage reactance
determined by the method proposed in this thesis and by
the Potier method arc in good agreement, This agrecement
is secured in spite of the fact that the reactances
evaluated from the tcst characteristics could be greatly
influenced by small errors in measurement. However, the
test results indicate that by any of the methods a
reliable value of armature leaksge reactance can be
obtained only from the highly saturated regions of the
test characteristics.

The proposed method of derivation of thce relevant
paramcters of the eguivalent Tece circuit thus forms a
useful alternative to the Potier method of determining
armature leakage reactance. However, the main utility
of the method is that it leads to a better understending
and a direct exposition of the basis of the Potier method.

In the case of the salient-pole machine, it is seen
that the influence of a non-uniform length of the air-gap
causes the value of armature leckagce reactance determined
by the novel method to be smaller than the minimum Poticr
reactance. This value of the Potier reactance is
approximately equel to the armature leskage reactance.
The test results illustrate the need for a suiteble

chnoice of load current in the Pctier test.
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If too low a value of this current is used, the
reactunce determined from tests is subject to considerable
experimental errors. On the otlier hand, if too high &
value is employed, there is additional saturation of the
megnetic circuit due to field leakage flux and changes in
the distribution of air-gap flux. This saturation is
secen to result in an increased value of Potier reactance.

In both the salient-pole and cylindrical-rotor
machines, the distributions of the field and armature
windings are, in general, different. It 1s found that
owing to this difference in distributions, the referred
field leakage reactance in the equivalent Tee circuit,
and the reactances of the Pi circuit can be only
approximately determined from terminal tests. An equivalent
Pi circuit, representing the direct-axis of the machines,
could be derived, ignoring the difference in distributions
of the two windings. In the case of the model synchronous
machine with the cylindrical rotor, the results of tests
indicate that this Pi circuit and the Tee circuit
constitute equally satisfactory representations aof the
machine. The representation of the direct-axis of the

model machine with a salient-pole rotor by this Pi circuit

1

is found to result in a slight improvement in accuracy
over that achieved with the Tee circuit representation.

Another Pi circuit could be derived by approximately
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allowing for the difference in distributions of the
armature and field windings. However, for the model
machine with a salient-pole rotor, the use of this Pi
circuit is found to rcsult in no perceptible improvement
in accuracy over that achieved by thc usc of the Tee
circuit representation, Thus, thc former Pi circuit is
found to be a better representation of the dircect-axis
than the latter. The improvement in accuracy achieved
by the use of the former Pi circuit depends upon certain
design factors of individual machines and is empirical
in nature. Therefore, tests on a range of larger
machines employed in practice would be useful in
determining the significance of the improvement achieved
by the use of the former Pi circuit.

The paramecters of the equivalent Teec and Pi circuits
could be calculated from design data by the method outlined
in appendix C. The calculation of these parameters is
facilitated by adopting the systematic approach to the
derivation of an ecuivalent circuit outlined in

appendix A.
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APPENDIX A

Some factors influcncing the choice of the turns-ratio

associated with the equivelent circuit of

o cylindrical-rotor machine

The rcguirenent that the conditions at the terminals
of an equivalent circuit should correspond to the conditions
at the terminals of the actuel nachine imposes cortain
restrictions on the dynemic anzlogue. To procvent
confusion, these restrictions are discussed in the
following perographs and not in the main body of tie
tnesis.

To illustrats the restrictions involved, the
equivelent Tee circuit of an unsaturated cylindrical-
rotor machine is derived in this Appendix. The m.m.f,.
required by the iron peths is ignored. Rcsistances of
the windings and iron lossces are also neglected. For
convenience)the ermature is assuued to be wound with a
single~layer winding. The mechinc is assumed to be
operating at zero power factor,

A nagnetic circuit describing thc nmachine consists
of thc fundamental components of armaturc-reaction and
field m.m.f.s acting on the rcluctance of the air-gap.

The circuit also includes rcluctances reprcecsenting slot

leakage flux paths in the machine.
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Tie amplitudes of the fundamental components of
armature-rcaction and field m.m.f.s are derived from a
harmonic analysis of the stepped weveforms of these
m.i1. .8, The following formulae follow from the analysis.

(Ref. 26, P.227)

2T I
= 4 / ph Kata
F_o= 1. - X
a” 7y 3
1 91 /2 Tph Kl .
P LJ
. 4 NeK I 45
f o P -

The reluctance of the air-gap is defined so as to
re¢lete the total Ilux per pole sct up by the armature
and field m.n.f.s, to the peak values of the two m.m.f.s.

The reluctance then becoaes,

_n g
S -ZX,]_"" A.05

lg is the effcctive length of the air-gap, and a is the

product of the pole-pitch and the length of the core.
The reluctances representing slot leckege flux

paths have to be chosen such that the leeskage fluxes

in the machine and the magnetic circuit are equal in

nagnitude. The peak value of the armature slot leakare

flux set up by a phese is given by the expression,

- 4 Tph /2 I
sL ~ Pg

Mo I, A4
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)\ 1s the specific slot permeance and g is the number
of slots per pole per phaose. LC is the length of the core.

Assuning that the slot leakage flux at all sections
of the core has the above value, the equivalent reluctance
in the magnetic circuit becones,

F
S = 2
BgT, ——QSL A.5

A similar cxpression can be derivcd for the
rcluctance Sst representing the rotor slot leakage
flux paths. Pig. A.1(a) shows the resulting magnetic
circuit. The dynemic analogue of this circuit is shown
in Fig. A.1(b). The inductances in the analogue are the
inverse of the corresponding reluctances in the magnetic
circuity currents in the anclogue are equal in magnitude
to the respective nm.m.f.s.

To obtzin an equivalent circuit in which the
currents in an armature phase and the ficld winding are
the terminal cquantities, two ideal transformers are
interposed as shown in Fig. A.2(a). The turns-ratios
of these transformers follow from egns. A.1 and A.Z2.

Referred to terminals 1-1, the open-circuit voltage

w .
across the reactence —g— becomes,
g
1.1 s

X X —= A6
gg/?

The open-circuit voltage generated in an armature phase

1.917 T . K
W x 2 ph “w

Vl= P
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THE SIGNIEICANCE OF THE SYMBOLS
IS AS STATED IN FIG. 2.7Q

FIGGAIOO MAGNETIC CIRCUIT
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has the following nmagnitude

F

1 b
Fo= o Ox T K. x5 X —= A7
1 Ph wl S /2

Thercfore, if it is required that the eguivalent
circuit should huve the arncturc voltage as a terminal
gquantity, the valucs of various clements in Fig. A.2(a)
have to be modified to those shown in Fiz. 4.2(b). The
currents in the ‘dynenic analogue! section of Fig. A.2(b)
are not equal to the fundamental n.m.f.s in the magnetic
circuit. Thc fundamental flux set up by given currents
Ia and If is, however, maintained at the value in the
magnetic circuit.

To maintain the slot leakage fluxes at their
originel values, the two reectznces are nmodified to

X 7, and X, in Fig. A.2(b). o1, and X, are given by:

u 1.91
X = X A.8
sL SSL P
- w 1.91
¥ = X 4.9
£ Sst P

The ideal transformer coupling the anaclogue to terminals
1-1 in Fig. 4.2(b) may now be removed by rcferring the
reactances to the primary side of the transformer. The
resulting circuit is drawn in Fig. A.2(c). The turns-
ratio of ideal transformer 2 is altered to preserve the
relctionghip between open-circuit voltoge and field

current. The turns-rztio is also adjusted to directly
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relate the field current If to the r.m.s. open-circuit
voltcege. This edjustment is the division of the expression
for turns-ratio in Fig. A.2(b) by /Z.

The terminals 1-1 of the ecuivalent circuit of
Fig. A.2(¢c) can now be properly termed as the"armature"
terminels. The voltage across terminuals 2-2 has no
significance in as far as the actual field winding is
concerned. However, the currcnt ot termincls 2-2 being
the same as the actual field current, the terminels can
be termed the "field" termincls.

Reactance X g, in Fig. A.2(b) has a value such that
the voltage drop across it is equal to the slot leakaze
flux associated with an armature phase of the machine.
Therefore, when the analogue represcnts a mechine having
a single-layer armature winding, or a double-layer
winding with full-pitch coils, the voltage drop across
X1, in Fig. A.2(c¢c) is less than the actual voltage drop
due to slot leckage flux by the factor le. When the
winding is of the fractional-pitch type, some of the
slots contecin conductors belonging to different phases.
The above rclotionship between the two voltege drops
has to be modified to take this factor into account.

If reactance XL is made equal to the actual armature
slot lcakage reactance, thce voltage drop across the

corresponding reactance UJ/SSL in Fig. A.1(b) beconcs
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larger then the slot leaksge flux associated with an
armature phase, The representation of the cctual slot
lecakage flux in various scchtions of the armature core

by the reluctence SsL [Fig. A.ﬂ(a)_7 is only approximate.
Consequently little additional cecrror is involved in

choosing this reluctance so es to necke X, in Fig. 4.2(c)

L
equal to the actuel slot lcakage reactance. The reactance
XL has to be incrcased to include thc overhang znd
differential leskage components of armeturc rcactance.

The total leakage reactance of an arnature phase is

denoted by XLa‘

Under normal operating conditions, no voltage is
induced in thc field winding by the field leakage flux.
Thereiore reactince Xf in Fig. A.2(b) can be chosen
such thet the voltage drop across it represents the
slot leakagec flux associcted with fhe field winding.

The turns-ratio of the ideal transformer in Fig. A.2(c)
is equal to the ratio of armcture and field curreants

obtained by equating the¢ cxpressions for Fa and Ff.
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ATPEUDIX B

The impossibility of deternining explicitly tiaec

parcaineters of the cquivelent Pi circuit

Bl Basic approach to the determination of an explicit

value of n

The fect thet the turns-ratio associated with a
non~lincar Tec¢ circult can be determined explicitly
suggests, at first sight, that an explicit value of n
cculd also be determined from terminal measurcments on
the Pi circuit of Fig. %.3(P. 81). It would appear that
this value of n can be obtzined by utilising the non-~
linear natvre of reactances Xi and Xé as an additional
condition. The condition that must be satisfied is that
the reactasnce Xi (or Xé) nust have the same valuc at a
given voltage across its torminels, regardless of whether
the voltoge is apnlied ecross it as in Fig., 3.3 or is
induced in it =2s in Fig. %.4. The volues of reactance
Xi under thesc two test conditions are given by the

foliowing expressions.

£ = ! B.1
_——.5
vy (=7,)
wr _ l l -

>
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Equating the currcnts in the sbove cxpressions, we have

Il - (Vl - nV2) (nVé - Vi)

., (V3 - V)
or 1;5/1‘1 = _Ti—__ B.3
Equation B.3 may also be expressed as
(Vin + Vo)
X./n = de dl B.4
0 1 .
where Voo = (Vé - Vl) and Vqq = (Vl - V2)

Both X5 and n are constent quantities. Therefore
the relationship (between the terminal quantities)
contained in equation B.? can be satisfied by a nunmber
of Pi circuits with various values of X5 and n. However,
all thesec values would be in the constant ratio given by
equation B.3. An expression similar to equation B.3 can
be derived by cquating the two expressions for reactance
Xé. It then follows that a number of Pi circuits can be
derived from the characteristics obteined from open-circuit
tests on the actuel Pi circuit. All these Pi circuits
would be equivalent in so far as the rcectances measured
at their terminals are concerned. All other terminel
tests on the actual circuit are essentizlly similar to
the open~circuit tests. Hence an explicit determination
of the parameters of the Pi circuit by terminal tests on

the circuit is not possible.
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B2 Experimental Verification

Tcsts were performed on & Pi circuit formed by two
iron-corcd rcactors and an air-cored reactor. The iron-
cored rcactors employed consisted of two similer "Fostcr
~Expcerimental Treansformer" corest.v| Each of these cores
was wound with a coil of 100 turns having a resistance
of O.lohm. The terminal characteristics of the reactors
are shown in Fig. B.1(a).

A varieble air-core¢d reactor formed the reactance

X This reactor was one out of the set of three similar

3
air~-cored reactors described in section 4.3.3. (P 91 ).

The sections of the two coils forming the reactor and

the two coils themselves were connected in perallel. The
mutual inductance between the two coils was adjusted to
obtain a total reactence of 2 ohms at the terminals of

the reactor. The resistance measured at the terminals

of the reactor was 0.09 olm.

The terminals of the coils placed on the two
"experimental transformer" cores were connected to the
terminals of the air-cored reactor in the manner shown
in Fig. B.1(b). The "actual" turns-ratio of a hypothetical
ideal transformer placed between terminals 2-2 and the
terminals of the coil on core 2 was therefore unity.

The variable voltage supply required for the tests

was derived from a "Variac! auto-transformer. The
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specifications of this transformer are given in section
4.%,2 of chapter 4. The fundamentzl components of various
voltezes were measured with the 'Radiometer! wave-analyser?5
The currents at the terminals of the Pi circuit were
measured with & precision multi-range moving-iron meter

capable of measuring currents upto 15 amp to within

# per cent of bthe maximum value of +the range.

B% Value of Xz/n of the Pi circuit

Open-circuit tests as per Figs. 3.3 and 3.4 were
performed on the Pi circuit. For better accuracy, the
fundamental difference voltszes le and Vd2 (equation B.4)
were directly messured. These voltages and the current
Il are plotied in Fig. B.2 as functions of the fundamental
voltege Vl' At low values of Vi, both the difference
voltages and the current are small. The reactance Xa/n
calculated from such values of le, Vd2 and Il is
consequently considerably influenced by experimental
errors. Thercfore only the values of Va1» Vd2 and Iy
for voltage vy above 12 volts are shown in Fig. B.Z2.

The calculated values of Xa/n are plotted in Fig. B.§
as a function of voltage V. The value of Xa/n = 2,02 ohms
obtained for vy below 18 volts is in good agreement with
the actual value of X5 = 2,0 ohms. The decrease in XB/n

at higner values of V1 can be explained as follows,
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As shown in reference 21, the fundamental reactance
of a non-linear reactor depends not only on the fundemental
component of the voltage across its terminals but also
on the waveform of this voltage. For a given fundamental
voltage, the recactance is least when the terminal voltage
is sinusoidal and maximum when the current through the
reactor is sinusoidal. The waveform of the voltage
across recactor 1 can be assumed to be nearly sinusoidal
when the circuit is excited as per Fig. 3.%. On the
other hand, when the circuit is excited as in Fig., 3.4,
the third harmonic voltage drop across X5 causes the
voltage across reactor 1 to be peaked. The current
through the reactor is however more sinusoidal for this
test condition than when the circuit is excited as in
Fig. %.3. TFor the same fundamental voltage Vi(: Vl),
the fundamental reactance Xi is consequently larger for
the test condition of Fig. 3.4. The voltage drop Vd2 is
therefore reduced. This reduction in Vd2 causes a
corresponding reduction in XB/n. The influence of
changes in the waveform of the terminal voltaze on the
fundamental reactance Xi becomes more pronounced with
increasing saturation of reactor 1. The reactance Xg/n
in Fig. B.? therefore progressively reduces as shown.

As pointed out in reference 21, the variation of

fundamentel reactznce with the waveform of the terminal
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voltage is much reduced if the magnetic state of a
reactor is defined by the fundamental current through it.
Additional calculations have been performed to illustrate
this point. The characteristics of reactor 1 were
calculated from equations B.l and B.2 by employing the
values of X3 = 2.00 ohms and n = 1. These characteristics
are shown in Fig. B.4. Graph a relates the fundamental
voltage V1 to the fundamental current given by the
denominator of equation B.l. Graph b relates V1 to the
fundamental current given by the denominator of equation
B.2. The fundamental reactances obtained by dividing Vq
by the currents at points (i) and (ii) in Fig.B.4 are 12
and 13.6 ohms respectively. The reactances corresponding
to points (i) and (iii) are 12 and 12.4 ohms respectively.
Thus by defining the magnetic state of reactor 1 by the
fundamental current, the difference between the two
values of X 1s considerably reduccd.

The above results are presented in a slightly
different fashion in Fig. B.5. The graphs drawn in this
figure show the values of Xy at a voltage V; of 25 volts.
These values have been calculated by employing the ratio
X3/n = 2.0 ohms and various assumed values of n. Graphs
a and b show the values based on equations B.l and B.2

respectively. The voltage V; used to calculate the

values shown in graph b is the sum of V1 and the voltage
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Vd2 at a voltage Vl of 25 volts. Graph c¢ also shows the
reactance Xi obtained from equation B.2. The values of
Xi in greph c¢ have becen calculated by employing a voltage
Vi at which the fundamental current through recactor 1 is
equal to the corresponding current calculated from the
denominator of equation B.1. The definition of the
magnetic state of reactor 1 by the fundamental current
through it can be seen to result in a more consistent
value of Xi.

The fair agreement that exists between graphs a
and ¢, Fig. B.5 shows that irrcspective of the value of
n chosen; the same¢ value of reactance Xi is obtained from
both the open-circuit tests on the circuit. This result
can be further extended to include all values of the
operating voltage Vl' Similar arguments can also be
employed to relate the two values of Xé. By this means
it can be secn that a unique value of n can not be

determined from terminal tests on the Pi circuit,.
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APFENDIX

Some observations on the calculation of +the

equivalent Tee and Pi circuits from design data

Though the thesis is primarily concerned with the
experimental determination of the parameters of the
equivalent circuits, some observations on the derivation
of these circuits from design data are included in the
following sections. These observations refer to a
salient-polc synchronous machine. A similar procedure,
with some modifications, has to be adopted in the case
of a c¢ylindrical-rotor machine.

The equivalent Tee and Pi circuits can be derived
from the calculated open--circuit and zero power factor
characteristics of the machine. The calculation of these
characteristics can be based on the magnetic circuit of
Fig. 2.12a (P. 63 ). Owing to the complex nature of
the magnetic system of the machine, the open-circuit and
zero power factor characteristics can be only approximately
calculated from design data, The calculation of these
characteristics amounts to little more than the
determination of the total ampere-turns required to
establish a given fundamental flux in the air-gap. One
of the difficulties in an exact calculation of these
ampere-turns is that the distribution of air-gap flux

density is not known. Hence the total flux corresponding



to a given fundamental flux can not be calculated,
Consequently the ampere-turns required by various parts
of the magnetic circuit can not be exactly determined.
Another factor which has been mentioned previously is
that the mutual flux follows paths of various lengths
in the stator core (and in the rotor core of a cylindrical-
rotor machine). This factor also influences the distribution
of air-gap flux density.

Considering the machine on open-circuit; the
m.,m.f. required to establish a given fundamental air-gap
flux may be approximately calculated as follows. It can
be assumed that the reluctance of all the flux paths in
the stator core is identical. The field m.m.f. is
determined by considering a flux path passing through
the polar-axis. For an assumed value of Bg,the actual
air-gap flux-density at the polar-axis, the m.m.f.
required by a tooth located at the polar-axis is
calculated on the basis of the flux contained in a slot-
pitch. The flux density in this slot-pitch is equal to
Bg' The presence of parallel magnetic paths through the
adjoining slqts is taken into account in the calculation
of the m.m.f, The wm.m.f. required by the air-gap is
calculated on a similar basis, using Carter's coefficients
to allow for the fringing of flux at thce tooth-tips.

The m.m.f.s required by the tooth and air-gap are plotted
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as functions of Bg, as shown in graphs (i) and (ii),
Fig. C.1.

The rcluctance of all the flux paths through the
stator core is assumed to be identical. The flux lines
follow nearly similer paths in the pole system., Therefore,
the distribution of air-gap flux density can be deteimined
by assuming that the same total m.m.f. is applied &along
all the flux paths in thc stator teeth and in the region
of the air-gap inside the pole-arclf2 For an operating
point P in Fig. C.l, the m.m.f. applied along the paths
referred to above is represented by the length (EP + EF).
This m.m.f. is applied to one such path, the air-gap
flux density along which is represented by point Q. The
m.m.f, required by a tooth located along this path is
represented by DC. Therefore the m.m.f. required by the
air-gap is represcnted by the difference (EP + EF - DC).
Knowing the air-gap length at the polar-axisand the m.m.f.
EP required to estzblish the flux density corresponding
to point P, the length of the air-gep associated with
m.m.f., (EP ¥+ &ZF - DC) can be calculated. The angular
position with respect to the polar-axis at which the
length of the air-gap is equal to this calculated length
is determined from a knowledze of the pole-profile. As
a rcasoneble approximation, the pattern of the fringe

flux outside the pole=-arc can be assumed to be unaffected
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by saturation of the magnetic circuit. This pattern is
determined from flux plots?q The total mutual flux per
pole and the fundamental component of this flux may now
be calculated. Based on this total flux, the m.m.f,.
required by the stator core is determined next.

The total flux prevailing at a cross-section at
any point on the axis of the pole is the sum of the
total mutual flux per pole and the field leakage flux
at the scction., The distribution of field leakage flux
does change with saturation of the field system. For
usual calculations, this change is ignored. The
distribution of field leakage flux detgrmined from flux
plots based on an unsaturated magnetic circuith can
then be used to calculate the field leakage flux at any
section, The m.m.f. reguired by the pole is obtained on
the basis of this distribution of leakage flux. An
equivalent lecakage flux linking the entire field winding
could also be determined from this distribution of field
leakage flux.

Using a number of assumed values of Bg, calculations
performed as above yield the megnetisation characteristics
of the machinc. For the unsaturated machine, the
cocfficlients describing the distribution of air-gap flux
established by the direct-axis armature m.m.f. alone can

be most simply calculated by employing the constants
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given in rcference 31. These coefficients and the
cocfficients cdescribing the flux distribution due to
fiela m.m.f. alonc may be employed to detcrmine the
gffective turns-ratio. The reactances of the eguivalent
Tee circuit of the unsaturated machine are calculatcd
by a method similar to that outlincd in appendix A.

This circuit is transformed to yield the corresponding
Pi circuit.

The zcro power factor charzctcristics could be
calculated by a proccdure similar to that described
above, A simplification can be adopted for obtaining
approximate equivalent circuits. This simplification
consists in neglecting the influence of changes in the
distribution of air-gap flux density. Calculations
are then based on the distribution of air-gap flux
density that prevails at the same fundamental flux in
the machinc on open-circuit,

The reactance X (section 5.6.1) is determined by
employing the expression derived by Kilgore%o This
reactance can be direcctly used to derive a Pi circuit,
ignoring the different distributions of the armature and
field windings. The details of this procedure follow
from the discussion in section 5.6.1. The saturation
characteristics of the reactances of the Pi circuit can

Le readily derived from the calculated open-circuit and
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zero power factor characteristics.

The procedure for calculating the open-circuit
characteristic outlined in the previous paragraphs is
bascd on the most simple approach. For closer accuracy,
the influcnce of the different paths of flux in the
stator core on the distribution of air-gap flux density
has to be considered. Thc problem at once becomes

complicated and only approximute solutions are possible,
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