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PREDICTION OF B.M.F, VARIATION DUE TO SHIFTIAiG
TEE RESULTANT FIBLD IN DWR SYNCHRONOUS GANERATOR
BY
Dr.Emg.Eassan Ali Abou-Tab) ™

In this paper the e.a.f, equation of an idealised syachronous
generator, having a dividea-winding-rotor, is derivad, The equation
is obtained in two alternative forms whereby the sffect of shifting
the resultant field around the rotor on tne sipusoidal] induced e.m.
f. can be approached. Shifiting the resultant field axis from its
origina)l diraction resultis actually in considerable distortion in
the resultant no - load m.m,f, distribution. This distortion affec-
ts the induced e.m.f., as exbibited by the measured values on mach-
ine model. A comparative study of{ the results, obtained by applying
the method of harmonic analysis to the diffesrenpt m.m.f. waveforms,
leads to the interpretation of the variation in the measured e.m.f.
Away from this methed, however, 2 relidble measure is suggested for
& guick prediction of this e.@a.f, variation,

Q. Nomenclature:
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induced e.m.f. per phase of c.w.r. Synchronous
generator, (r.m.s.);
R = inducec e.m.f. per phase of d.w.r. syachronous
ganerator, (r.@mu.8.);
induced 2.m.f., per pnase due 1O Fa.sinusoidal
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a
Poamesd s
B : = induced e.m.f, pe&r phase due o Fr' sinusoida]
i s R
E i = no~-load voluage per phase of d.wesr. synchronous
- SeN&rator- Celie54);
Vac i = Oo=lae ge per phase "a" of a d.w.r. synchr-
P 9r, vector form;
Fc «m.f. per pole, sinusoida]l peak;
Fo 1t pea« of d.w.r., sipusoida]l;
i of FR' sinusoida)l peak;
at  of FR‘ sinuscidal peak;
@m.m+f., nonsinusaoidal;
5 tation currept, sinusoida} peak;
0
% ‘1tation current, sinusoida)
4’
-
P rrent in eitner field winding

voltage, sinusoida] peak;
is lon a=r axes;

)
"
9 s lan d=q axes;
) ’ :
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(Ef)i { = field-currents transformation;
(gf)v : = fieid=voltages twransformation;
(\_’o)d { = matrix of sveady state, no-load armature voltages
4 in d=gq axeg;
Tph : = number of turns per phase;
Kvl { = winding~factor, fundamental;
D : = inpner diameter of stator, m.:
L : = core~length, m.;
13 : = air-gap length, m.;
P : = number of poles;
¢p : = conventional flux per pole , weber;
/HE t = free space permeability = 4'”‘/107 henry per m.;
. : = pole-winding spread;
o4 1 = B/2 where 2B:=z pole=-arc;
@’ : = shift-angle measured from the 180%°-active axis;
ev t = shift-angle of Vao ¥.r.%. the de~axis;
ef $+ = shift-angle of FR W.r.%., the d-axis;
w : = angular speed, syanchronous in electrical radian=
ces/sec.;
CaWoTa t = conventional=winding=rotor;
dewer. i = divided-winding=rotor;

1+ INIRODUCTION:
The idealisedl u.w.r., syachronous geperator assumes & sinusoi=-
da] distribution of =2ach of the resultant fleld and its components
at no-load. [he peaxs of toth components, F, and F,, can be adju-
sted such that the resulvant peak Fp is held constant while it is
shifted around she rotorl. Based on this assumption, an equation
0f the induced e.m.f. per phase can be derived. In this paper the
principle of superposition is applied to obtain this e.am.f. equat-
ion in & classica)l form. Also, an equivale nt model in the d=g
aXes iIs used to obtain the e.m«f. 2quation as an alternative method,
In this case, an additiopnal transformation is required to transform
the field circuit, in the active-and reactive-axis, into i¢s egui-
valent ln the d-q axes., Both e.m.f, equations help predicting thne
effect of the shift~angle 8 on the sinusoida] induced e.m-f. per
phase. For the purpose of comparison, the equation of the sinu-
soidal induced e.,m.f, of the c.w.r. synchronous generator is prese=-
nted first.

In &an actua]l d.w.r. synchreonous generator, shifting the resul=-
tant field axis from its origina)l direction along the d~axis results
in & considerable distoertion in the resultant no-load a.m.f. distrie-
pution?, This distortion includes tha shape as well as the absolute
maximum value, and also affacts the induced e.m.f,l The prediction
of the e.m.?. variation with the shift-angle is visualised by &
comparative study of the results obtained by applying the bharmonic
apa)lysis method toc tue corresponding m.m.f. vaveforms.,
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2. CoWeRs Synchronous Generator, The E.M.F. EBquationi

The derivation of the e.m.f. equation of a c.w.r. synchronous
generator is based on the assumption of sinusolda]l field distribut~
ion in the air-gap . This equation has the well known form:

@m/¥2 ) By, ¥ ¢>c Ton

or

EC

habs XKL P . Tph Favnman v e kl)
The sinusoidal flux per pole q:c may be obtained by

$

c (M.M.,F.)(permeance)

(g' 7271 ) FcA E sdn ity e

n

¥here A\

permeance of magnetic path which is mainly the
air~gap length;

y area/lg
=N (mopD L/P)/lg ! webers /AT

= constant.

Substituting for g:c from eqn.(2) into eqn.(l) gives

B £, @/mINTF

c

bk K

or
Ec =KFC .o.-o.oc..(j)
where K 1 a constant

babh Ko o Tph(2/‘n' YA\ , volt/AT M S | 5

BEquation(3) assumes, for linea r conditions, that the e.mef. induced
per phase is directly proportional to the méximum sinusoidal m.m.f.

3. D.WeRs Synchronous Generator, Sinuseidally Induced E.M.F,:

In the following, two alternative methods are applied to obtain
the siagusoida)l] induced e.m.f. per phase of & d.w.r. synchronous gene-
rator. Both methods consider an ideal] machine in which saturation
is neglected and the resultant no=-load m.m.f. distribution is assumaed
to be sipusoidal. However, the first method applies the principle of
superposition while the second makes use of an equivalent model in
the d=q axes. HResults are discussed to have an idea about the effect
of the shift-angle on the sinusoidal induced e.m.f.

3.1, E.M.F, Bguation Based ON The Principle of Superposition:

With respect to its fiejd-winding, a synchronous generator with
a divided-winding-rotor may be considered as a c.w.r, syachronous
generator having two field-windings, namely, the active=and reactive
~field winding.
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Bither winding has the same number of poles, but their nagnetic axes

are displaced from each otherl by an angle 7" /2. Both field windings
are mounted on the rotor and the corresponding fields, Fa and ?r,link
the 3=-phase armature winding at the same speed,

In order to derive an equation for the sinusoida)l induced e.m.f.
either field (F, or Fy) is assumed to act individualliy. Accordingly,
the principle of superposition in its classica)l form can be applied
to get the induced e.m.f, per phase. Bach sinusoidal field component,
F, and F_, creates a corresponding e.m.f. component, B, and E, respe«
ctively, in the same phase-winding.

According to equation (3), both e.m.f, components can be given
as:

EaSKFa ol.oont.la(5.1)

and
&

r KFI‘ l.l-lntoio-(soZ)

The use of the same constant K as given by egn.(4), takes into acco=-
unt the assumumption that both flelds have the same reluctance (assu-
ming a cylindrical rotor). Boih fields are expressedl {n terms of

the resultant field FR’ and the two e.m«f. components can be given as

n

-~
L]
=

Ea a R -aootooco.(all)

and

1

-
(!
=y

E R -aca-a.loc(eta)

r r

yhere Ca and Cr are the no~load field control factors:

Ca

COS (6' ¢+ & ) /cos 2 o« P AT e I

and

C
r

sin (8 - & )/cos 2 o< DR = ) Y

As the m.m.f. components are displaced by T/2 from each other,
both e.m.f. components will be displaced by the same phase-angle
/2, Fig. 1. They may be of different magnitudes according to the
shift-angle ® of the resultant field Fp. Referring to Fig. 1, &
relation for the resultant (total) induced e.m«f. can be written as}

E% & gi 5 sﬁ +2 B B cos(T/2)

Substituting for B, and E from egs. (6), then

s% = ¥ Fi [Ci " Ci + 2 C Cr cos('{/?)]

a

As long as F, and Fp, are the sinusoida}l components of the resultant
Fps the term between bracketis is equa]l %o unity. Consequently, the
ginusoida]l induced e.m+f, per phase of a d-.w.r, synchronous gepsra-
ter is

ER:KFR
Bquation (8) has the same form as that derived for the coavention=-
2lly induced e.m.f., eqn.(3).

0-.0.00.-.(8)
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d -axis ]
(pole -axis) ;’

F-ia. 1 No-lLoad Phasor Diagram of
a D.W.R. Synchronous Generator

Pole -axis i
¢ (d-axis)

i =
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(Q) Schematic Diagram (b) Generalised Diagram

Hsz 2-Pole D.wW.R. Synchronous Generaktor
{ without dow\Per-Wi.nding)
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3.2. BuM.F. Bquation based on an Equivalent Model:

Fig. 2 gives a schematic diagram of a 2-pole d.w.r. synch~
ronous generator and its equivalent model in the deq axes. The
field axes, a=-r, in the idealised machine are equally displaced
about the pole~axis., They are displaced from each other by an
angle equal toT/2. The armature winding is the same three=phase
balanced winding aes that of a c.w.r. synchronous generator,

Parks transformation3+5 can be used to transforam the rotating
axes (a,b,c) to the stationary axes (d,q,0).

3e2els Dual-Field Transformation:

In a ¢conventiona)l machine the stationary field axis is con-
sidered to be along the d=axis, therefore no transformation is
needed. However, in a symchronous machine with a d.v.r., an addi-
tional transformation is required to transform the duwual field win-
ding in the a=r axes to its equivalent in the d=-q axes.

For a divided-winding-rotor with T {180°, the field current
and voltage~-transformations, (Qf)i and (fy)y respectively, are not
identical. The field current transformation is

[ cos ( T /4) cos( T/4) )

_‘)1 B ....(9)

_-sin( T/4) sin( T/4)

This transformation ensures that the resulsant field due te the

equivalent excitation in the d-q axes still retaine its eoriginal
magnitude and direction. The shift-angle of the resultant field
w.r.,t. the d-axis is given by

Grzef - (Tr/“*) oooo-ooao.(lO)

In order to keep the excitation power invariable, (cf) is chosen
such that 21

t. =1
(Ep)y = (g7

For a divided-winding=rotor with T = 1801 the a=r axes are
perpendicular and oqually displaced about the d-axis shus

(€p)g = (Cp)y = (€

wvhers

cos ( T /4) sin( T /4)

(Cf) =

oooooooo(ll)

_-sin(TT /4) cos ( TT/4)J
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2.242. Steady=-State No=Load Yoltages (!o)dq:

The voltage equations are first written for the generalised
diagram, Fig. 2-b, and then simplified under the no~=]load conditions
(id s iq =2 0) to get the steady state no=load voltages. Thus

» - o -
vdo Y UJHq Ifd
=
qu -WH, 0 Irq
or
czo)dq = (! )(Et)dq onoaoa.a.(la)

(lf)dq ie given in terms of the actual axcitation currents as

(-I-f)dq = (Ef)i (-I'fJar ] '0'0""'(13'1)
r
((If) a ca.W
vhere  (I.),. = = (Ig)y g, seveecese(13a2)
L(If)r | L cr

a8 given in Ref. 1. Therefore, the no-load steady state armature
voltages in the d-q axes are,

v

b -qu Tl v, sin(T/4)(C, =« C) ....(1%.1)

and qu - —W.Hd (If)d.w. COSCT/‘#)(Ca *» Cr) ..._(14.2)

3.2 +3+ No=}oad Voltage per phase:

Taking phase "a"™ only into consideration and assuming that
its axis coincides with the d=axis, the retransformation from the
(d,q,0) axes to the (a,b,c) axes gives the no-load voltage per
phase as

Vao=vd° coswt"‘vqo 518 wt aoonc.c-o(ls)

which can be written in complex form as

iiao na ¥y 2 quo)/f'z_ e s EEEMEYE)
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Substituting for V and Vqo from eqn.(14%4) and assuming that
nd = Hq = M, the agsolute no=load voltage({r.m.s.) becomas

Vool =/VE wraap, , [ &+ R +ac, ¢ cosTr2)]

The term under the square root is equal to unity as stated before.

vao can then be represented by

Yao = E Lgv o-on.aoot(l?)
whers B = (1/ﬁ) u}“(lf)d.'. 0.0009000(18)
and e, =0 & (T /4) sensassva k)

is the phase-shift of v Wel.t. the dmaxis. Equation ( 18) is
an alternative form for %ﬁe e.m.f. eguation of a doswer. synchron-
ocus generadtor. This induced e.m.f. lags the resultant field by

an angle equal to 90%; where ev - ef = Tr /2.

3.3 Shift-Angle Effect on the Sinusoida)l] Induced E.M.F.:

It is now obvious from equations (8) and (18) that ths sinu=
soida]l induced e.m.f. per phase of a d.w.rs synchronous generator.
is not affected by shifting the resultant field around the rotot.
Bquation (8) shows that the induced e.me+f. remains constant 80 long
asg FR is constant.

The no~load voltage given by eqn.(18) is the induced s.m.f,
per phase according to the excitation curreant (If)d.w

when supplied teo either the active or reactive field winding. PFor
dual excitation, however, as long as both excitation currents, (I )
and (Ig),, are related to (I )i oY to keep F, constant, the lndu-
ced e.m.fs B at any ahift-angle g'of the resul tant field will remain
also constant. It is preferable to have the resultant field axis
along the d-axis. In this case, both excitation surrents will be
equal and both field windings will be loaded equally.

4, M.M.F, Harmonic-Study Leading to the E.M.FP. Variation:

In Ref. 2, a detailed study is carried out on the mem.f. dist-
ributions established in the air-gap of a d.w.r. synchronous genera=
tor while the resultant field axis is shifted around the rotor.

The results show that the no=load m.m.f., distribution does not rem-
ain constant as the shift angle is varied.

Here arises the question about the effect of m.m.f., variation
on the induced e.m.f. The assumption that the fundamenta] m.m.f.
approximates the actual m.m.f. distribution and that it is quite
enough to derive the sinusoidal e.m.f. equation, needs to be checked
again.

A reliable tool to judge this subject is to use ths Fourier
Series to obtain the harmonic content of the different resul tanot
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m.n.f, vaveforms. A computer~aided harmoniec analysis study is
carried out for the summarised groups of waveforms obtained in
Ref, 2. Harmomnic-peak ratios hy, are listed in Table (1) with
the different shift-angle € . In the following, the two Prdin-
ary creteria, which make use of these ratios, are discussed.
They are usually used for judging the equivalence of the fupnda=
mental t0 the corresponding actual me.m.f. distribution.

441+ Creterion (1): The Fundamental Peak Ratie h,

The fundamental peak ratio h, relates the fundamental peak
of the resultant n.n.f. diatribution to its absolute maximunm
(Fg) ax® Ibis ratio is plotted against € in Fig. 3 for a comp~-
lete revolution of the resultant field-axis around the alr-«gap.

The plotting shows how this ratic is affected by the shift-
angle ©°, as well as by the poele winding spread T . But when
the absolute values of the fundamenta)l peaks are calculated they
seem to be approximately constant for a given T .

This rasult can be interpreted by having a look at Figs. 3
and 4. It is seen, for a given7, that the variation of hy is
compensated by a counter variation of the maximum resultantirn)max.
If & maximum variation of 0.08 p.us in the abBolute fundamental
peak is tolarated, thenm it may be assumed constant.

4e2+ Creterion (2): The Ratio of Fundamental Area (a,/a)

This ratio relates the fundamenta]l hal f-wdve area to the
corresponding resultant m.m.f., half-wvave area. It gives &n andi-
cation of how much is the siousoidal flux per pole compared with
the actual flux per pole. This a;/a ratio is calculated for the
different m.m.f. waveforms and the resulits obtained are listed
against ©° in Tadble (2).

Usually, the variation ia (a;/a ) is also taken to give an
indication about the probable variation in the induced e.m.f.
This convention does not give the whole truth in case of a de.w.r.
For example: for T = 120° the ratio (a,/a) has a maximum value
when the rasultant field axis is along the g=axis, while the mea=
sured e.m.f., Fig. 6, shows a minimum value at the same shift =
angle.

5. Prediction of E.M.F, Variation due to Shift-anglel

The variation in the induced e.m.f. with varying € , can not
be predicted by observing the variation in hy, or the variation
in (a)/a) alone. While the variation of the first ratio seems to
be constant, the second ratio fails to evaluate the e.m.f. varia-
tion. Therefore, effects of bigher harmonics must be taken into
consideration when the method of harmonic analysis is used to
evaluate the e.m.f, variation. For this reason a $third creterion,
which is related mainly to the higher harmonics, must be intre-
duced.
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5¢ls Creterion (3): The Relative Harmonic Ratio (H,):

This creterion is introduced to have a comprehensive approach
to the effect of the shift-angle on the resultant mem.f. and in
turn, on the induced e.m.f. It relates the nth harmonic peak of a
resultant m.m.f. distribution to the corresponding hermonic peak
of the mono-acting distribution by

B (Fn)/(Fn)o seesassedl20)

The mono-acting distribution is that m.m.f. distribution of the
active-or reactive-field winding when either of them is acting
alone to get the rated no-load voltage.

The variation of the ratio (H,) with 6 gives the variation
effect of the corresponding harmonic on the resultant air-gap
m.m.f. Accordingly, it can be taken as & measure of the expec-
ted variation in the induced e.m.f. Calculated vajlues of (Hy)
for harmonics higher than the third show a very small effect,
which is approximately constant and so small that it can be
neglected.

The relative ratios of the 1st and 3rd harmonics are given
in Figs. 7 and 8 respectively. It is seen that the variation in
B, is within 8% and may assumed to be constant. On the other
hand, the relative ratio of the third harmonic, Hj, exhibits a
considerable variation.

For T = 180°, the variation of H; appears to be constant.
For T £ 180°, it has a decreasing effect in the d-axis region
and an increasing effect in the g-axis region. Pig.8 also shows
that & minimum and a maximum value of H; occurs exactly at the
d- and g=-axis respectively. While this"minimum value is equal +to
zero for T = 120°, the corresponding maximum value is equal %o
2 00. par-unit.

5.2. Shift-angle Effect on the Measured EBE.M.F,:

The three creteria mentioned above are helpfull in inter-
preting the variation of the measured e.m.f. with the shift-
angle« Their application results in the fact that the third
harmonic is the main facs$or behind the variation in the measured
e.m.fs This conclusion is readily noticeable by having a look
at Figs. 6, 7 and &.

For T = 180®°, it is seen that the measured e.,m.f. on a mach-
ine model® is approximately constant for all shift-angles. This
result completely agrees with the effect of H; which is nearly
constant. For T = 1209, the same thing could be said about the
measured se.m.f. in the d-axis region where the third harmonic
affect could be assumed to be abscent. The severe reduction in
the induced e.m.f. around the g-axis can be explained with refere
ance t0 the highest increase of the third harmonic effect around
the same axis.

Away from m.m.f. harmonic ana&lysis, & guick prediction can
be done by observing the variation in the relative actua]l area
(4), which is defined as
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4 hal f-wave area of the resultant distribution
half-wave area of the mono-actiing distribution

(a)/(a), EATOR-A 1Y

The variation of this ratio with 8" (Table (2) and Fig.(5))
shows & relatively &greement with the variation in the measured
e.m.f., either for T = 180° or for T = 120°,

6+ CONCLUSIONS:

The study involves the derivation of two alternative forms
of the e.m.f. equation for the idealfsed d.w.r. synchronous gene-
rator. Both equations have the same form of their cerresponding
ordinary equations derived for synchronous generator with conven=
tional rotor. The equations obtained show that the sinusoidajl
induced e.m.f. i3 not affected by shifting the air-gap resultant
field.,

In order to predict the e.m.f., variation due to shifting the
resultant field axis around a real d.w.r., & harmonic analysis
study is carried out on the various m.m.f. waveforms. It is found
that both creteria "the furndamental peak ratio® and "the ratio of
fundamenta} area" are not encugh for predieting the e.m.f., varia=-
tion with shift~angle. Ap additional creterion is therefore intro-
duced %o enable us to take heigher harmonics intc consideration.

The study shows that the third harmonic is the wmain factor
behind the e.m.f. variation caused by shifting the resultant field.
accordingly, the variation of the e.m.f. medsured on machine mode}
has found its interpretation.

away from the harmopmic analysis a quick prediction of e.m.f.
variation, due to shifting the resultant field, can be done by
followiag the variation in the relative actual area of the various
m.m.f., waveforms.,
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