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DIVIDED-WINDING-ROTOR SYNCHRONOUS GENERATOR
NO-LOAD FIELD CONTROL FACTORS
BY
Hassan Ali Abou-Tabl, B.Sce, Ph.D.%

ABSTRACT:

The l1imiting values of the no=load excitation currents
in either field winding of a synchrenous machine with d,w.r.,
are examined. To identify the factors affecting these limits
& theoretical study of the no-lodd m.m.f. distributions in
the air-~gap is first carried outs, A laboratory model is then
used to obtain and analyze the actual distributions., The stu-
dy shows that these factors dopend on the pole-winding spread
and the shift-angle of the resultant field arround the d.wer.
It is also shown that therm&] unbalance and higher temperature
-rise are expected to occur when the resultant flield is shifted
away from the d-axis.

Q+0. Nomenclature:

h t = pole-arc = 28
: = active-axis no~-load field control factor
= reactive=axis no=load field control facter

H
3 air-gap resultant field of & d.vw.r.

- o QO
B R P

active=-component of F_ along the actua] active-
axis R

reactive-component of FR along the actua]l rea=
tive-axis
active-axis no-]load excitation current

= reactive~axis no-load excitation current

Fr H

(i0),
(i),
<I£)d.w‘ 2 maxipum no~load excitation current in elther

axes while the excitation current in the other
axis is equal to zero.

(If)c t = conventiona]l rotor excitation current

e
I

(Pfo)d.w‘ w no~load excitation power of a d.v.r.
(Pfo)c t a no~load excitation powver of a c.v.r,
(Rf)dec' = tota]l resistance of alther winding of a d.w,r.
(Rz)c $ = total resistance of & c.w.r.
- & = pole winding spread
< 3 = Pp/2 |

& Lecturer, Faculty of Engineering, Mansoura University,
Mansoura, EGYPT.
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@ : = shift-angle ofFR measured froa the actual active-
axis
o 1 = shif-engle of F_ measured from the 180°- active =~

axis R

CeWo.re = conventional=winding-rotor
d.wers = divided-winding-reotor.

It has recently shown [ V~3]) that moro stable operation of
turbo~generators is ensured by excitation control using
divided-winding-rotor (d.w.r.). In & synchronous machine with
dew.r., the convantional pole-winding is divided into two adj=-
acent windings where each of them has its own excitation supply.
In this case the resultant field can be made to rotate with
respect to the rotor in such a way as to me@t the control requi-
rements of the machine. This prevents elipping and reduces hun=-
ting between the stator and rotor magnetic fields when the rotor
is momentarily oscillating or running out of synchronism L[1] .
It has also shown [8) that under both steady-state and transi-
ent operating conditions, a synchronous generator with d.w.r.

has a number of adventages over the conventional-winding rotor
(c.'-r.)-

Most of the puplished papers({3,8)Jon the d.w.r. generators
are interested oaly in the control problems. They give 1ittipg
attention to the deslign aspects of these machines. Some atten-
tion must therefore be given to the design aspects and features
of the d.w.r., machines which may somewhat differ from those
already established for the c.w.r. machines,

This paper proceeds in this direction. The limiting value
of the no-ioad excitation current in elther winding as wvell as
the factors affecting these values are studied. The relations
for the no=load excitation power are obtained to help in the
prediction of thermal stresses inm & d.w,r.

2.0, Conventional Winding Rotor[4]

Fig.(l-a) gives & 2-pole conventional rotor with pole
vinding spresd " T equal to 180*, Here the pole-are "bg“ is
equal to zero, Conventional rotor with T 1less than 180% is
usually built in actual turbo-generators which allows enough
place to accumulate the damper winding in the empty pole-arc:

bp = Tr - T =2p -oooooo-oo(l)

Fig.(l1-b) shows a sketch of a c.w,r. with a pole winding
spread less than 7w by an angle 28 which forms the pole-arc.
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The pole winding of Fig.(1) can be represented, for pur-
poses of advanced machine analysis, by a single coil with
magnetic-axis coincides with the pole~axis (direct-axis),
This coil is axcited by the conventional excitation current
(If). under the excitation supply voltage (vf)c'

Neglecting rotor slotting, a stepped me.m.f. distribution
curve will approach & perfect triangle or a trapezoid for roti-
ors having T equal to or less than 7 respectivily. Naturally,
the established air-gap m.m.f. distribution wave is stationary
with respect to the rotor and is quite different from the sinu-
soidal distribution which is usually assumed in the analysis of
synchronous machines, This difference stands behind the air-
gap spacc harmonics and its influence on the induced e.m.f. and
the machine performance generally [ 7],

3.0, Divided Winding Rotor:

In this type of field windings, each pole winding is divie
ded into two identica)l and slectrically separate half~pole
windings taking into account that the whole=pole winding may
be spread over & given pole winding spread T & 180*. Each of

the two half-pole windings will be excited from its own excita-
tion supply.

For a dower. with a2 given number of poles, all halfe-pole
windings which belong to the same axis are connected together
in alternative manner and excited from the corresponding supply.

Thus each resultant pole consists of two adjacent half-poles on
two-da xes,

A resultant field will be produced by the separate and
simultaneous excitation along these two axes. The schematic
of 2=-pole conventional rotor discussed before, Fig.(1), can
now be modified to conform with this type of excitatiom just
pmentioned, These two axes may be designated by active-and
reactive-axes, Thls designation is related directly to the
machine control problem, Sketchas of d.w.r. with pole winding
spread equal to or less than 180° are given in Fig.(2) and will
be discussed in following. .

3ele Divided winding rotor with T = 180%.

Although the 180%°=pole winding spread, - Fig.,(2-a), is not
practical; it will be.discussod for purpose of comparison.
The divided pole winding can be replaced by two equivalent
concentrated coils with magnetic axes along the active-and
reactive-axis, Both axes are equally shifted about the d-axis
and are in perpendicular to each other (T/2 = 90°),

0
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The excitation of these two-axes results into two indivi-
dual field distributions foraing a resu)ltant field Fp. Fp can
te shifted from the active-axis by an angle @ in clockwise dir-
ection, Under no saturation conditions the shift-angle depends
cn the individua]l m.m.fs. components Fg and F_. The resultant
field Fp could be made to rotate with respect to the rotor it-
self according to the proper axclitation in the two-axes, The
resultant field Fp arround the rotor is constant only under the
assumption that either F, or F, has a sinusoidal distribution.
It is convenient, here, to &ssume that both fields are componea=-
nts of the resultant field along the corresponding active~or
reactive-axis, The two coamponents can be expressed as & func=-
tion of the shift-angle @, by

Fa = FR Cos © -....-....(2-3)

and

Fr = FR.51D 8 ' ..........(Z-b)

This relation states that the active-or reactive-component is

maximum and equal to F?, when the other compoent is zero and
s

the resultant field-ax coincides with the corresponding
active-or reactive axis,

The resultant field Fp can_be defined as "the atximua
active or reactive field,Fs or I3 sy when either is acting alone
to produce the rated no-=leoad voliago", thus

Fa = Fr = FR .o--on-oot(})

and equations (2) can be rewritten as

-~

F& = Fa Cos @ -.o..-n.-o(#“a)
and -
Fr - Fr 51n 6 ooc-oo..u.(““b)

Neglecting saturation equations (4) can be written asi

(if)ag (If>a. Cos © -..-......(S-a)
and
(ir)r= (If)r. Sin © Ol.l.liollcs-b)

Where (Ig)g 8nd (Ig), are the maximum excitation currents in
both axes respectivily.

U



123
Bassan Abou~Tabl

pole -axis
+(d-a:r.is)
reactive

/ =axis

. o ( I;)r
) ~
\ a

\

h .
! fCL-QIIS)

7’
7

,QL-I.OCUS of constant FR

(@) pole winding spread = 180’

‘e % le-axis N9 ‘5-‘4:
c ole-axis N.¢ .
R\ SR /.
- \C“‘ y 4 ° (/ L+
Q*\d; » o’
‘ ’\r‘c Q"/ \G ‘}
il AR
\ 5,
/ \
/ \
/ \
{ \
| | -
l\ _ | (q- axis)
\ o r /
Q
\

| / -
\ ~— locus of canstant F
IS

(b)) pole \yinding Sfrt.dd L 130.
Fig(2). Schematic logout of dw.r. 2-pole.




E.124 ., Mansoura Bulletin, December 1978,

Depending on assumption given in eq.(3) it can be deduced
that

(If)a = (If)r = (If) ..........(6)

dewe,

whera "(I_ ), . is the maximum excitation curront in one axis

to have ritedno-1ocad voltage, while the excitation current in

the other axis is equal to zeroW, Bquations (5) ef the indi-
vidua]l excitation currents can now rewritten as

(1f)a (If)doﬂ: Cos © oo.u.onouot(?"a)

and

(if)r (If)daﬂ; Sin @ 0-0-0-.....(7-b)
According to equations (7) the proper excitation componets
can be selected to obtain a constant no-load resultant field FR
shifted by an angle 6, Reversed pedlarity of one or both excit-
ation sources is necessary to ensure shift-angles @ > (7 /2).

3.2+ Divided winding rotor with T &4 180¢

Figure (2=-b) shows a sketch of a 2=pole d.we.r. withT < 180°,
It i seen that each half-pole winding has moved back from the .
pole~axis (d-axis) by an angle B. The quadrature-axis is still
having the same orlentation as before. Accordingly, each of
the active-and reactive-axis advances towards the d-axis by
(p/2). The net angle between them is

'r/2 = (1r/2) -;po

Thus both axes arc no-more perpendicular to each other as in
case of T =T .

Ganerally, the active-and reactive-axis are squally dis=
placed about the d-axis and inturn about the g-axis;

Total displacement about d-axis =(7/2)~8 =T/2 +ess(8-0)
or
" Total displacement about q-axis =(W/2)+p =TW=(T/2)(8-b)

These relations show that the angle between the active-and
reictive-axis depends directly on the pole winding spread.

Assuming thateach of the two components, F, and F., has
a sinusoidal distribution, the resultant field ig can be held
constant by having the proper values &8s well as the proper
Bhifto
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It would be mentioned that both active-and reactive axis, have
a space position corresponds to the pole winding spread. To
have & unified measure of @ the referance is taken as the 180°-~
active axise. The 180°-active axis is in quadrature with the
corresponding 180®-reactive axis, Fig. (2-b), and both relate
to a factitious pole winding spread of 180°,

Assuming that ' = @ + (f/2), the shift-angle measured from
180°-active axis, then referring to Fig.(2~b) the following
relation can be written '

1 - 17 7
(Fplg . Cos (p/2) Sin (f/2) F,
= L .0-00(9)
(Fpd,. | | 8in (B/2) Cos (fV2) F
L 4L J L i
where
(FR)a t = resultant field component along the 180®-active

axis; ,
FR Cos @, and

(FR)r : = resultant field component along the 180®-reactive
axis; . .
=?R Sin Q.

The above matrix equation, eq.(9), can be solved to obtain the
resultant field components

Cos (8 + %)

?a = FR * Cos 2 0¢ ...-......(10-&)
and I
Fr = FR . Sin (e -“) oooooooooo(lo"b)
Cos 2 o

where o< = (B/2).

Equations (10) give the two components F, and F., along the
corresponding axes, in terms of the resultant fleid Fy and
shift-angle ®, Effcct of the pole winding spread is present
through ® . For a pole winding spread T =m; € = 0 and 28

is equal zere, relations (10) turn %o be (2). A8 defined before,
naxisum activeomand reactive«fieid, F, and F,, are obtained acco-
rding to eq.(10) at @€ =ot and €' = (T /2) + o or when the resule
tant fleld axls coincides with the active-~and reactive-axis,
While either field component is maximgn it s found that the
other,is zgro, and the dofinition of Fg or Fr is satisfied to

give Fa = Fr = FR.
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For linear field conditions, it can be assumed that F; or
Fp i3 proportional to the corresponding excitation currents(if)a

>r (if), respectivily. The following relations would be written
in accordance with equations (10).

_ Cos_ (@ +9%)
(), = I,

oWe’ Cos 2ex 0000-0....(11—&)
ind
= Sin QO"-etz
(if)r - (If)d.w.‘ Cos 2 ooo-o.oooo(ll—b)

iquations (l1) are the gemeral relations of the individuwal no=-
oad excitation currcants which give the proper axcitation along
.he two axes in order to shift the constant resultant field F

)y an angle 6% R
«Q0, No=-Load Field Contro]l Factors:
The two terms Cos(6 4+ )/Cos 2 and Sin(@ -o)/Cos 2
an be defined as the no=-load field contro]l factors.
‘quations (l1) are therefore,
(if)a = Ca . (If)d.H. oooo-ooooo(la-a)
- nd
(if)r‘= cr ] (If)doﬂo ooocooo.o.(la"b)
‘here .
Ca = Cos (e + K)/Cos 2 oL 0.-..-..00(13"'3)
and -
Cr = Sin (0 = “)/Cos 2 0% o .ooco-co.o(l"b}

bt

[ = e o S

- apd cr are the no=-load field control factors.

To shift the resultant sinusoida]l field of a dewer. by
» argle @) the field components F, &nd F, must have the suita-
i@ magnitudes and polarity along thoir corresponding axes.
iving (Ig)q,y. then the required excitation can be established
 simultaneoy§ adjusting of both excitation currents, (i),
'd (i¢)py Bccording to the proper value and sign of the no-

.'ad field contrel factors Ca and Cr.

The variation of both factors with the shift-angle 6 for
fferent pole winding spreads is given in Fig. (3). The pole
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winding spread has 1ts effect on the two factors through the
presence of the angle o« = (A/2) in equations (13). For a
given T , each factor has & sinusoidal variation shifted from
the other by (/2 + 2¢)., For T = 180°, the absolute maxi~-
mum of both factors, C; or C,, is equal to unity while for
T&180° the absolute maximum is greater than unity (1.035 for
T = 150° and 1.155 for T = 120°).

A factor with negative sign means reversed polarity of
the corresponding field componont. This can be ensured by
having the individual excitation sources with reversable pol=-
arity. The polarity change of a field component F; or F, goes
smonthly through null value according to the change of tﬁa
corresponding field control factor Cy or C,. respectivily. In
Fig.{3) Cq or Cy 1s equal to unity, for all pole winding spre-
2ds, 1f it is required to shift the resultant field-axis to be
along the corresponding active~or reactive~axis. To shift the
resul tant field axis to coincide with the d-axis, both fileld
centrol factors Cg and Cp will be equal and of similar sign.

[o shift it to be along the q-axis, both factors will be equal
too but of opposite polarity.

3.0, Laboratory Simulation of D.W.R,

It is difficult to convert an already built conventional
rotor to a divided winding rotor, speclally for test purposes
#here the rotor may be connected alternativily to have some
coumparative results, This difficulty had been overcome by use

the B.,K.B. universal laboratory machine, to have a synchronous
machine model with d.w.r.

The B.K.B. Universal Laboratory Machine Set {6)consists

of a uniform air-gap universal machine and a d,c. dynamometer.
S a j3j=phase synchronaous gensrator the universal machine rotor
icts to form the 3=-phase armature where tho stator windings
represent the field circuit., The 24=-slot stator is wound with
twelve colls which are short pitched by one slot. These sta-
tor coils are brought out, also all other vindins connections,
to the linear array. of terminals 1, 1 to 12, 12° on the terminal
:anel, Fig.(4), which enable it to form a conventional field
rinding or a dividod field winding by making the appropriate
r0il to coil connections. The leading collesides, 1, 2,e¢:12,
\re located in alternate slots so that the twelve coils are
!istributed over 360% of the stator periphery. This arrange=-
;ent gives a single-layer winding with 6 slots/pole to have

80%-pole winding spread or 4 slots/pole to have 120°-p01e
tinding spread.

Fig.(5-a) and (5-b) show the stator connections to have
80% and 120° pole winding spreads respectivily. The two-way

witch makes.it possible within each 7 to have a conventional
r divided field winding.
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Phe excitation circuits are built as in Fig.(6) from two
separate potential dividers: one to excite the active winding,
a-a’, and the othor to excite the reactive winding, r-r,. Each
circuit is prowided with reversable switch to have raversable
polarity, when it is needed, &ccording to the sign of the no-
load field control factors. Conventional excitation is obta-
ined from the active excitation circuit, a~a’, while the reac~
tive excitation circuit, r-r, is totally discomnected,

6.0, Laboratory Demonstration of No-Load M.M.F.Distributiong

In order to get an idea about the effect of the shifting-
angle ® on the m.m.f., distribution established in the uniform
air-gap of a synohronous generator with divided field winding
having @ given T , the universa]l machine set described above
has been used. The dynamometer is connected to operate as a
motor at 3000 r,p.m. &nd drive the rotor of the universal
machine which will be operate &8s & synchronous generator. The
field system can be connected as in Fig.(5-a) or (5=-b) to have
a pole winding spread of 180° or 120° respectivily. By swit-
ching the two way switeh on the side.marked "D,W.R.", the

corresponding field system divides into two separate circuits
and represents & d.w.r,

Adjusting one of the active-or reactive-excitation to have
rated no-load voltage, while the other is zero, the one-~per
unit excitation current (Ig’4,y, ¢8n-be obtained. The station-
ary mem.fs distribution esiabrished in the eir-gap can be exa~
mined and recorded by connecting an oscilloscope to the rotor
searclrcolil ;3§+.

vaveforms of me.me.f. distributions for givenT and differ-
ent ©6°are obtained by adjusting the proper excitation currents
(i7)a and (ig);, each time, according to equations (12). C,
and Cp #re precalculated by equations (13) and then multiplied
by (If)do'o

7.0, Discugsion of Results:

The resultant no-load m.m.f. distribution in the air-gap
of a synchronous generator with dew.r, is the superposition of
two individua)l distributions: the distribution due to the acti-
ve field winding and the distribution due to the reactive field
winding., The resultant field assumes an axis which can be fore-
ced to rotate a complete revolation arround the rotor (the
stator in machine model) by having the proper value and polarity
of excitation currents in accordance with the required shift-
angle 6% For different shifting angles, beginning by @ z o in
steps of 15® unti)] € = « ¢ 27, the air-gap resultant distribu~
tions at nowload are given with the conventional distridbution

in Pigs.(?) and (8) for the two different pole winding spreads
mentioned before.

14
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7e¢ls 180°~pole winding spread:

In this case the active-and reactive axes differ by an
angle equal to T /2 = 90°; thus they are in perpendicular to
each other. It is seen in Fig.(7?) that the group of distri-
butions obtained in range of the d-axis, @ = 0 to 90% are
obtained again in range of the g-axis, © = 90° to 180° .
They are generally repetitive every 90°¢. Having Fp towards
the active-axis, © = 0, in this case the active-winding is
working alone and the field distribution is & stepped trape-
zoid. The same distribution is obtained by having ¥, along
the reactive-axis, 8 = 90°,. 1In this case the reactive wind-
ing i5 working alone.

Beginning at the active-or reactive-axis and shifting Fp
in clockwise direction towards the other axis, the trapezoidal
waveform converts in an observed manner with advanced 6 to be

a stepped triangle exactly when Fp coincides with the d-axis
or q-axis, respectivily.

It is seen that the actua)l fileld distribution is not sinu=-
soidal. Accordingly the resultant field maximum is not con-
stant and varies between 1.0-perunit, at the active=-or reactive

-axis, and {2 - per unit, &t the direct-or quadrature-axis as
0" advanced,

When the resultant field-axis coincides with the direct.gr
quadrature-axis; the resultant field distribution is the dual
case of the conventional distribution (the stepped triangle
vaveform given in Fig.(7) above). The field current measure-

ments, for T = 180°, also agree with this result. In such
case; )

= = ~
(if)a - (if)r - 0.70? (If)dowo (If)c cloo-o-o(lq‘)
whare ca = cr = 0.707, and the induced e.m.f. in both cases
are naturally the same.

In accordance with the induced e.m.f, in proportional
with different @, the measurements show that the no=-lcad 1ire
voltage is approximately constant for ail angle shifts.
Assuming constant permeability, the above observation means
that the area under the flux-density distribution curve, which
may behave simliar to that of the m.mef., or the flux per pcle
is not groatly affacted by the angle shifts.

72+ 120°=pole winding spread:

Bere the active~and reuctive axes aro not perpendicular.
They differ from each other by T/2 = 60° about the d-axis, and
by (w=-T/2) = 120° about the q-axis. There~fore the field
distribution-waveforms, as & increases, in the sharp-angle
(T /2) region aro not identical to that occurring in the wide=-
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Although the excitation power 1ls constant it can happen
that one winding, the active or reactive one, is thermally
more stressed than the other winding, specially when the resu-
l1tant field axis is so far away from the direct-or quadrature-
axis and coincides with one of the winding magnetic axes. 1In
the last case the current capacity of the corresponding wind-
ing winding can rise to aboutV2 of ite conventional value,

For 1209-pcole winding spread, the excitation power can be
obtained by equation (16) which can be rewritten as

2 2
(Pfo)lzo = [ ca + cr ] . K .-.......-(18)
where
= 2
K=l 0 Ty, Jppo oreee19)

Constant.

Bquation (18) relates the no-load excitation power of 120°~
iivided winding rotor to the no-load field control factors Cn
ind Cr. This relation is plotted in Fig.(9) in p.u. for
{ifferent values of . It is secn that the minimum excitation
powar (0.666 p.u.) delivered to field system accurs at @ = 45°,
’his occurs when the resultaant field axis coincides with the
1l-axis or in other wards when a dual-conventional excitation

.6 established by the divided winding excitation; in this case

(I),=C (1), .. » and if
(Rp) = 2(Rg), o
hen it can found from equation (16}, that

(Pfo) = (Pfc) coo-oo.o--(EO)

devwae C

ln order to shift the resultant field axis to coincides with
the qeaxis (T = 120°); maximum no-load excitatioa power of
2.0 per unit is required. Naturally, excitation power of 1.0
rer unit is required when one winding, the active-or reactive-
vinding, is acting alone t¢o obtaln the rated no~load voltage.
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It is then advisable to have the resultant fleld~axis
in direction of the d-axis to work withminimum no-load excit-
ation power. Shifting the resultant fleld-axis towards the
active-or reactive-axis is still acceptable but further shift-
ing towards the g-axis enlarges the required excitation power
to be, at the g-axis, three times of that required at the d-axis.
The field current capacity is now so high and thermal stresses

are expected to happen when the machine is operating in this
region,. .

9,0, Conclusion:

The study shows that for proper analysis of a d.w.r. tur-
bogenarator, the two magnetic axis of the rotor should be egu-
ally displaced about the d-axis by an angle equal to half a
pole winding spread T,

The study shows, also, that the values of no-load field
control factors are required in adjusting the two correspond-

ing excitatlion sources in order to shift the no-load resultant
field FR by a given angle shift %

It has been show that under no~load conditions and T other
than 180° minimum no-load excitation power requires the resul-
tant Fp to be &s mear as possible to the d-axis. Shifting the
resultant Fp towards the g-axis roquieces larger values of exci-
tation power, 3 times of that required at the d-axis for ¥V =120°, °
with the result that heat stiresses are amainable to occur.
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