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DIVIDED~-WINDING-ROTOR SYNCHRONOUS GENERRATOR
ANALYTICAL STUDY OF THE NO-LOAD FIELD DISTRIBUTION
BY
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ABSTRACT:

This paper presents &an analytical study of the resultaat
ws.m.f. distributions in the air-gap of a divided-winding=-rotor
synchronous generator. For linear analysis, the principle of
superpostion can be applied to obtain these distributions gra-
phically. The study makes use of the no-load field centiro}l
factors to obtain the actual per-unit maximum values of both
field components while the resultant field is shifted in steps
Wwer.t. the rotor. The obtained waveforms exhibits the possibi-
l1ity of summarising them in a group of representative waveforas
vhich enable us to study the effect of shift-angle, as well as
tne pole winding spread, on the rssultant m.m.f. The m.m.f.
distributions obtained expesrimentaly, are compared with those
analytically obtained. The results show that they are in good
agreement., The conditions required to simulate the coventional
field distribution by a divided-winding - rotor are stated and
liscussed,

J, Nomenclature:;

Fc $! = coventional nm.n.f. distribution, sinusoida) peak;
(F_) {= maximum conventional m.m.f. distribution, nonsinu-
c’max
soidal; .
Fc it = the nth harmonic peak of a copventional m.m.f. dis-
n tribution; 4
FR : = resultant m.m.f. distribution, sinusoidal peak;
Fa : = active-component of FR' sinusoidal peak;

r $ = reactive~component of FR' sincusoida)l peak;

R)nax== maximum resultant m.m.f. distribution, nonsinusoidal;
(Fa 1 maximum active-component of (FR)nax' nonsinusoidal;
(Fr)nax== maximum reactive~component of (rn)nax' nonsinusoidal

hn t = the nth harmonic peak ratio;
(Tf)c : = conventional excitation current;
(If)a : = active~excitation current, peak, simusoida) distri-
butiong
(If) : = reactive~axcitation current, peak, sinusoida)l dist-
r ributiony
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(If)d.u : = no-load excitation current in either axis alone
° to get rated no-load voltage, peak, sinusocidal
distribution;

(if)a.(if)r.and(if)d.'.s defined as above but for rectangular

distribution, same but lower cases 10tt.r: refer
to per-unit values;

(Nt)c $ = number of turns per pole O0f & C.W.l.}
(Hf)d y.} = number of turns per half-pole ia either the active
*u or reactive-field winding;
n { = harmonic order;
¢ ¢t = shift-angle, measured from the 180®-active azxis;
T t = pole-winding-spread;
ap i = pole-arc =W =T ;
Y : = p/2s
CeW.r, : = conventional-winding-rotor;
dower. ¢ = divided-winding-rotori

l. INTRODUCTION.

In a previous workl the no-load field contrel factors, Cg
and Cp, were introduced to adjust the no-load excitation of a
d.w.r. synchronous generator. The derivation of these factors
assumes a sinusoidal no-locad field distribution of each of the
resultant field Fp as well as of its components F, and F
Accordingly. the resultant field can be held comstant when it
is shiﬂhd around the rotor by introducing the proper excitation
currents (Ig),and (Ip), in the corresponding field wianding.
Both currents are also assumed to have sinusoidal distributions
around the rotor.

This assumption is not valid in an actual d.w.r. wvhere
rectangular field-~current distributions take place. Actually,
it is not expected to obtain sinusoidal field distributions due
to such field=current distributions.

Bxperimenta)l investigations were carried out on a machine
model to simulate the no-load field distribution curves of a
d.w.r, at different shift-angle ¢. Excitation currents (I,),
and (Ig), were adjusted to correspond to their maximus fundamen-
tal values. The oscillographs obtained gave the impression that
the no-load m.m.f. wave-shape is greatly affected by the pole-~
wvinding-spread 7 and the shift-angle ©%

This paper presents an analytical study of the resuliant
no-load m.m.f., waveforms of a d.w.r. The study aims to have a
theoretical approach of the effect of shift-angle, as well as
the pole-winding-spread, on the actual m.m.f. distribution.

For the purpose of comparison, a brief account on the no-
load m.m.f. distribution established in the air gap or & C.Wel,
synchronous generator is presented first.
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2. Conventional~¥Winding=Rotor, M.X.F. Disiributin

--------—-——--------—-—-----—-----—---—--.-.s-

Considering & 2-pole cylindrical .retor, thé actsal a.n.f,
distribution in air gap has a stepped vavefora which diffors ia
skape according to the pole-wvindingespread T . Fer purpose of
machine analysis the stepped m.a.f. wvavefora is replaced by an
equivalent triangular or trapezoidal a.as.f. wvavefera for T %180
respectively. These smoothed waveforas, Fig. 1, are established
by the unifora distributed excitation current (meglecting retor
slotting).

The derivatien of the e.m.f., equation of 4 c.v.r. synchroneus
gonerator depends essentialy on the assumption of siausoidally
distributed no-load m.m.f.2,3. Accordingly, the squivalent m.m.f.
vavefora must approximate the sipusoidal shape., This can best be
judged by the Fourjer-Series of the actual (equivalent) a.m.f.
vaveforms.

2.l. Harmonic Content of Conventional Field Distributiont

All three m.m.f, distributions, Fig. 1, of & conventional
winding-rotor are true alternating vaves and epsure the symmetry
conditions*:

rc(x) -Fc (x+1T) .o-.oa(lll)

and

FC(TT/2-1)= rc('ﬂ'/?. L 4 x) ’ ----ca(l.Z)
where x is the angular displacement, in electirical radiances, mea-
sured from a point at which Fo(x) = 0. The Fourier-Series of such
a type of wave contains odd harmopics only of sine teras, thus

a=@

Fc(x)-- E ?cn Sin (nx) 0000-0(2)

n=}

~n this relation Fcn is the peak of the nth harmonic whish:eanm.
28 given by:

4, /2
F., = - J[ F.(x) sin (nx) dx.
o .

From this integration, the nth harmonic peak ratie of a given
n.m.f., waveform can be obtained asi

b= B /(P cesrsel3)

= 4/T0%)(2/T) SIn(RT/2) crvees(H)

ihis relation is calculated for three different pOl.;lindin‘-
ijpreads to explain their effect on the harsonic content of & ceon-
rem¥iona)l field distribution. Results are listed in Table (1).
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(@) 180" - pole winding spread
l""’p"i

(C) 120- pole winding spread

Fig. 1 + M.M.F. Distribution Curves
of 2-pole C.W.R,
JM
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2+.2. Choice of the Pole-Winding=Spread:

assuming that the air gap reluctance is constant (uniform
air gap) and neglecting the saturation, the flux density curve
comes similar in shape to that of the m.wm.f. waveform, There~
fore the ratio (a;/a) of either the m.m.f. or the flux=-density
distribution is the same;

(a /a) = Fundamenta]l half-wave area cerven(5)

Actua)]l half-wave arsa

This ratio indicates how much 1s the sinusoidal flux per pole
compared with the actual flux per pole, Table (1).

1f both ratios, h, and (a./a), are close in value to unity
then it can be asauned that th% flux per pole is invariable

wvhen the actual flux density curve is replaced by its funda-
mental. Higher harmonics can be neglected or taken imto account
by having their peaks within very small 1imits3. This can be
ensured by the optimum cholce of the pole-winding-spread as well
85 the type of armature winding.

Table (1)
Pole~winding Harmonic Peak Ratios
-spread F F F P F (alla)
T cl c3 ¢S5 c? c9
180* 0.811 0.090 0.032 0,017 0.010 1.033
150¢ 0.940 0.076 0.010 0.005 0.008 1.026
120° 1.053 0.000 0.042 0.021 0.000 1.006

It is evident from Table (1) that the pole-winding-spread T
nae a considerable effect on the harmonic content of the corres-
ponding field distribution. A pole-winding-spread of 120° seems
to be the best choice for the following reasons:

1) the fundamental peak ratio (hl) is about unity;
3) the tripple harmonics are abscent; and

3) the ratio (&;/a) is close to unity.

Further, this pole-winding-spread is often chosed by designers
nacause it allows enough place {0 accumulate the damper winding.

It can be concluded that the approximation of the actual
m.2.f. distribution of more realistic c.w.r. by its fundamenta]
.8 accurate enough for the purpose of machine~analysis.

5o Divided-Winding-Rotor, M.M.F., Distribution:

The two separate field windings on the d.w.r., are consi-
iered to costitute the same number of half-poles. Either field
wi.nding has its own m.m*’f. distribution which is shifted from
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the other by an angle equal to T /2., For linear analysis, the .
resultant no-load m.m.f. in the air gap can be obtained graphi-"
cally by appl;ing the principle of superposition to the two
distributions” mentioned above. The method of obtaining the
no=-}load resultant m.m.f. distribution of a d.w.2., in accordance
with & given shiftangle, will be discussed in following.

3.1« Per-Unit Bxcitation Currents:

The excitation currents (lg), and (Ig)., represent the maxi-
mum sinusoida)l valuesl required in accordance with a given shifi=-
angle 8. They are expressed as

(If)a - Ca (If)d-'o 0-30-0(601)
(If)r = Cr (If)do'. . 0-..-.(6.2)
where Ca and Cr are the no-load field control factorsi
C, = Cos(8 & oL )/ Cos 2 eeesselel)
and ’
Cr = Sin(a - “)/ Cos 200 , 001000(7-2)

(Ig) , is the maximum sinusoidal excitation curremt required
in ogiger field winding, acting alone to induce the rated sinus-
oida] no-load voltage,

A sinusoida) distribution of both currents is not possible
in an actua) divided-winding-rotor., Fig. 2 gives & developed
form of a 2-pole d.wer. for the three different pole-winding-
spread: 180°, 150°, and 120*. Current sheets (a, &) and (r, F)
represent the active-and reactive-excitations respectively.

It is assumed that both excitation currents are uniformly dist-
ributed in form of a rectangular wave.

Sinusoidally distributed excitation currents can be assu-
med as the fundamentals of the corresponding rectangular dist-
ributions. Therefore actua)l excitation currents, represented
by the hights of the rectangular distributions, can be given in
terms of the peaks of their corresponding fundamentals¥:

(Tp)y = (T, (Tp)y )= CulIp)y o veen(8el)
and (T, = (WA, Ty 0= Co(lp)y . ereea(8i2)
vhere S PREIS 70 T¢ S PR ceeea(9)

Referring both currents (if)a and (if)r to (if)d.v.' the
per-unit excitation curreats for a given shift-angle can be
obtained as

(1f)a Ca do..--(lOol)
(if)r cr seesaa(10.2)
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I ——

(lF a =816 p u,
(1) =.299 pu.
(c) |20°-430Le w'xnd'\nq Sp_read @'.ﬁO

F_ig.Z : Resutbant ™M.M.F. Distribution
e 2 -pole DW.R. (example)
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These relations indicate that the p.u. values of excitation currents
are numerricaly equal to the corresponding no-load field control
factors.

3.2« Poer-unit Maximum vajlues of M.M.F. Componentsi

An actual me.m.f. distribution of either field-winding has an
absolute maximum value which is proportiomal to the corresponding
excitation current., For a given shift-angle, both excitation cur=
rents have their magnitudes according to equations (8). Assuming
that both field windings bhave the same number of turns, the field

component maximum values (Fﬂ)max and (Fr)max are given by

(F_)

]
+

(If) ( f) c-ooo.(llnl)

a‘max - = Ca dews dewe
(Fr)nax =1 Cr (If)d.v.(Nf)d.w. ceseen(lle2)
is the value of product (I )d - (Hf)d ie constant, both compo=-

nents will have the same per-unzt max;mum values as the per-~unit
excitation currents; i.e.

(fa)max =+ C, cesees(l2.1)

(fr)max-lcr ....--(12.2)

These per-unit maximum values of the me.m.f. components help con-
structing the corresponding distributions and obtaining the per
-unit maximum value of the resultant m.m.f. distribution.

3.5 Resultant M.M.F, Distribution:

Having obtained the per-uanit maximum v&luss of the m.m.f.
components and the spatial distribution of bqhh excitation curre-
ots in developed form, the individua)l distributions of the active
and reactive m.m.fs. can be constructed. While the spatial limits
of each m.m.f., distribution towards the rotor circumference are
directed by the pole-windingespread, its absolute maximum value
corresponds to the shift-angle as well as to the pole-winding-
spread. Distribution polarity is defined by the sign of the
corresponding no-load field cotrol factor.

For linear analysis, the actual resultant m.m.f. can be
obtained by adding, point by polint, the available m.m.f. compone-
nts. Figure 2 shows the resultant m.m.f. distribution together
with its component'’s distributions, at the same shift-angle
(@ = 30) for the three given pole-winding-spreads. The absolute
maximum value of the resultant field is gemerally given by

(Pplaax = £(CF)ay * (P 0

nax a"max
2 (G v COUpy  (Npdy o +eee(13)
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¢r in per-unit

(fR) = : (c L 4 c ) 0..00.(14)

max a r

lhe per-unit maximum value of a resultant distribution is equal
10 the sum of the per-unit maximum values of its components.
it is evident that the resultant distributions, Fig. 2, are

nelther the same in shape nor in their maximum values, (FR)max'

&, Shift-ABgle £ffect on the Resultant M.M.F. Distribution:

In order to study the effect of the shift-angle on the
resultant m.m.f. waveform, the resultant fleld is shifted in
steps around the rotor and the corresponding resultant distribution
18 obtained., It is found that the resultant waveforms obtained
when the value of & lies between the active-and direct-axis, are
the mirror images to those obtained when the value of 0" 1ies bet~
ween the direct-and reactive-axis. The same thing can be said
ebout the resultant m.m.f. distributions obtained for shift =
angles about the quadrature=-axis. Therefore, the summarised wave=
shapes are given in Fig. 5 for 8 laying between the direct- and
guadrature~axis as representative examples. It is seen that the
resultant field distribution begins on the d-axis and sweeps to=-
wards the q-axis with advanced ©’.

For 180®<~pole winding spread the m.m.f, waveforms obtained
about the d-axis are identical to those obtained about the q-axis.
For a pole-winding-spread less thanm 180°, it is seen from Fig. 3
that they are not identical. Waveforms obtained about the q-axis
are so greatly distorted. Not only the wave-shape which is dis=-
torted, but also its duration becomes less as a result of this
cistortion.

Distortion in half-wave duration occurs at a time when the
resultant field is along the g~axis. In this case, regions of
zero m.m.f., are more wider than a plane. The effective half~wave
curation becomes &s small as 5/6 a pole-pitch for T = 150°, and
&5 small as 2/3 & pole~pitch for a T = 120°. In general, there=-
fore, the efficitive half~-wave duration becomes equal to the
corresponding pole-winding-spread.

It is also evident from ¥Fig. 3 that the maximum resultant
fieid (FR)max does not remain constant as the resultant field is
shifted. The variation of (Fp)pax with € illustrates the relati-
ve variation in the maximum resultant field. 1In shifting the
resultant field axis away from the d-axis towards the reactive-
axis, the magnitude of (Fp)pax is decreased. Having the resultant
field along the reactive-axis, the resultant distribution is that
cf the reactive-component acting alomne. 1In this case (FR)ggyx, the
hight of a trapezoidal distribution, is equal to one per-unit.
Furiher shifting towards the q-axis causes the value of (FR)nax
10 increase unti]l] it reaches its largest value when the resultant
field axis coincides with the gq-axis, '
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|
(a) 180 - bol_e_Lwinding' Spread 2.
' | | pu,

(b) 150 - pole Winding Spread
| |

() 120 - pole vitind'mg SP’;QQL

F_i9_3 S_g_mma_r'g_ﬂ_eiﬁrgqgs of Resultant M.M.E
Wavegorms of 2~ Pole D.W.R. _
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Comparison of the resultant waveforms obtained analytically
with those obtained by experimental model (Fig. 4) shows that
these are in agreement. It should be noted that only oscillogra-
pas for T = 180° and 120° are given in Fig. 4. This is due to
the limited machine mode]l facilities.

5« Conventional Field Simulation by a D.W.R.$

Comparing the resultant distributions obtained when the
resultant field axis is along the d-axis (8= 4#5°) with the cor-
responding conventional distributions of Fig. 1, it is found that
these are the same. In order to simulate the conventional field
distribution by a dew.r. the two following conditions must hold;

1) both the active-and reactive~sxcitation currents are
equal -
(1)

a = (If)r = C (If)d.U. o.aolo(ls)
where C_ = Cr = €. I'his condivion results in symmetrical
distribution of the resultant field about the pole-axis
(d-axis) as it is with the conventiona] field. Under
this condition, the resulteant field distribution corres-
ponds to a shift-angle 6" = 45°, and has the same pole-
arc as the conventional distribution.

2) each of the active-and reactive-excitation current is
equal to vhe conventional excitation current
C(If)

dewe (Tf)c ceesesl(lh)

This condition results in equal maximum values for both
the resultant and conventional distributions. This can
be proved by assuming that

dewe

and going back to equation (13) under the assumption of
equation (16), then
(FR)

y ""5° = _1'_ (ff)c(ﬁf)(; = (Fc)max .'O'(l?)

max
If both of these conditions hold them & divided-winding
-rotor can be considered &s a conventional one. In this case,
the no=load me.msfs distribution established in the air-gap is
identica]l to that established by a c.wer. The m.m.f. 0scillo-
graphs obtained from the d.w.r. synchronous generator model, by
applying these conditions, are identical to those obtained from
the same machine with its rotor conpected in conventional form.
This is evident when the resultant oscillographs obtained at
& = 45° are compared with those marked "conv." in Fig. 4.

6. CONCLUSION:

The study demonstrate an analytical method to obtain the
actual mem.f. distribution at po-load of a dewer. synchronous
generator in accordance with a given shift-angle.
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Q) \800- Pole wmqu spreccﬂ,

Fig. 4 Resultant M.M.F Oscillographs

(b) 120- pole winding spread,
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Analytically obteained m.m.f, distributions when the resul-
tant field is shifted in steps w.r.t. the rotor, can be summari=
sed in & representative group of waveforms., Thereby, the effec=-
ts on the resultant m.,m.f, distridbution of the shift-angle and
of the pole-=winding-spread have been studied.

Shifting the resultant field from the d-axis towards the
gq-axis results in considerable distrotion in the m.m.f. wave-
form, specially, for shift-angles in the q-axis regionm and for
TL£180°, In addition to the variation in shape and absoclute
maximup value the distortion extends to include the half-wave
duration. This duration becomes equal to the corresponding pole~
winding-spread when the resultant field coincides with the g-axis.

The resultis also show that the analytically obtained wave-
forms are in good agreement with those obtained from the machine
mode]l .

An essential condition to simu)late the conventiona) field
distribution by a divided-winding=rotor is that, the resultant
field must be directed towards the direct~axis (pole-axis).
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