Mansoura Bulletin, Vol. 17", No. 1, June 1985, E101

EVALUATION OF THE AIR-GAP MMF DISTRIEUTION AND HARMOKIC
CONTENTS OF THE SIX-PHASE STATOR WINDINGS

Abd El-Rahman Ahmed Amin
Department Qf Electrical Power And Machines Engineering,
Faculty Of Enginnering, Mansoura University.

Abstract:

The paper aims at giving the general procedure for calculating the
magnitudes of all the spatial harmonicmagnetomotive force waves; MMKF.
The analytical and graphical methods have been employed. Thesc methods
are applicable to any polyphase winding with uniform coils and slot
pitches, which is excited by a balanced polyphase supply.

Two types of six-phase stator winding configuration are investigated.
Each of these configuration consists of two types of three-phase winding
witn displacement angle, elther equal to 30 or 60 electrical degrees,.
The scope of the investigation of double layer windings cover the unity
and chording pitch, for g either eguale to one or two slots.

Analytical investigation shows that., the MMF space harmonic orders
of the six-phase winding with $§ equal to 30 electrical degrees, being
h = 12k+ 1 compared with h z 6k + 1 for the conventional three~phase
winding. On the other hand, the six-phase winding with § equal to 60
electrical degrees shows the same MMF space harmonic contents of the
conventional three-phase winding.

Goerge's vector diagram has been used as a graphical method for
plotting the MMF produced by the six-phase windings. From which, the
instantanecus values of the MMF over tne different teeth could be found.
Accordingly, a computer program is implemented to give the fundamental
and higher space harmonics for each case discussed above.

In order to verify the -.omputer program results, previocusly published
[5] space harmonic analysis for a three-phase winding with g = 2, confirms
the accuracy of the computer program used for the analysiz presented in
this paper.

1. Intreduction:

Because of ever-increasing power supply requirements, increased
transmission capability and efficient utilization of rights of way are
some of the most commen concerns of present day electric utilities. A
consirferable amrunt. of research has been carried out and several alter-
native for that purpose were considered. The concept of multiphase trans-
misaion[1] in place of conventional three-phase system, offers an appeal-
ing and unigue solution to the problem. At present, six-phase transmis-
sion appears to be the most promising among multiphase systems for pos-
sible realization in near future [2].

Therefore, because of the growing interest of six-phase transmission
and distribution, the paper aims at giving the analvtical and graphical
investigation of the MMF produced by a six-phasec stator winding. The =scope
of investigation covers two types of six-phase double layer windings, with
displacement angle, § , either equale to 30 or 60 electrical degrees. The
first arrangement with § equal to 30 electrical degrees is considered for
numerous winding pitch with the number of slots per pole per phase, q,
either equale to one or twe slots. The second arrangement with § equal to
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60 clectrical degrees is considered for unity pitch with g equal to three
slots.

2, The Principle Theory Of The Six-Phase Windings:

It is well known that, increasing the number of phases in a winding
reducing the phase spread angle, and the fundamental spread factor is
increased.

Therefore, greater output can be obtained from'a machine with a
given frame size, This explains why the majority of industrial conventio-
nal three-phase windings are, actually, six-phase windings; in which each
phase belt is halved. These windings have a phase spread of 60-electrical
degree and a spread factor of 0.955, compared with 0.827 for a 120-elect-
rical degree spread. The &0-spread winding has the additional advantage
that the number of parallel circuits that can be obtained in each phase
is, in general, twice the number possible in a 120-spread winding. This
is particularly important in relation to large low voltage machines, be-
cause 1t permits a low effective value of conductors in series per phase.

Generally, an iwprovea MMF waveform can be obtained by reducing
the phase spread, as the fundamental spread factor will be increased.
Accordingly, from practicalpeint of view, a study is made on the six-phase
winding. Such a winding can be cbtained from two three-phase windings
displaced in phase bv § electrical degrees. Numerous six-phase windings
configuration can be cbtained by varying the displacement angle § . How-
ever, the investigation is limited for two values of § , which could be
found in practical application. These two values of the displacement an-
gles are 30 and 60 electrical degrees.

Strictly speaking, the space harmonic analysis i1s carried out for
the winding as a whole, which iz made up of two winding groups, having
their effective number of turns and displaced in space by an angle either
enual to 30 or 60 electrical degrees. This winding is surplied from two
three-phase voltage sources of the same phase voltage and a time displac-
ement equal to the displacement angle % . The winding phases will draw
currents of very nearly the same magnltude, but displaced in time phase
by & electrical degrcces.

3. The Resultant MMF Of A Symmetrical Six-Phase Windings:

The analytical method has been employed tc deduce the general equat-
ions giving at anv instant of time. The onlv assumption being made that,
the currents carried thereby are of sinusoidal waveforms,

All phases of a symmetrical six-phase winding are identical and for-
ming two three-phase groups displaced from each other by § electrical
degrees, The windings of each three-phase group are uniformallv distri-
huted and have axes that are displaced 120 electrical degrees apart,
Figure 1 shows the representation of the stater winding MMF axes. The
six stator phases are labelled A, B, C, D, E, and F, "The magnitudes of
the fundamental and harmonic components of the MMF waveform of the com-
pleted winding when supplied with a balanced six-phase current, and their
directicns of rotaticn, can be simply determined from the magnitude of
the fundamental and harmonic components of the MMF waveform of one phase
of the winding.
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Burbidge 3 has shown that the MMF distribution for a phase given
by;

s5in h of .
F{8) = —=co=Z Z ZN ———————————————— cos h(B—Bc) {1

cTh‘l

The h=th harmonic comporient of MMF is therefore;

2i < sin h o
N E __________ c__ — >
Fh(e) = 237 - NC £ cosh(® BCJ {2)

The distribution of wmagnetizing turns, N, due to the phases &, B,C,
D,E,and F, respectively, acting at any angular position 6 around the
ailr-gap, may be represented bv the expressions;

1 o0
E M :j%:Nh [cos h® + cos hig - 2IT/3 ) + cns hi® - 4TI/3) +
mzl ak

cos h(e - 8§) + cos h(e - 2TI/3 -8 ) + cos h(Q—AII/3—6ﬂ

"8 ¢ Ay s (3)
The current in each phase may be represented by
iy = IO sin wt ig = IO sin {wt - 2T7/3 ) , i = IID sin (wt ~41T/3 },
iy = IO sin (wt - §) ;g = I0 sin {wt - 2TI/3 - &)
ip = Iy sin (wt - 4IT/3 - $) (4)

The resultant MMF. F(e,t), is found by summing the six separate
phase MMF's as follows;

. . . . . . -
F[@,t)_lN+1BNB+1CNC+1DND+1ENE+1FNF (%)

Therefore,
F(e,t) = I/2 E N [sine+ sin(et- (1+h) 2TT/3) +
h=1

+ sin(e¢ = (1+h) 4TT/3) + sin(o - (1+h) § ) +

+ sin{e¢— (1+h) 2TT/3 - (1+h) &) +

+ sin{ef ~ (1+h} 4TI/3 - (1+h) ) ) +

+ 5in B + sin{B - (1-h) 2IT/3) + 3in{(B ~ (1-h) 4TT/3) +

+ sin(B - (1-n)§ ) + sin(B - (1-h) 2IT/3 - {1-h) § ) +

+ sin(B - (1-h) 4TT/3 - (1-h) §) ] (6)
where, & =h8 + wt ' B = he - wt

The fundamental MMF ,of the six-phase winding with & = TI/6, can be
determined from equation 6 by substituting h = 1 and § = TI/6; as follows:

F.(8,t) = 6/2 { I, N ) sin (& - wt) (7)

As well as the fundamental MMF of the six-phase winding with $§ = TI/3,
can be determined in the same way, which gives the same fundamental MMF
derived in equation T ,

4., The Space Harmonics Of The Six-Phase Windings:

It is well kmowr that, when a balancer six-phase winding is excited
from a six-phase voltage source of sinuscidal waveform, rotating fields
assnciated with the winding MMF harmonics are established. The harmonic
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field of order h, has a speed of rotation 1/h of that of the fundamental,
its direction of rotation depends on the number of phases and the type

of winding. Eauation & shows the magnitude of the h-th harmonic MMF nrod-
uced by a symmetrical six-phase winding. Therefore, the MME's of all or-
ders can most easily be found for each of the six-phase winding with §
either equal to 30 or 60 electrical degrees.

The harmonic compecnents of the resultant six-phase MMF with § equal
to 30 electrical degrees can be found from equation & , which gives;

Fo(8,t) = 0 , Fo(8,t) = 0
F o (8,t) = 6/2 (I, N, ) sin (118 + wt)
Fi500,t) = 6/2 (I, N, ) sin (136 - wt) (8)

On the other hand, the harmonic components of the resultant six-
phase MMF with § equal to 60 electrical degrees, can be found from equ-
ation 6 , which gives;

F_{e,t) =6/2 ( I N_ )} sin {58 + wt)

5 05
F7(9,t) = 6/2 | IO NT ) sin {78 - wt}
F11(9,t3= 6/2 ( IO N11} sin {118+ wt)
913(9,t]= 6/2 ( IO N13) sin (138~ wt} (9)

Thus all even harmonics are commonly absent; but in the uncommcn
cases when they are present, they are reproduced in the resultant MMF
waveforms to the same scale. Using the result already obtained in eguat-
ion 8 for the harmonic components of a six-phase winding with § = 30,it
follows from this, the only MMF harmonics are those of orders, h = 12k + 1,
where k = 0, 1, 2, 3, ...etc, Therefore , fifth and seventh harmeonics,
which they are often particularly troublescme , are completely eliminated.
On the cther hand, using the result obtained in equation 9 for the har-
monic components ¢f a six-phase winding with $ - 60, it follows from
this, the MMF bharmonics are those of orders, h = 6k + 1, where k = 0, 1,
2, 3, ...etc. Therefore, it produces the same harmonic orders of the
cenventicnal three~phase windings.

5. The Graphical Determination Of The MMF Space Waveform Of A Six~-Phase
Windings:

Algﬁbugh of great practical use of analytical method in MMF harmeonic
analysis, it is a laborious process and as a rule is of the nature of an
approximation. However, the graphical method is simple and quick. It has
been employed in making the diagrams, since it gives the MMF shape at
once and avoids the troublesome of analytical method.

The value of the MMF over the different teeth can be found easily by
using Goerge's vector diagram of the MMF, It offers the advantage of giv-
ing a graphical representation of the MMF over the different teeth, from
which the magnitude of the harmonics, the influence of chording on the
harmonics, and sc forth, can be visualized.

The Goerge's diagram is based upon the follewing consideration. If
A{8,t) denotes the ampere-conductor per unit circumference, then the MMF
at a point © is ;

F(e,t) = fA(8,t) do + C (10)
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where A(@,t) is a sinusoidal function of time, F(8,t}) can be representcd
as a vector [3]. On the other hand, if the ampere-conductor is concentr-
ated into the slots, the instantanecus wvalue of the MMF above the r-th
slot pitch is ;

F(8,t) =ZAF (8,t) + C (11)

Figure @2 shows the MMF space waveform and Goerge's diagram for a two
pole, 12 slots, three-phase winding., Figures 3 to 8 show the MMF space
waveforms and Goerge's vector diagrams for a two pole, six-phase winding
with % equal to 30 electrical degrees, with g either egual one or two sl-
ots, However, Figures 9 and 10 show the MMF space waveforms and Goerge's
vector diagrams for a two pole, six-phase winding with & equal to 60 ele
ctrical degrees, and the three-phase winding,respectively., In order to
explain the procedure, Fig. 3 could be considered as an example, Figure 3
shows this procedure for a double pole pitch, six-phase winding with §
equal to 30, g=1 , and unity pitch winding. In this case the upper and
the lower layers lie in the gsame slots, Figure 3a shows the distribution
of the 12-slot between the fayers and phases, Figure 3b shows the dire-
ctions of the currents, at an instant of time, in different slot-groups,
and the Goerge's vector diagram. The polygon closes after each two poles,
when the Oumber of slots per pole per phase, q , i1s an integer. Figure 3c
shows the space MMF waveform.

The polygon represents the integral,}'ﬁ(e,t) d8. In order to find
the MMF over the different teeth 1, 2, 3, ,.., it is necessary to dete-
rmine the constant €, that is, to find the pole of the polygon. If this
pole has been found to e the pnint P ; then the distances P1, P2, P3,
.., are the amplitudes of the MMF at the tmoth centers 1, 2, 3, ...

It is assumed that, the centers of the slots coincide with the centers

of the distances 1-2, 2-3, ... and that, at these points, the MMF incr-
eases step by step, each being equal to the paximum ampere-conductor per
slot, I . N 3 the pecints 1, 2, 3, ... are then the centers of the teeth,
The insgan%aneous values of the MMF over the different teeth can be found by
projecting the vectors P1, P2, P3, ... on the time line., The shape of the
MMF of a six-phase system with & = 30, changes each one-twelveth of a
period and repeats itself every one-sixth of a period. This condition

can be satisfied bv the vector diagram. The prsition of the time line

can be chosen arbitrarily, since the magnetic energy in the air-gap is
constant. The time line was chosen vertically in Figure 3b. If we make
the unit of length in the vector diagram, q = 1, equal to I, N_, the
amplitudes of the MMF's of the different teeth, aswell as, Qheginstan-
taneous values of the MMF's, will pe expressed per unit, On theo ther
hand, For the winding with q = 2 , the maximum ampere-conductor per slot
IO N , assumed equal to half the unit length, in order to keep the alge~
bric sum of the ampere-conductor per phase constant. The instantaneous
values of the MMF waveform were recorded every five electrical degrees
and supplied to the computer prougram as a data.

The MMF waveforms of Figures 2 t 0 8 were analysed by the computer
program, in order to determine the belt and slot harmonic components,
and to facilitate the comparison between three- and six-phase with %= 30
harmonic contents, as well as, to investigate the effect of increasing
q from one to gwo slots, for unity and chording pitch. The results are
listed in Tables 1 to 7.

On the other hand, Goerge's vector diagrams are established for thc
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six-phase winding with $§ = 60, and for the three-phase winding,respectiv-
ely. The resultant MMF space distribution for q = 3, in Figures ¢ and 10
show the same pattern, which confirms the analytical investigation pre-
sented in the foregoing section. Although, there is no difference between
the six-phase winding with & = 60, and the conventional three-phase win-
ding, the six-phase winding gives more reliability in practical operaticn.

6. Discussion Of The Computer Results:

By means cf a computer program using the step by step technigue,
some of six-phase windings have been investigated. The results are ceont-
ained in Tables 1 to 7. Table 1 can serve as a check on the computer pro-
gram validity. It conftains the harmonic analysis for a unity pitch, do-
uble layer, three-phase winding with q = 2. The computer results of the
harmonic contents showing consistent with the previously published resu-
lts [5] . The coil arrangament for the three-phase winding, 12 slots,
unity pitch, and 2-pole is shown in Figure 2a. The minus sign indicates
a reversed coll current. The winding connection is described by the lis-
ting of stator-coil currents. The body cf the Table gives the relative
values of the various space harmonic waveforms preduced by the winding
in terms of the maximum height of the stepped waveform; which denoted
by YN1, and also as a percentage of the fundamental harmenic; YNZ2.

The 12-slch winding of double pole pitch is wound for a three-phase
and six-phase with § = 30, and unity pitch, as shown in Figures 2a and 3a.
The results are given in Tables 1 and 2, respectively. The computed fun-
damental harmonic of the six-phase winding with § = 30 is found equal to
103.231% of 3.73 p.u.maximum height of the stepped waveform, while the
correspending three-phase winding fundamental harmonic is equal to 92.697%
of 4.0 p.u., which confirm the advantage cf increasing the number of pha-
ses. However, a greater output equal to 3.85% can be obtained from a t'-
ree-phase machine, if it is rewound as a six-phase winding with § = 30.

In Table 1, the higher space harmonics of orders 5-th,7-th, 11-th, 13-th,
17-th, 19-th, 23-th, and 25-th harmonic waves need especial attention,
However, the comparison of these with the results in Table 2, for six-
phase winding with § = 30, which show a very small 5-th and 7-th harmonic
values. On the other hand, it was noticed that, 11-th, 13-th, 17-th, 19-th,
23-th, and 25-th show the same corresponding values. These harmonics aro
known as the slot harmonics, which were shown to be the same for all dif-
ferent winding arrangaments, since thelr strength are solely a function

of slots per pole and are in no way dependent upon the winding distribu-
tion,

The effect of chording the winding can be investigated by chording
the winding with various slot pitches. Figures 4 to & show the Goerge's
vector diagrams and the MMF distribution for the same winding discussed
above, with cherding the pitch by one slot pitch, tweo slot pitch, and
three slot pitch, respectively. Tables 3 to 5 give the space MMF harmonics
contents. From which, it can be concluded that, the effect of ochording
the winding is to reduce the relative importance of the belt harmenics,
while the slot harmeonic magnitudes, YNZ2, is the same as with unity pitch
results in Tables 1 and 2.

The effect of increasing the number of slots per pole per phase,
g = 2, for six-phase winding with § = 30, unity pitch, and chording are
investigated. Figures 7 and 8 show the Goerge's vector diagram and the
space MMF stepped waveforms of particular instant of time,
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The results given in Table 7 correspond exactly to those given in
Table 6, for the case of unity pitch coils, and g = 2, with the exception
tnat the winding is taken to be chorded by one slot pitch. The belt harw-
onic magnhitudes have shown to be considerably reduced,

In general, the results of six-phase winding with § = 30, show that,
the belt space harmonic contents in the MMF are rarely of importance in
comparison with the conventional three-phase winding. Accordingly, a six-
phase winding with % = 30 has been suggested for use, in order to suppress
the lower belt harmcnic of orders 5-th, and 7-th, which they are often
troublesome,

7. Conclusion:

& complete investigation of the MMF produced by a six-phase stator
winding are carried out by the analytical and graphical methods. Firstly,
the analytical examination shows that, the MMF produced by the six-phase
winding with § = 30 are greater because of the higher winding factors.
However, the space belt harmonic orders being, h = 12k + 1, compared with
h = 6k + 1 of three-phase winding. Thus fifth and seventh harmonics are
completgly eliminated, Secondly,Goerge's diagram for six-phase winding
wirth § = 30 was established for double pole pitch with unity and chording
pitch, for g = 1 or 2 slots. From which a six-phase winding with q = 2
and chording by one slot pitch has a vector polygon near to the circle,
as shown in Figure 8., Such winding provide less harmonic contents as given
in Table 7.

In order to verify the above investigation a computer program was
implented to give the fundamental and higher harmonics., Tables 1 to 7
contains the results., Previously published studies on a conventional
thiree-phase winding with g = 2, has been compared with the results in
Table 1. This comparison shows the validity of the computer program used,
and confirms the analysis of the six-phase winding presented in this paper,

On the other hand, the space MMF for six-phase winding with ® = 60
show no difference with the conventicnal three-phase winding. However,
it provides more reliable operation in practical applicatiocn.

In general, an improved MMF waveform can be obtained by reducing the
phase spread from 60 toc 30, and supplying the winding frem a quasi six-
phase supply.
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9. List Of Symbols:

a Number of similar parallel paths into which each phase is divided,
C Number of coils per phase.

F{@,t) MMF distribution as a function of position,®, and time t,
h  Space harmonic order.

i Instantaneous phase current.

p
IO The maximum value of no=load currents.
2o§ Span of coil C.

B Angular displacement of axis of coil C from arbitrary datum.
m  The number of phases,

q The number of slot per pole per phase.

Fig. (1) The representation of the stator winding MMF axes,
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