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Abstract:
The influence of interspersed a six-phase winding by one slot on

the space MMF harmonic analysis has been investigated, by means of Goerge's
vector diagram. Two types of six-phase windings with § either equal to 30
or 60 electrical degrees are considered, These two types of windings are
likely to be existed in practice. The scope of investigation covers the
double~layer winding, two-pole, q=3 slots or & slots, either for inter-
spersed arrangement or conventional arrangement.

The principles of interspersed the six-phase windings are described
and compared with the conventional arrangement in terms of harmonic ana-

lysis. From which, it is shown that, controlling the lower belt harmonics

of six-phase winding with § = 60 and g = 6 slots mav be achieved with in-

signtficant reduction in the fundamental harmonic magnitude., Moreover,
this type of six-phase winding should, therefore, find useful application
in the systems, which suffer from their susceptibility teo single point

or more failures [2] 2

' 1. Tntroduction:

} An important consideration in the design of stator windings for AC
machines is that harmonic effects should be minimised, while the useful
fundamental MMF is made as large as possible. Such improvement can be ob-
tained from a six-phase winding with & = 30, as the existed harmonic or-
ders is given by the equation, h = 12k + 1; while a six-phase winding
with§ = 60 electrical degrees produce harmonic orders of h = 6k +11 [1].
From which, the winding with § = 30 electrical degrees of six-phase win-
g was recommended to provide less space harmonic orders under balan-
excitation svstemss On the other hand, this winding under unbalanced
ration was found to produce 3-rd, 5-th, 7-th, and 9-th harmonics of
ater amplitude than that produced by the six-phase winding with §= 60
ctrical degrees [2:]. However, the 5-th and 7-th harmonic magnitudes,
for the six-phase winding with § = 60, are found tc be independent of the
modes of operation. Therefore, this feature, of the six-nhase winding wi-
% = 60, encourage the author to seek method of reducing the harmonic
nitudes; other than old methods such as choice of coil pitch or using
fractional slot winding. As they are used to eliminate one of chosen
armonic or a compromise reduction of a number of low-order harmonic.

Therefore, this paper aims for using the interspersed technique,
which has been used previously with the three-phase windings, to reduce

e effect of lower belt harmonics, such as 5-th and 7-th harmenics 3].
technique is considered to be used with a six-phase winding with §
sither equal to 30 or 60 electrical degrees, which they are likely *o be
in practice. The scope of investigation covers the number of slots
er phase per pole,g, egual three slots for both windings. Moreover, the
six-phase winding with & = 60 for q = 6 slots is investigated in order
Lo compare the harmonic analysis of the two types of windings for the
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same number of slots per double pole pitch; S = 36 slots,

2. Description Of Interspersed Technique:

This technique has been used with the conventional three-phase win-
ding to reduce the magnitude of the winding factors of the belt harmonic
orders, such as 5-th an”d T-th harmnnics[3] .

For the purpose of this paper, it is important to note that the or-
igin of the MMF harmconics i1s due to the actual distribution of the coils
between the phases, Therefore, a Goerge's vector diagram was used. From
which, the resultant MMF waveform of six-phase windings are seen to be
basically dependent on the phvsical distribution of each phase winding,
Moreover, the refinement of the basic winding arrangement is necessary
if the space harmonics are to be controlled at their source. This is ac-
hieved with the interspersed winding by effectively altering the distri-
bution of each phase belt to shape the MMF waveform of each phase and so
to reduce the largest harmonics. The technique consists in interchanging
each end c¢cil side of one phase group with the corresponding coil side
from the adjacent phase group and repeating this cyclic interchange thr-
oughout the winding, sc that as a result all the phase groups are inter-
leaved,

Figures 1 and 2 show the 36-slot, six-phase winding arrangement for
two-pole, unity-pitch, with § either equal 30 or 60 electrical degrees.
On the other hand, Figure 3 shows the derivation of the space MMF wave-
form for S = 18 slots, g = 3 slots with § = 60, in order to compare the
analysis of this resultant waveform with that obtained from Figure 1 on
the basis of constant q for both windings. However, in these Figures case I,
represents the conventional six-phase winding, while case II, represents
the interspersed six-phase winding.

In order to explain the procedure, Figure 1 case I and Figure 1 case
IT could be considered as an example, Figure 1 case I represents the con-
ventional six-phase winding with §= 30 for q = 3 slots. While Figure 1
case II represents the interspersed winding with $ = 30 for q = 3 slots,
which may conveniently be described as 1-1-1 interspersed winding. The
comparison between case I and case 11 of the same Figures shows the inter-
spersed effect on the Goerge's vector diagram as well as on the resultant
MMF waveform. The effect on the resultant MMF waveform may be regarded
as a shaping operation , splitting up the MMF steps within the phase belt,
The harmonic analysis results of the resultant MMF of the six-phase win-
dings under investigation have been listed in Tables 3 to 8 .

3.Harmonic Analysis Of The Resultant MMF Of The Six~Phase Windings:

Since a large number of different six-phase winding arrangements are
to be investigated, a computer program was prepared to calculate the mag-
nitudes of harmonic orders, using input data specifying the physical dis-
tribution of the coils. These data were obtalned every five electrical
degree from the resultant MMF waveform, which these waveforms have been
derived by using Goerge's vector diagram. The calculaticn are performed
for harmonic orders up to including the 35-th harmonic, in order to inc-
lude the first slot harmonic order for S = 36 slots of double pole-pitch,

Typical rssults are given in Tables 3 and 4 for the six-phase wind-
ing with$= 30", q = 3, S = 36 slots, of conventional and interspersed
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windings, consequently., Moreover, Tables 5 to 8 include the harmonic ana-
lysis for the six-phase winding with $ - 60° for conventional and inter-
spersed windings with q = 6 slots and q = 3 slots.

4, Discussion Of The Computer Results:

By means o a computer program using the step by step technique, so-
me of six-phase winding with § either equal 30 or 60 electrical degrees
have been investigated. These windings have been considered conventional-
ly wound and interspersed wound, in order to ease the comparison. The ha-
rmonic analysis results are included in Tables 3 to 8. However, Table 1
include the fundamental harmenic magnitudes of different windings under
investigation., Moreover, Table 2 include the 5-th, 7-th, 11-th, and 13-th
harmonic magnitudes for the same windings under investigation, Therefore,
it is easy to study the effect of interspersed the windings by one slot
on the MMF waveforms, In Table 1, the relative fundamental harmonic mag-
nitude of the maximum height of the stepped waveform have been recalcul-
ated as a percentage of the fundamental harmonic of ita conventional six-
phase winding., Accordingly, the fundamental harmonic magnitude, of the
interspersed six-phase winding with % = 30°and S =36 slots, is found to
be reduced by about 4% of the fundamental harmonic of its conventional
arrangement. However, for the same number of slots, S = 36 slots, with
§ - 60, the reduction is 1.2% of the fundamental harmonic of its conven-
tiocnal arrangement., On the other hand, for the same number of slots per
pole per phase, q = 3, with § = 60° the fundamental harmonic lnagnitude,
of the interspersed six-phase winding shows reduction about 14% of the
fundamental harmonic of its conventional arrangement.

The magnitude of the fundamental harmonic is important since this
is a measure of the useful ocutput obtainable from the machine, In general,
from the foregoing discussion, the use of the interspersed arrangement
results in a reduction in the fundamental harmonic magnitude of its con-
ventional arrangement, This reduction is found to be very small with the
six-phase winding of q = & slots, and $ - 60 electrical degrees.

The influence of interspersed the winding by one slot on the higher
space harmonic magnitudes is given in Table 2. From which, we noticed
that, the fifth and seventh harmonics are reduced for the six-phase win-
ding with %= 60" and q = 6 slots, On the other hand, these two harmonics
are increased for the same type of winding but with g = 3 slots. Moregver,
these two harmonics could be considered very small with the six-phase
winding with $ - 30°either for interspersed or conventional winding. Ne-
vertheless, the interspersed effect on the 11-th and 13-th harmonics is
not so favourable, resulting in increased magnitudes for all the six-
phase windings under investigation, but the effects produced by these
harmonics are not often significant because of their higher order.

For more investigation, Tables 3 to 8 include the harmonic analysis
of the resultant MMF up to 35-th harmonic order, for the six-phase win-
ding being considered.

5. Conclusion:

This investigation demonstrate that, the use of the interspersed ar-
rangement results in a reduction in the fundamental harmonic magnitude
in comparison with the fundamental harmonics of their conventional arra-
ngement, The reduction varies from 14% with g = 3 slots to 1.2% with
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q = 6 slots for the six- phase winding with § = 0o electrical degrees.
However, this reduction reach 4% with q = 3 for the six-phase winding
with § = 30 electrical degrees.

On the other hand, in Table 2 the analysis shows that, the fifth
and seventh harmonics are reduced with q = 6 slots and $ = 60° in compar-
ison with q@ = 3 slots of the same winding. Moreover, the effect on the
11-th and 13-th harmonics is not so favourable, resulting in increased
magnitudes for all the six-phase windings under investigation,
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