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Abstract:

The effect of losing one-phase or more of the excitation system on
the space MMF harmonics has been investigated for twe types of six-phase
stator windings ; by means of Goerge's vector diagram. The scope of this
work covers the various changes in the resultant MMF waveforms that occur
due to one-phase, or two-phase, cor three-phase being opened., Consequen
tly, an insight into avoiding the modes of operation which provide an
objectional harmonic contents is given.

The results cbtained recommend to use the six-phase winding with
phase spread, & , eaual to 60 , in order tc imprecve the overall reliabi-
lity with one phase being cpened ; the most common failures cccurred.

1. Introduction:

Sometimes in practice a six-phase machine may have to work under
unbalanced supply. So, it is important to study the effect of un-
balanced excitation system on the performance of the six-phase machine.
The unbalanced operation limiting cases could be happened from one phase,
or more phases being cpened., These might be occurred in practical if
either one or several coils had been burnt out or one-phase or more phases
of the six-phase supply had been lost. Such deffects may be found in ac
drives, which havesuffered due to their susceptibility toc single point
or mere failures in either the power electronics, control circuits, or dc
power supply.

Unbalanced cperation of the six-phase machine has given rise to
variety of problems. These problems provide considerable local overheat-
ing, poor efficiency and regulation, increasing pulsating torgues, and
an additional losses in the steel and windings., The reason for these
problems is that the currents become unbalanced, Thus, the flux distri-
bution in the air-gap is no longer uniform. Therefore, the harmonic ana-
lygsis of the resultant MMF waveform would provide different magnitudes
of the harmonic contents. Accordingly, the determinaticn of the space
harmonic magnitudes, under unbalanced operation, is of vital importance
in the analysis of the six-phase machine. Investigation can be carried
out by means of Goerge's vector diagram, which is based on the actual dis-
tribution of the ampere-conductor into the sleots, and then accounts for
the resultant MMF waveform for the whole winding.

Strictly speaking, the spurpcse of thisg paper is to examine the
resultant MMF waveforms of two types of six-phase winding with § either
equal to 30 or 60 electrical degrees. The scope of investigation covers
the various changes in the resultant MMF waveforms that occur due to the
unbalanced supply and the classification of the higher space harmonic con-
tents, In addition, the investigation would provide an insight into avoid-
ing the modes of cperation which provide an cbjectioconal harmonic contents.
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2, The Limiting Cases of Unbalanced Six-Fhase Supply:

It is well-known that a certain degree of imbalance in the supply
is expected at the machine terminals. On the other hand, the extreme
cases of the six-phase unbalanced excitation system could be censidered
as follows:

(a) One-phase being opened ; I = O
(b) Two-phase being opened ; Ip = Ig = O
(¢) Three-phase being opened ; Ip = Ip = Ig = O

3. Consequences of Unbalanced Excitation System:

Before discussing the consequences of unbalanced excitation system,
it will be worthwhile to say a few words about the space harmonics of a
six-phase machine operating under balanced excitation system. Under the
balanced supply, there is set up a rotating magnetic field., The analysis
of this magnetic field showed that a six-phase winding with § = 30 pro-
vides higher space harmonic of orders h = 12 K + 1, while the space har-
monic orders for the six~phase winding with $ = 60, are found to be
equal to h = 6 K + 1, [1].

With one-phase or more being opened, the machine will have some

of the slots partially excited in the case of the six-phase winding with

%= 60 . However some of the slots will contain zero ampere-conductor
in the case of six-phase winding with §= 30 , Accordingly, the result-
ant MMF is no longer having the space harmonic orders, h, as resulted
from the balanced operation, Therefore, plotting and analysing the
resultant MMF waveform of the unbalanced operation become essential to
give an insight into avoiding their modes of unbalanced operaticn which
provide an objectional harmonic contents.,

4, Determination of The Resultant MMF Waveform Under Unbalanced Excita-

tion System:

In order to achieve data consistency with the actual ampere-con-
ductor distribution for the unbalanced cperations given in section 2,
the Goerge's vector diagram has been established for these different
cases, In addition the balanced operation is given to facilitate the
comparison, The current carrying conductors are assumedto be of sinus-
oidal waveforms.

All phases of a symmetric six-phase machine are identical. The
number of turns, wire sizes, etc,, are the same for each of the six-phase
and follow identical distribution. The six stator phases are labelled
A, B, C, D, 'E, and F. They are evenly displaced in space and excited by
the currents having the same displacement in time-phase as the windings
have in space-phase. Therefore, two types of windings are considered,

The first type is a six-phase winding with & = 30 , while the second one
is a six-phase winding with 5 - 60 . The balanced operation of both types
have been investigated recently[1] o

On the other hand, the MMF waveform produced by the unbalanced sup-
ply can be analysed by making use of Geerge's vector diagram., Where the
resultant MMF is found by summing the actual distribution of the ampere-
conductor in each slot. Since the currents flow are of sinuscidal fun-
ction of time, it can be represented as a vector. The unbalanced supply
operation,resulting fmmcne phase cor more being copened, could be repre-
sented easily by eliminating the corresponding current vectors from the
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vector current diagram, Therefore, the resultant MM for each case of
unbalance could be easily determined., However, the instantaneous values
of the MMF cover the different teeth can be found by projecting the vec-
tors P1, P2, P3, ... on the time line. The position of the time line can
be chosen arbitrarily, since the magnetic energy in the air-gap is cons-
tant. The time line was chosen vertically. Accordingly, the effect of
losing one-phase, or more phases could be ilnvestigated.

Figures 1 , 2, and 3 illustrate the derivation of the MMF space
waveforms, for a two pole, six-phase winding with § either equal to 60
or 30 electrical degrees, with q = 2 slots for the first type of the
winding, while q = 1 or 2 slots for the second type. 1n order to ex-
plain the procedure, Figure 1 representing the case II of the losing of
one phase could be considered. It displays this procedure a 12-slot,
double pole pitch, six-phase winding with §= 60 , q = 2, and unity-pitch
winding. The upper and the lower layers lie in the same slot belonging
to different phases. Figure la, case II reveals the distribution of the
12 slots between the layers and phases, So, the layers containing letter
D provide zero ampere-conductor as the phase D is assuned Lo loss ios
excitation. Figure 1b shows the directions of the currents for the case
II at that instant of time, for different slot-groups as well as the
Goerge's vector diagram., The polygon II represents the Goerge's vector
diagram of losing one-phase ; I, = 0. The shape of the MMF over the dif-
ferent teeth for this case is different from the MMF waveform of the case
of the balanced supply, case I, as shown in Figure 1c., In addition,
Figure l1¢ case III and Figure 1c¢ case IV show the various waveforms on
losing two phases or three phases , respectively. The instantaneous val-
ues of the MMF waveforms are recorded every five electrical degrees and
supplied to the computer program as an input data.

The resultant MMF waveforms of the cases of unbalanced excitation
shown in Figures 1, 2, and 3 are analysed by the computer program, The
aim is to determine the magnitude of the belt and slot harmonics, and to
facilitate the comparison between the balanced and unbalanced excitation
systems for six-phase winding with a displacement angle § of 60 or 30
clectrical degrees,

5. Computer Results And Discussion:

By means of a computer program using the step by step technigue,
some of six-phase windings have been investigated under the unbalanced
excitation system. The results are tabulated in Tables 1 Lo 14, Table
3 can serve as a check on the computer program validity. It contains Lhe
harmonic analysis for a 12-slot, double layer, unity-pitch, six-phase
winding with § = 60 , for g = 2. The obtained harmonic contents show @
consistency with the previously published resulté[ 1] , and [2] . Tables
3 to 14 illustrate the fundamental and the higher space harmconic magnitudes
as relative values YN1%, of the maximum height of the stepped waveform ;
YMAX, and also as a percentage of the fundamental harmonic : YNZ%.

The 12-slot windings of double-pole pitch is wound for six-phase
winding with § either equal 60 or 30 eleotrical degrees, for unity
pitch, as shown in Figures 1 and 2 , consequently : for different cases
of unbalanced excitation. The results are given in Tables 3 to 10, On
the other hand, the effect of increasing the number of slots per pole per
phase ; q = 2 for six-phase winding with § = 30 is shown in Figure 3.
The harmeonic analyses are given in Tables 11 to 14. The computed per
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