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Abstract

Basic concepts of six-phase ac motor drives have been in existence for a number of years and were considered extensively in the eighti
for safety-critical and/or high power applications. There has been an upsurge in the interest in these drives in recent times, initiated by variou
application areas, such as ‘more-electric’ aircraft, electric ship propulsion and EV/HVs. All the existing work considers an asymmetrical
six-phase ac machine, with two sets of three-phase windings shifted in space(dy&Chree-phase, split-phase, double star). In contrast to
this general trend, a symmetrical six-phase induction machine, with spatial displacement between any two consecutive phases,égjual to 60
discussed in this paper. A vector control algorithm, based on indirect rotor flux orientation, is at first briefly described. Special attention is paid
next to the current control issue, from the point of view of the minimum number of current controllers. An overview of the experimental test
bench that utilises phase current control in the stationary reference frame is further given. Attainable performance is analysed experimentall
and the results are presented for a number of operating regimes, including acceleration, deceleration, reversing and step loading/unloadil
transients. It is demonstrated that the achievable quality of high performance is excellent, while the standard benefits of the multiphase motc
drives are retained.

Keywords: Current control; Rotor flux oriented control; Six-phase induction machine

main reasons behind the application of six-phase (double
1. Introduction star) and nine-phase (triple star) induction motor drives in

locomotiveg4,5]. The other main reason is that for a given

One of the first proposals of a multiphase variable speed motor power an increase of the number of phases enables

electric drive dates back to 1969]. While [1] dealt witha  reduction of the power per phase, which translates into a
five-phase induction machine, six-phase (double star) induc-reduction of the power per inverter leg. Multiphase machines
tion machine supplied from a six-phase inverter was exam- are therefore often considered for and applied in high power
ined in[2,3]. The early interest in multiphase machines was applications.
caused by the possibility of reducing the torque ripple in Recent developments in the areas of ‘more-electric’ air-
inverter fed drives (operated in 18€onduction mode), when  craft, electric ship propulsion and EV/HVs have led to a
compared to the three-phase case. Another advantage of @ubstantial increase in the research effort put into develop-
multiphase motor drive over a three-phase motor drive is ment of multiphase high performance drive systems. One of
the improved reliability{4—7]. Fault tolerance is one of the  the most frequently considered drive structures is based on

utilisation of a six-phase ac machif@-17]. The machine

* Corresponding author. Tel.: +44 151 231 2257; fax: +44 151 298 2624. type depends.on th? target appl_ication. By far th? mO_St fre-
E-mail addressese.levi@livjm.ac.uk (E. Levi) guent are the induction motor drivis10,12—-17], primarily
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discussed in the context of high power applications. Perma- 3, 5,...) and 3, current control in the stationary reference

nent magnet synchronous motor drii@1l1] are usually
considered for safety critical applications.
Detailed studies of induction machine configurations with

multiple sets of three-phase stator windings and with an arbi-

trary number of phases have been conductétiShand[19],
respectively. It was concluded [&8] that, in the case of a

frame, using machine’s phase currents, is implemented.

It is demonstrated by means of experimental results that
the quality of dynamic performance attainable with the pro-
posed control scheme is excellent. Spectral analysis of the
stator current shows that the unwanted low order harmonics
practically do not exist or are of negligibly small values. The

six-phase induction machine, it is advantageous to use andrive simultaneously retains the good features of multiphase

asymmetrical stator winding structure, with two three-phase motor drives, such as a reduced rating per inverter leg for

windings spatially shifted by 30 instead of a symmetrical  given motor power and fault tolerance.

winding structure with a 60spatial shift between any two

consecutive phases. The background thinking behind this

conclusion is related to the pre-PWM era of VSI control, 2. Configuration of the drive

when 180 conduction mode was utilised. By using an asym-

metrical six-phase machine it became possible to eliminate  Schematicillustration of the symmetrical six-phase induc-

the sixth harmonic from the torque ripple. An asymmetrical tion motor drive is shown iffig. 1 As already noted, spatial

six-phase induction motor drive has been utilised ever since, displacement between any two consecutive stator phases is

as evidenced by the surveyed references. 60° and there is a single star point. The drive is supplied from
The main problem encountered in actual implementation a six-phase current controlled voltage source inverter (VSI).

of vector controlled asymmetrical six-phase induction motors Inverter phase current references are generated by the indi-

is the existence of harmonic currents of the ordeed rect vector controller, as explained later. Current control is

(n=1, 3, 5,...), which do not contribute to the torque and exercised in the stationary reference frame, using phase cur-

air-gap flux production but can freely flow in the machine rents. The reasoning behind this choice of the current control

[14-17] In addition to these non-torque producing currents, scheme will be explained in the next section, upon machine

an asymmetrical six-phase machine with a single star point model development.

allows the flow of the triple harmonics of the ordem &8s

well. This is the reason why star points of the two three-

phase windings are normally kept isolated. On the other 3. \odelling of the six-phase induction motor

hand, utilisation of a single star point enables enhancement

of the torque production by means of the third-harmonic 3 1 phase-variable model

stator current injectiofil1,12] This, however, requires con-

nection of the star point to the mid-point of the dc-bus  The electrical sub-system’s model of the driveFig. 1is
split-capacitor arrangement and can cause some problemsy the 12th order, since rotor cage winding is considered as
due to the third harmonic current flow through the capacitors 3 symmetrical six-phase winding as well. It can be given in

[12]. _ . _ matrix form with
Proper control is further jeopardised by unbalanced cur- d(Li)
Li

rent sharing between the two three-phase winding sets

caused by inherent asymmetries in the macliir®13] It dr ’

is for these reasons that the standard current control in the

. where

rotating reference frame, where only statleq currents are

regulated, does not yield a satisfactory performance of the , — [,_,lNV Q]T i=

drive. The problem can be solved by modifying the current

control scheme in the rotating reference frg2@, by using

four stationary current controllersé-g andx-y sub-spaces,

as discussed ifil3], or by employing an advanced space

vector modulation (SVM) scheme in conjunction wihkqg

current controllers, which ensures non-existence of voltage i

harmonics in the—y sub-spac§l4]. fo”
In contrast to the existing solutions, this paper considers | indirect “

vector control of a symmetrical six-phase induction machine, | 0 "’

with a single, isolated star point. The advantage of a sin- t y

gle star point, when compared to the isolated double star

arrangement, is an improved fault tolerance (since there are

five independent currents rather than two pairs of indepen-

dent currents). In order to avoid the problems associated

with potential flow of harmonics of the ordera & 1 (n=1,

W= Ri+

@)

[éINV ir]T.
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Fig. 1. Symmetrical six-phase vector controlled induction motor drive.
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and voltage and current vectors are

[ va Vas las IA
UB Ubs ibs iB
v v i i
l_)INV _ C _ cs is = .CS _ 'C _ iINV
vD Uds lds D
VE Ves les IE
Lvr] Lo Liss ] LiFJ
@)
Ir= [ lar lbr lcr ldr ler lfr] . 4)
Matrix voltage Equatiorfl) can be given as
1_)INV Rs L-INV
Q B Br L.r
d | Ls Ler|[i"
+= , : (5)
dt Lis Ly Ly

All the parameter sub-matrices are ok@® dimensions.
Machine’s electromagnetic torque can be expressed as

Te = —PM/{(iaiar + iBibr + icicr + iDidr + iEier + iFifr)
x SiNO + (ipiar + iaipr + iBicr + icidr + iDier + iEifr)
x SiNE — 5a) + (igiar + iFipr + ialcr + iBidr + icler
+ ipifr) SiNE — 4a) + (ipiar + iEibr + iFicr + iAldr
+ igier + icifr) SINEO — 3a) + (iciar + iDipr + iEicr
+ iFidr + ipler + igif) SINE — 2a) + (igiar + icipr
+ipier + igidr + iFier + iaifr) SINE — @)).

(6)

Angle 6 denotes instantaneous rotor position. Equati@)s
and (6)are further transformed using decoupling transforma-
tion matrix.

3.2. Application of the decoupling transformation
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of the symmetrical six-phase induction motor drive. Inverter
(stator) voltage equations can be expressed as

iV
v(IxNV Rs lINV + Le dt + Lm (cos,ez,,[r — sindigr)
l:ng d
INV ANV oy :
v = Rgi + L + Lm—(SinBi,r + cosbi
B s S dt mdt( ar /Sr)
jINV
ULNV Rs lle + L dt
di'NV (®)
o = ReiyY + Lis—
INV
Ioliv = RsllNV + Lis—— dt
diNV
INV Rsz'NV T L gt—

where magnetising inductancelig = 3M, indexI stands for
leakage inductances ahg, L, are stator and rotor winding
self-inductance.

Rotor voltage equations take the form:

di,, d

0= Ryigr + Li—= & g — Lin(costig" + sindig)
dig d
0= Ryigr + Li—— d L+ a —Lm(— SIﬂ@lINV ~|—COS@1INV . (9)
. dix
0= Ryix + Llra k = xr, yr, 04, O—

Application of the decoupling transformation on the
torque Equatiorg6) yields

Te = PLm[COSO(iarip' — ipriy ")
— SiNOiaril ¥ + iprig " )] (10)

According to(8)—(10) flux/torque producing stator cur-
rents of the symmetrical six-phase machine are the inverter
a—p current components, while they and 0+, G- are non-
air-gap flux/torque producing stator currents. Since rotor is
short circuitedx-y and 0+, G- circuits cannot be exited and
these equations if®) can be omitted from further consider-
ations.

Stator voltage Equatiof8) shows that, in general, it is not

The correlation between original phase variables and newSufficient to control only two flux/torque producing stator

variablesis given Wittfaﬁ = Cf apeder WhereC is the power-
invariant transformation matrix

current components. If the inverter produces such voltages

a | 1 COSx COS2r COS3Ir COoS4 COSTw 7|
B 0 sine  sinZzy sin3x sindr sin&
2 x 1 cos2 cosd cos@ cos& cosl@
€= \/; y 0 sinZzy sindx sinG sSin8 sinlQx |’ 0
o+ | YvV2 Yv2 YV2 YJ2 YJ2 Y2
0—|L1/V2 -1/v/2 1vV2 —1/V2 12 —1/42]

anda =60. Application of the transformation matri¥) in
conjunction with(5) and (6) leads to the decoupled model
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thatx—y stator voltage components exist (i.e., there are volt- i, +=i,,

age harmonics of the orden&:1 (n=1, 3, 5,...)), stator > 2
currentx-y components will freely flow. Further, since there i —> ”:
is only one star point, the-dcomponent of the stator current o . € _’ o
can freely flow as well if the inverter produces harmonics _, O—»l # ’ o L/ i
of the order 8. There are therefore five independent cur- X 6

rents (this can be reduced to four, by disconnecting the star -

points of the two three-phase windings, sineeébmponent K 4

of the stator current then cannot flow). Due to the similarity o ¢

between symmetrical and asymmetrical six-phase machine,

the same conclusions apply to the asymmetrical six-phase Up

machine. As already noted, the problem can be alleviated for @ b 6
asymmetrical six-phase machines with isolated star points by il

using two pairs of stationary current controllersg andx-y)

as in[13], by modifying the synchronous reference frame Fig. 2. Indirect (feed-forward) rotor flux oriented controller for a symmet-
current control through introduction of appropriate compen- 1163 six-phase induction machink{=1/(7¢ i), p= d/d).

sating termg20], or by devising a proper SVM scheme,

which ensures that voltage harmonics inthgsub-space are

nullified.

3.3. Model in the stationary common reference frame

Rotational transformation, leading to theq system of
equations, is applied next in conjunction with rotor equations.
The matrix has for the six-phase machine the following form:

cosf —sind
Dy =| sind cosf , (11)
[1]4><4

where] is the diagonal 4« 4 unity matrix. As already noted,

equations determined with this part of the transformation can
be omitted from further considerations. Upon application of |
the rotational transformation the voltage equations for stator ™
and rotor, respectively, become

[INV

INV JINV Ld digr
v = R A + L + L _—
d Sd S dr ™ dr
diINV di
INV [INV q qr
v = Rgi + L + Ln——
g Sq S dr ™ dr
diINV
NV = RNV g, T
dr 12
diNV ; (12)
INV _ [NV y
vy = Rsiy"" + Lis o
l-IONV
oY = Rl + s
iloNV
vgL = Rsig"” + Lis—
dr
. iL’NV didr ANV .
0= Ryigr + LmT + Lr? + &(Lmiy " + Lrigr)
diINV di ’
. q qr [INV .
0= Rrigr + LmT + LTE —o(Lmig " + Lriar) Fig. 3. Experimental test bench: the two three-phase inverters and the sym-

(13) metrical six-phase induction machine (right).
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while the torque equation takes the form in the stationary reference frame, in conjunction with phase
. NV LNV inverter currents, as discussed next.
Te = PLm[ldrlq — lq lqr] (14)

Model (12)—(14)in the stationary reference frame shows
once more that the rotor of the six-phase machine is coupled4. Control of the six-phase induction motor
only with inverterd—q currents. Consequently, inverté+q
currents govern the torque and air-gap flux production of the ~ As the model(12)—(14)indicates, the symmetrical six-
six-phase machine. Since theq stator and rotor equations, phase induction machine can be controlled using rotor flux
as well as the torque expression, are identical to those of aoriented control principles. Indirect (feed-forward) rotor flux
three-phase machine, the same vector control schemes can beriented control is considered and current control in the
used. However, the additional degrees of freedom that existstationary reference frame is assumed, exercised upon the
in a symmetrical six-phase machire-y components and  inverter phase currents. The vector controlleFig. 1is of
0— component in the case of a single star point) make any the same structure as for a three-phase machine and is illus-
attempt to control only two stator current componeiksy( trated inFig. 2 Individual phase current references of the
in the rotating reference frame @+4 in the stationary refer- ~ machine are given withk(= /2/6):
ence frame) inappropriate (unless a suitable SVM technique
is devised), as already discussed in the previous sub-sectionia = izs = k[i};5 COS¢r — izs Singy]
As a consequence, itis necessary to control at qust fpur CUr-j — i = k[i% cospr — a) — i%sin@r — o)]
rent components (if there are two isolated stator winding star (15)
points) or five current components (whenthereisasingleiso- ~ 7 7
lated star point). Control of the required number of currents if = it = k[i;sCOS(¢r — Sa) — igsSin(¢r — Sar)]
can be most easily accomplished by utilising current control
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Fig. 4. Drive response for acceleration transient, 0-300 rpm. Fig. 5. Drive response for acceleration transient, 0-800 rpm.
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It is important to note that the co-ordinate transformation
of (15) automaticallysets reference values for stator current
components fox—y and 0+ to G- circuits to zero. Hence,
provided that the current control is sufficiently good, neither
harmonics of the ordent+ 1 (n=1, 3, 5,...) nor harmonics
ofthe order 8 will be generated by the inverter, since inverter
phase current referenc€$5) are in any steady state pure
sinusoidal functions. The same current control principle is
directly applicable to an asymmetrical six-phase machine.

5. Experimental test bench

The experimental set-up, illustrated Kig. 3, utilises

Systems Research 75 (2005) 142-152 147
sured using LEM sensors. Current control rate and inverter
switching frequency are 10 kHz. PWM ripple is filtered out
in the DSPs using FIR filters, which averageetjuidistant
samples taken during one switching period. Current sig-
nal, which is now PWM-ripple-free, is further used as the
input of the current controllers. The inverter DSPs perform
closed loop phase current control in the stationary refer-
ence frame, using digital form of ramp-comparison PWM
with PI controllers in the most basic forf21]. Hence, the
problem of deviation of the actual motor phase current with
respect to its reference will be experienced at higher operat-
ing frequencieg21]. This could be removed by employing
improved current regulatof®2]; however, such a modifi-
cation of the current controllers is beyond the scope of this

two three-phase industrial-grade inverters. The inverters arePaper.

paralleled to the same dc link. The inverters are rated at
14/42 AJA (continuous rms/peak). Each of them is equipped
with a Texas Instruments’ TMS320F240 DSP. The first three-

The inverter current references are passed to the DSPs
from a PC, through a dedicated interface card. The control
code is written in C. It performs closed loop speed control

phase inverter supplies phases A, C and E, while the seconc®nd indirect rotor flux oriented control accordingRm. 2

inverter supplies phases B, D and F. All six currents are mea-
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The symmetrical six-phase induction machine is obtained erence limit is set to 3.5A (rms). This corresponds to the
by rewinding the stator of a three-phase machine and is 50 Hz,maximum dynamic torque of just below 1.5 times the rated
six-pole. Rated phase-to-neutral voltage is 110V and othermotor torque. Special attention is paid to the actual current
relevant ratings are 1.1kW, 2.7 A, 900 rpm. Details of the waveform, since the reference currents are pure sine waves

stator winding are provided iAppendix A Positionis mea-  in any steady state. The results are reported in the following
sured with a resolver and control operates in speed-sensoredection.
mode.

A series of experimental tests are performed in order to
examine the dynamics of the drive and current control prop- 6. Experimental results
erties. Constant flux operation in the base speed region, with
constant statod-axis current reference of 1.5A (rms), is The results of the experimental study are illustrated for
examined. This value is 14% lower than the rated magne- all transients by displaying the speed response, stpaois
tizing current (1.75A), since an attempt was made to avoid current reference (peak value), and actual and reference cur-
operation of the machine in the saturated region of the mag-rent for one inverter (stator) phase. A step speed reference
netizing curve (this is a potential source of detuned operation, change is initiated in all cases. The machine is coupled to a
which can impact on both dynamics and steady state opera-dc machine, thus providing an increased inertia. It operates
tion, since it affects the value of the rotor time constant). The under no-load conditions except for loading and unloading
required value of the rotor time constant (i.e., slip gain) was tests.
established through on-line testing, using the principle that  Acceleration transients, starting from standstill, are shown
the correctslip gain provides practically linear speedresponsein Figs. 4 and 5 The speed reference setting is 300
to a step speed command change. Stetaxis current ref- and 800rpm, respectively. Typical behaviour of a vector
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Fig. 8. Speed reversal from 5004600 rpm. Fig. 9. Speed reversal from300 to 700 rpm.
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controlled induction machine is observed, with rapid stator tude related discrepancy can be again observed at 700 rpm,
g-axis current reference build-up corresponding to almost this being a consequence of the applied simplest method of
instantaneous torque build-up. Speed response is thereforaligital ramp comparison contr{21]. However, what is very
the fastest possible for the given current limit. Stator phase important to note is that actual current in all steady states
currentreference and the actual current are in excellent agreeat non-zero frequency iRigs. 4—9contains essentially only
ment and closely correspond one to the other for final steadythe fundamental harmonic. Low order harmonics practically
state at 300 rpm, while at 800 rpm there is some discrepancydo not appear in the actual current and this confirms that
which is in agreement with findings §21]. the problems caused by low order harmonics of the order
The second test is a deceleration transient, illustrated inén+1 (n=1, 3, 5,...), reported if15-17] can be success-
Figs. 6 and 7The machine is decelerated from 500 rpm and fully eliminated by the current control method applied here.
300rpm, respectively, down to zero speed. The same qualityHence, harmonic elimination filters of the type proposed in
of performance as for the acceleration transient is obtained. [23] or dedicated inverter PWM methods, such are those of
The next two sets of results illustrate reversing transients. [14,17], are not required.
Transition from 500 to—500 rpm is shown irFig. 8 while To further corroborate this statement, some additional
Fig. 9illustrates speed reversal fror300 to 700 rpm. Pro-  steady state current measurements are conducted using Tek-
longed operation in the stator curregraxis current limit tronix current probe A6302 (with AM 503A current ampli-
results in both cases, leading to rapid change of the direc-fier) and HP digital spectrum analyser HP 35665A. The

tion of rotation. machine runs still under no-load conditions and the sta-
Measured phase current and reference phase current artor d-axis current reference setting is still 1.5A rms. Time
in excellent agreement iAig. 8 while in Fig. 9some ampli- domain current waveforms and associated low frequency
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Fig. 10. Steady state phase current and its spectrum at 300rpm (15Hz). Fig. 11. Steady state phase current and its spectrum at 500 rpm (25 Hz).
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parts of the spectra are displayedhigs. 10—12for oper- disturbance rejection capability is excellent and commensu-
ation at 15, 25 and 40 Hz, respectively. As can be seen fromrate with expected performance of a vector-controlled drive.
Figs. 10 and 1,llow-order current harmonics are practically Presented experimental results indicate existence of a cer-
non-existent at low to medium operating frequencies, con- tain ripple in the statoig-axis current, in addition to the
firming the ability of the adopted current control scheme to measurement noise, observable at medium and higher speeds
eliminate unwantec-y and zero sequence harmonics. At ofrotation. The frequency of this statpaxis current (torque)
higher frequencies one can observe appearance of some lowetipple is estimated from the presented experimental results
order harmonicsHig. 12. These are, however, of negligibly  under no-load condition§{gs. 5, 6 and Bas 2/3 of the funda-
small amplitudes. It should be noted that the fundamental cur- mental operating frequency. Closer inspection of the current
rent component at 15 and 25 Hz closely corresponds to thespectra at higher operating frequenci€$g$. 11 and 1P
statord-axis current reference of 1.5 A rms, while at 40 Hz it reveals the existence of sub-harmonics at frequencies of 1/3
is slightly higher due to the more significant no-load losses and 5/3 of the fundamental. Since these two sub-harmonics
(g-axis current) and due to the ramp-comparison current cause fields that rotate in opposite directions, both lead to
control. the torque ripple at 2/3 of the fundamental frequency. The
Finally, the last two experiments, illustrated kigs. 13 appearance of these unwanted sub-harmonics is not related
and 14 show the drive behaviour during step loading and to any deficiencies in the current control. The source of sub-
step unloading, respectivelfig. 13 applies to operation  harmonics is believed to be rotor eccentricity, which can be
at 300 rpm, while step unloading ig. 14takes place at  avoided by a better design and assembly of the machine. This
600 rpm. It can be seen from these two figures that the driveissue is currently under scrutiny and is beyond the scope of
this paper.
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Fig. 12. Steady state phase current and its spectrum at 800 rpm (40 Hz). Fig. 13. Drive response during step loading at 300 rpm.
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800 T , , - . , T - . windings are left isolated, four current controllers are suf-
ficient. These conclusions are applicable to both asymmet-
M rical and symmetrical six-phase machines and, indeed, in
GOOLW«\WMMMMW general to all machines with five phases or more, where
. the required number of current controllers will increase as
the number of phases increases. The approach based on
00l direct phase current control is therefore adopted for practical
realisation.

The developed algorithm is further implemented in an
experimental test bench and is verified by performing a
number of tests. These include acceleration, deceleration,
reversing and step loading/unloading transients. Excellent
dynamics, commensurate with vector control algorithm, are

s ‘ ' s s ‘ : ' s demonstrated. It is also shown, by means of spectrum anal-
¢ o1 0z 03 04 05 06 07 08 09 1 ysis, that application of the current control in conjunction

w

L
N

Six-phase motor g-axis current (A)

g-axis current

-

Six-phase motor speed (rpm)
o

[
-

Time () with motor phase currents greatly alleviates the problem of
4 . . low-order stator harmonic current flow iy and 0+ to 6-
measured g circuits.
2
ot
Acknowledgement

N
1
N
Inverter phase "c" current reference (A)

The authors gratefully acknowledge financial support pro-
vided for the work on this project by the EPSRC, under
the standard research Grant number GR/R64452/01 and by
Semikron Ltd.

A
T
[

Inverter phase "c" current (A)
o

L
v
N

reference vl

L I 1 I 1 |

0 0.1 02 03 04 05 06 07
Time (s)

Appendix A. Six-phase machine stator winding
details

1
E

o
®

Stator and rotor of the six-phase machine have 36 and
44 slots, respectively, and the machine is six-pole. Stator
winding is of double-layer lap type. It is designed with a
short pitch of 5/6. The wiring diagram, for the two phases in
space opposition (B and E) is, in terms of slot numbers, as
follows:

Fig. 14. Drive response during step unloading at 600 rpm.

7. Conclusion

The paper discusses indirect vector control of a symmetri-
cal six-phase induction machine with a single isolated neutral
point. A model of the machine is at first derived, on the basis B1 t0 27-32-28-33 to 15-20-16-21 to 3-8-4-9 to B2
of which it is concluded that: (i) an indirect vector control ~ E1 10 9-14-10-1510 21-26-22-27 t0 33-2-34-3 10 E2
algorithm can be applied to achieve decoupled rotor flux and
torque control in the same manner as it is done for a three- Here Bl and E1 are phase inputs and B2 and E2 are phase
phase machine and (ii) it is not sufficient to control only outputs. In each of the three-phase groups of a phase the
two stator components in either rotating-§ components) conductors are in the upper layer in the first and the third
or stationary ¢—8 components) reference frame, unless the slot and in the bottom layer in the second and the fourth
PWM scheme automatically provides zero voltage harmon- slot. The winding function of phase B over one pole pair
ics inx-y and zero-sequence sub-spaces. Problems with h|ghIS illustrated inFig. A.1 As is obvious fromFig. A.1, the
values of stator current’s low-order harmonics, reported in a winding function is asymmetrical, so that spatial distribu-
number of surveyed references in conjunction with asymmet- tion of the magneto-motive force contains even harmonics
rical six-phase machines, were due to the inadequate invertefbut the lowest odd harmonics, the fifth and the seventh,
control. are significantly attenuated by the selected short pitch of

It is reasoned that the unwanted harmonics, which can 5/6; had the pitch been selected as full, winding function
flow in x-y and 0+ to O- circuits, can be most easily sup- Would have been symmetrical, without even harmonics, but
pressed by implementing current control exercised upon the low order odd harmonics would have been of Significant
phase currents. If the star points of the two three-phasevalues).
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Slot number and current direction, PHASE B
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Fig. A.1. Winding function of phase B.
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