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Driving a Symmetric Permanent Magnet Synchronous Six-Phase
Machine with Consecutive Three Phases

Highlights
+« Dividing the six-phase machine into two parts using its consecutive phases
«» Driving the six-phase machine with three-phase supply
« Driving a six-phase machine only using three set of phases
Grafik Ozet (Graphical Abstract)

This paper investigates a new driving method for a Permanent Magnet (PM) Synchronous six-phase machine by
using its consecutive three phases.
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Figure. Dividing a six-phase machine into two three-phase machine
a) existing technique b) Presented technique
Aim
The aim of this study is to separate the six-phase machine into two separate three-phase machines with a new method.

This method also gives the machine designer a new flexibility in machine designs such as 6, 9, 12 phases, which
consist of multiple 3-phase machines.

Design & Methodology

The instantaneous power is the product of phase current and its back-EMF. The proposed technique has been
developed using this power equations.

Originality

In driving six-phase machines, six-phase balanced current feeding the phases or separate feeding of two separate
three-phase machines is used. This study presents the separation and driving of a six-phase machine into two
different three-phase machines from a new perspective.

Findings

A simetric six-phase machine has been succesfully driven by using its consecutive three phases.

Conclusion

The analytical results obtained in this study has been verified on a six-phase machine which has been designed in an
FEA ( Simens MagNet) software. As a result, the machine has been driven without ripple in torque with the
proposed method.

Declaration of Ethical Standards
The author(s) of this article declare that the materials and methods used in this study do not require ethical committee
permission and/or legal-special permission.
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Research Article / Arastirma Makalesi

Ali AKAYY
!Miihendislik Fakiiltesi, Elektrik-Elektronik Miihendisligi Boliimii, Karabiik Universitesi, Tiirkiye
(Gelis/Received : 18.12.2023 ; Kabul/Accepted : 12.02.2024 ; Erken Goriiniim/Early View : 08.03.2024)

phase machine and double consecutive three phases of six-phase machine. This paper also i
phase machine using the balanced three-phase supply. Firstly, analytical studies have been
These analytical results indicate that symmetric six-phase machine can be driven usin
synchronous six-phase machine has been designed in a finite element analysis (FEA) soft
machine excited with these combinations to observe the torque wave form of the maeigi
six-phase machine can be run by its consecutive three phases without torque ‘iﬂ)

Keywords: Double three-phase machine, multi-phase machine, permane

synchronous machine.

Simetrik Stirekli Miknat

Makinenin Ardisik Uc Fa

verir. PM senkron makinenin tork ¢ikisi I-power
makinenin, iki ti¢ fazli makinenin enerj
fazdan olusan makinelerin enerjile
kullanarak alt1 fazli bir making

In recent years, multi-phase machines have attracted
academics' attention [1-9]. The reason for this may be the
advantages of these machines. For example, the torque of
the machine can be enhanced by injecting the higher
current harmonics (3rd, 5th, etc.)[10-14]. Torque of a
multi-phase machine can be increased by injecting the
third harmonic current component in a five-phase
machine. To increase the torque, this five-phase machine
need to have the third harmonic back-EMF component in
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This paper investigates a driving method for a Permanent Magnet (PM) Synchronous six-phase machine by
three phases. The torque of PM synchronous machine is the division of instantaneous power (I-power) of the

speed. The I-power of a machine gives information about the torque. The torque output of a PM synchron
predicted by looking at the I-power. This study investigates the torque of a PM synchronous six-p

ing its consecutive
chine to the rotor

, sonlu elemanlar analizi (FEA) yaziliminda PM senkron alt1 fazli bir makine
fazli makine bu kombinasyonlarla enerjilendirilerek makinenin tork dalga formu
alt1 fazli bir makinenin ardisik {i¢ faz1 ile torkta dalgalanma olmadan siiriilebilecegi

1 makine, ¢ok fazh makine, kalici (siirekli) miknatish makine, simetrik alti fazhh makine,

its back-EMF waveform[15]. When this machine is
purely sinusoidal machine, there will be no torque
enhancement by injecting the third harmonic. It is valid
also for other multi-phase machines, to increase the
torque by injecting the higher current harmonics, back-
EMF of the machine or winding function of the machine
should include these related higher harmonics. It is
possible increasing the torque by injecting the third
harmonic current in a six-phase machine as well[16].
However, six-phase machine should be an asymmetric
machine for the torque enhancement. The fault-tolerant
capability of a multi-phase machine when one or more
phases are open-circuited or short-circuited is another
important feature [1], [17-19]. Under the faulty



conditions, these machines can still produce smooth
torque. These are a few advantages of multi-phase
machines over their three-phase counterparts.

It can be said that multi-three-phase machines are a
special case of the multi-phase machines. Double three-
phase (six-phase), triple three-phase (nine-phase),
twelve-phase machines and so on can be given as
examples of multi-three-phase machines. The most
studied multi-three-phase is the six-phase machine. Six-
phase machines are generally divided into two three-
phase machines. If there is 600 electrical degree between
two three-phase machines, it is called a symmetric six-
phase machine. If the angle between two machines is
300, it is called an asymmetric six-phase machine. Both
of them have advantages and disadvantages when
compared to each other. For instance, a symmetric six-
phase machine can be driven by three-phase balanced
currents so that this machine can be driven by a three-
phase balanced supply[20]. Additional to this, two series
connected machines (six-phase and three-phase) can be
run using only one six-phase inverter thanks to that
symmetric  configuration[21]. The advantage of
asymmetric configuration is the torque improvement
when the third harmonic component of currents is
injected into coils[22]. Similar things can be said for the
other multi-three-phase machines. If the angle between

three-phase machines for a multi-three-phase mach'm’

changes, then it may have a different feature.
In this paper, a symmetric six-phase machine is run b

term to cause ripple in the
solution. That means that, to

existing techniques to
this study. Existing
double three-pha
Is study also investigates
metric six-phase machine
d currents. In [23], control of

technique using”three-phase balanced currents has also
introduced for the presented dividing method of a six-
phase machine. Lastly, to validate these theoretical
studies a symmetric six-phase machine has been
designed to use star of slots method in FEA. This
machine has been tested for six-phase balanced currents,
conventional double three-phase currents and presented
consecutive three phase currents.

2.ELECTROMAGNETIC TORQUE OF
SINUSOIDAL SIX-PHASE MACHINE

The I-power of a phase is the product of a current flowing
inside the coil and back-EMF of it. Assuming that the

designed symmetric six-phase permanent magnet
machine has purely sinusoidal back-EMF to avoid
pulsating power. As mentioned in [24] other harmonics
apart from fundamental in back-EMF may cause ripple in
the torque.Back-EMF waveforms of a symmetric six-
phase machine can be written as follow in (1).

eq(0) = E - sin(6)
e,(8) = E - sin(6 — 27/,)
e.(8) = E - sin(6 — 47/)
eq(6) = E - sin(9 — 67/
e.(0) = E - sin(8

er(8) = E - Stp(6 -

ric six-phase machine
produce a smooth power

00) = I, - sin(0 — 4”/6)
ia(8) = Iy * sin(6 — 5™/¢)
i0(8) = Ly, - sin(8 — 87/)

i () = I, - sin(8 — 107/)

)

Where |I_m is the amplitude of phase currents. Phase
currents and back-EMF should be in phase for maximum
torque. Therefore, both have the same electrical angle.
The instantaneous power of each phase can be written as
following in (3).
P,(8) = E - I, - sin(0) - sin(6)

P,(8) =E -1, - sin(6 — 2”/6) - sin(0 — 27T/6)

P.(0) = E - L - sin(6 — 47/, - sin(6 — 47/,)

3
Py(8) =E- I, sin(6 — 6”/6) - sin(6 — 67T/6) ®)
P(0) =E Iy, sin(8 — 8”/6) - sin(6 — 87T/6)
Pr(8) =E - Iy - sin(8 — 107/ ) - sin(6 — 107/

The sum of the instantaneous powers can be expressed as
follow in (4)

P(8) = P,(0) + P,(0) + P.(0) + Py(6)
+ P.(0) + Pr(6) (4)
P(®) =31, E

The torque of a sinusoidal back-EMF symmetric six-
phase machine is as below in (5).
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3. CONVENTIONAL DRIVING APPROACH FOR
A SIX-PHASE MACHINE

In the literature, some academics drive a six-phase
machine as expressed in the previous section (2). An
illustration of the winding layout of a six-phase machine
can be seen in Figure 1.
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Figure 1. Stator winding configuration of a six-phase machine

machines. A symmetric double three-phase machine can
be illustrated in Figure 2.

The instantaneous power of this configuration can be
divided into two parts. One comes from the first three-
phase machine, and the other one is due from the second
three-phase machine. Phase currents for the first three-
phase machine can be written as follow in (6), and the
phase currents for the second three-phase machine are as
in (7).

iq1(0) = Iy, - sin(6) (6)

ip1(8) = Ly, - sin(8 — 27/2)

ic1(0) = I, - sin(6 —47/5)

iq2(0) = Iy, - sin(6 — 2”/6)
ip2(0) = I, - sin(@ — m) (7)
ic2(8) = I, - sin(9 — 107/)

The displacement of the back-EMF waveform for a
symmetric dual six-phase machine is e same as that of
non-separated six-phase machines. erefore, the

instantaneous power of each to two
sinusoidal three-phase maghi as follow
in (8) and (9).

~ec(0) ®)

’ 63(9)

ey (0)
72(0) = i,,(0) - eq(6) )
P, (6) = i2(6) - ef(e)

o
®
esultant instantaneous power for each sinusoidal

three-phase machine can be expressed in (10) and (11).
These expressed powers do not include pulsating parts
for each machine. That means these machines can be
driven independently.

Py (0) = Py1(0) + Py1(6) + Pc1(6)

3 (10)
I, E

- 2w,

P,(0) = Pa2(9) +Pb2(9) +Pc2(9)

3 LB (11)
2w, ™

The total instantaneous power of a symmetric dual three-
phase machine is as follows in (12).

P(6) = P,(8) + P,(8) = Wi 1, -E (12)

-
If these two three-phase machines are displaced by 30° in
space, this machine is called an asymmetric six-phase
machine. A demonstration of an asymmetric dual three-
phase machine is in Figure 3.

If these two three-phase machines are displaced by 30° in
space, this machine is called an asymmetric six-phase



machine. A demonstration of an asymmetric dual three- Py1(0) = ip1(0) - ep1(0)
hase machine is in Figure 3. .
P ‘ Per(6) = ic1(6) 1 (6)

Jl

PaZ(Q) = iaz(g) 'eaz(g)
Py (0) = ip2(0) - ep2(6) (18)
P, (0) = i2(6) - ec,(0)

The resultant instantaneous power for each sinusoidal
three-phase machine can be written as in (19) and (20).
There are no pulsating terms in the resultant power for
each independent three-phase machine as in the
symmetric machine.

P,(0) =P,1(6)+ P
Figure 3. Stator winding configuration of an asymmetric dual 1O a1(6) .bl(

three-phase machine (19)
As in the previous configuration, the instantaneous power
of an asymmetric three-phase machine can also be T P.,(0)
thought of as two independent machines. Therefore, (20)

phase currents for these two machines can be written as

I, E
(13) and (14).

iq1(8) = Iy - sin(6)
ip1(8) = Ly - sin(0 — 27/3) (1%°

i1(0) = I, - sin(0 — 47r/3) ) =P, (8) +P,(0) = Wi I, E (21)

r

(

. o i Above equation (21) belongs to the fundamental current
La2(6) = I - sin(8 /6) component. If the back-EMF of an asymmetric dual
three-phase machine includes the third harmonic
component, it is possible to increase torque by injecting
the third harmonic component[25]. However, injecting
the third harmonic current for a symmetric six-phase
machine will produce pulsating parts in the resultant

ip2(8) = Ly - sin(8 — °7/)

ic(8) = I, - sin(6 — 9,

The back-EMF wavefor power. This will cause ripple in the torque.
phase machine can begexgressed &
(16). 4. ANOVEL DRIVING APPROACH FOR A SIX-
PHASE MACHINE
This section introduces a novel driving method for a
sinusoidal six-phase machine. This machine can be split
with a new perspective as seen Figure 4. The first
machine will be the first consecutive three phases of a
sinusoidal six-phase machine, and the second machine
eqn(8) = E-sin(@ —”/6) will be the second consecutive three phases.Current
c waveforms for each three-phase machine can be
ep2(0) = E - sin(8 —>™/) (16)  expressed in (22) and (23).
— F-qj _9m
ec2(8) = E - sin(6 = 7T/¢) ig1(6) = I, - sin(6)
i N S _2m
The instantaneous power of each phase belongs to these ip1(6) = I, - sin(8 / 6 (22)
two sinusoidal three-phase machines can be written as . ,
P ic1(0) = I, - sin(6 — 47T/6)

follow (17) and (18).

Pa1(0) = iq1(0) - €41(0) 17) i5(0) =1, - sin(6 — 671/6) (23)



ip2(8) = Iy, - sin(0 — 8”/6) Py(8) = Pg1(0) + Pp1(0) + Pc1(6)

. . 3 (28)
ic2(8) = Iy - sin(6 — 107/) =>— Iy E
-
o by
P,(0) = Py2(8) + Py (6) + P2 (6)
_3 (29)
2w, ™
a; . .
— Y'Y Y\ The total instantaneous power can be seen as follow in
e CAANAT
a Jeve (30).
3
P(0) = Pi(6) + P,(0) = -1 (30)
C As mentioned in previous resultant
b, } instantaneous power for® achine is

Figure 4. Stator winding configuration of a symmetric dual constant for a dual three-phase Wachiqe. The sum of the
three-phase machine with new perspective instantaneous power iVg thfee phases is also
constant. As a resul inejtan be split into two

Their back-EMF waveforms will be the same as a
symmetric machine’s waveforms. Therefore, the 5 DRIVIN
instantaneous power of each machine will be as below in P.H AS
(24) and (25).

tric six-phase machine has been

€a1(0) = E - sin(0) 90 six-phase balanced currents. However,

e1(8) = E - sin(60 — 27/,) 8

p20], [26]. The neutral point of the second three-
e (6) = E - sin(6 — 47/,)

g machine for a dual three-phase machine can be
ariged as seen in Figure 5.

eq2(6) = E - sin(8 — 67/,) by

ep,(0) = E - sin(6 — 8™ (25)

belonging to
ritten as follow

Py1X0) =Npr(0) - e1(60)

(26) Figure 1. New neutral point for a symmetric dual three-phase
(9) lc1 (9) "1 (9) machine
Current waveforms to run the dual three-phase machine
by three-phase balanced currents should be as below in
Pa(0) = ig2(0) - €42(0) (31). Changing the neutral point as in Figure 5 allows us
Py, (0) = iy, () - €,,(6) @7) to reverse the current direction.

P,(0) = iz(6) - e,(0) iq1(0) = —ip2(8) = L, - sin(6)

iy1(8) = —igz(0) = Iy - sin(0 — 27
The resultant instantaneous power for each separated part 216 2(0) = I ( / 3) (31)
of the machine is below in (28) and (29). These results ic1(8) = —ig(8) = I, - sin(6 — 411/3)
also do not include pulsating parts.

The resultant instantaneous power is constant, so torque
production will be constant for the above arrangement.
Three-phase balanced currents also can be applied to the



proposed driving technique in Section 4. The new neutral
connection should be arranged as seen below in Figure 6.

b
Cy !

do a

J60°

C2

b,

Figure 6. New neutral point for proposed symmetric dual
three-phase machine

Thanks to the above arrangement, the proposed machine
configuration can also be driven by three-phase balanced
currents, and these currents can be written as below in
(32).

ial(e) = _iaz(e) = Im ) Si?’l(@)
51 (0) = iyp(0) = Iy - sin(0 = *7/3) (3@
icl(g) = _icz(e) =Ip- sin(@ - 27[/3)

6. FEA SIMULATION RESULTS

A) Designing the Six-phase Machine Usi
Method to Simulate in an FEA Software

In this section of this study is goin

design of 12 slots 10 poles -phase
fractional slot machine. The stg€of sigts disagreat
method to design a fractiopal . The star of
slots of a machine consi i ' The number of
phasors corresponds f slots, and each
phasor is assigne rresponding to the
respective slot igstance, phasor number 1
aligns with and so forth. A specific
winding for an m-phase machine is
conside i a particular condition is met in
(33).

—'= integer number (33)

mt

Q is the slot number of the machine, and t is the greatest
common divisior (GCD) between pole pairs (p) and slot
numbers (Q):

t = GCD(Q,p) (34)

Figure 2. Arranging the star of slots for the 12 slots/10
poles six-phase machine



Table 1: Winding distribution of 12 slots / 10 poles symmetric six-phase machine.

Phase A Phase B Phase C

Phase D Phase E Phase E

in out in out in out

in out in out in out

1 2 11 12 10

7

6 7 4 5 3

12

6 7 4 5 3

12 10 11

~N| N N ©

11 12 9 10 8

8 3
1 10 11 8
1 8
6 1

N ©f © b

5

The arrangement of slots forms a star with Q/t spokes,
and each spoke accommodates t phasors. The electrical
angle separating the phasors of two consecutive slots is
denoted as ag = pa,,, Where a,, represents the slot
angle in mechanical radians, specifically a,, = 360/Q.
The angular separation between two spokes yields:

360 af . (35)

(04 = =

TP
The star of first slot is assumed as a reference slot. The
second star due to second slot placed ag = pa,, =5
30 = 150° as seen Figure 3, the third star that is coming
from slot number 3 placed 150° forward of the second
star, and fourth star is replaced by 150° according to the
third star as seen in Figure 3. The completed phasors can

be seen in Figure 3. [

Figure 3. Star g for

12 stots/10 poles six-phase

in Figure 3, these stars
ectors as seen in Figure 4. Each
a phase winding distribution. For
instance, the il of phase A goes in slot number 1
and goes out slét number 2, the second coil of phase A
goes in slot number 6 and goes out slot number 7 in the
pink sector. This is a two-layer winding layout. To obtain
purely sinusoidal back-emf waveform, the number of
coils can be increased. Rotating the coloured phasor
circle 30° direction of counterclockwise gives additional
coils for each phase. For example, the first additional coil
goes in 6 and goes out slot number 7, the second
additional coil goes in number 11 and goes out slot
number 12 for the phase A. The winding layout of the
machine is given in Table 1. Determining the winding
layout, a six-phase machine has been designed in an FEA
software as seen below in Figure 5.

Fi inding layout of symmetric six-phase

machine

Figure 5. Multi-layer winding layout of symmetric six-phase
machine in an FEA software

B) Simulation in an FEA Software

FEA software tools are mostly used tools in the literature
[27 - 29] for validation of theories. In this study, MagNet
FEA software tool , which is product of Siemens, has
been used to validate the proposed theories that have
been discussed so far. A six-phase machine has been
designed as in Figure 10 using the multi-layer star of slots
method [30] to undertake FEA experiments. Parameters
of the machine can be seen below Table 2. Additional to



Table 2. Design parameters of the six-phase machine

Specifications of designed machine

Rated Torque (Nm) 132 Nm Core Material M400-50
Rated Speed (rpm) 1200 Magnet Material NdFeB:28/23
Supply Voltage (V) 300 Outer diameter 200 mm
Rated Current (A) 12 Depth 150 mm
Winding Method Multi-layer Concentrated Inner diameter 110 mm
Number of phases 6 Turns per phase 75 turns
Poles/slots 10/12 Magnet Thickness 5mm

multi-layer winding method, magnets of the machine
have been shaped to obtain a smooth sinusoidal back-
EMF, as seen in Figure 10.

Shaded Plot

B-Tesla

2.09279
167424
1.26568
0837118
041856

""lqk\\__ .
=i\

The back-EMF waveform
shown in Figure 12. It h
should be. However,
including harmonics.
EMF of the machj

0.35% 4th, 0. .

back—EMF/\A

200

omponents of back-
,69% 2nd, 5.05% 3rd,

100

Back-EMF (V)
o

-
o
o

)
=}
=}

0 5 10 15 20
time (ms)
Figure 7. Back-EMF FEA waveform result of the designed
symmetric six-phase machine
The other important parameter for a permanent magnet
machine is cogging torque[29], [31].For the designed
machine, the cogging torque can be seen in Figure 13.

Magnet angle and slot-pole combination have been
chosen to keep the cogging torque Iov&

1

Torque (Nm)
- o
o (4]

bt
o

1 ‘ !
0 5 10 15 20

time (ms)
. Th%g torque of the desighed symmetric six-
phase machine
@periments have been done to confirm the

theoNes.“The rotor speed has been chosen is 600 rpm for
the FEA simulations, so the electrical frequency is 50 Hz.

amplitude of the sine wave currents is 5 Amps for all
experiments. The first experiment is to observe the torque
of the designed machine when the machine excited with
the balanced six-phase currents. This torque result has
been used as a reference for other experiments. The
balanced six-phase currents and the torque of this
experiment can be seen Figure 8 (a). The Figure 8 (b,c, d,
e) belongs to when the adjacent three phases of the six-
phase machine are excited. These experiments' torque
results validate the theory mentioned in previous
sections. As seen in these figures, the machine's torque is
half of the torque in Figure 8 (a) as expected. Additional
to these experiments, two more experiments have been
undertaken as well. One of the experiments is to run the
six-phase machine with three-phase balanced currents as
shown in Hata! Basvuru kaynag bulunamadu., its FEA
torque result and current waveforms in Figure 8 (f). The
last FEA experiment is to observe the torque when the
conventional excitation method, mentioned in section 3,
is used. Only the torque of one of the double three-phase
machines has been observed. The machine's current
waveforms and torque result can be seen below in Figure
8 (g). When the torque ripple of the machine compared
to obtained results for the all conditions, better result has
been observed when all the phases of the six-phase
machine excited with the value of 2.34% as expected in
Figure 8 (a) and (f). For the three phase excitation
conditions torque ripple is around 3.50% except the
condition which phases A, B
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(9) Currents and torque when phases A, C and E are excited (conventional method).

Figure 8. FEA analysis torque results



and C are excited. When the phases A, B and C are fed,
the torque ripple of the machine is 3.92%. At this
condition, the interaction between the fundamental
current and the lower harmonics of the back-EMF is a bit
higher compared to the other consecutive three phase
connected conditions.

If the THD value of the current and voltages are
examined, the THD value of the current is 0% since the
simulation has been done with a current source. Current
source that is supplied to each phase has pure sinusoidal
waveform, so it has no harmonics. However, voltage
value of the phases has a THD value, and the THD value
of the voltages is given in the Figure 8 and these values
have been calculated up to 13th harmonic, including both
even and odd harmonics.

7. CONCLUSION

A new double three-phase configuration for a symmetric
six-phase machine has been introduced. A symmetric 12
slots / 10 poles six-phase machine has been designed in
FEA software to validate the study. Winding layout of
the machine has been arranged by using star of slots
method. To obtain better sinusoidal back-EMF, multi-
layer winding technique has been chosen. In the
conventional method, coils of the three-phase machine in
a symmetric six-phase machine is placed as 1200 apart
from each other. However, for the proposed double thr@.
phase machine, coils of the three-phase machine arg
placed as 600 apart from each other. FEA analysis d
proposed and existing methods has been don A
results validate the introduced theory. THis n
arrangement has some advantages compared@to the
conventional double three-phase maching( For e

the conventional method will not allow the Osgr to run the
machine without using fault-toler i in case
of open-circuit conditions of agj

symmetric six-phase
cited is 2.34%. Torque

excited.
while achine under open phase fault-
own, torque will be half for a given
ced currents compared to the healthy
condition, since only the one of the three-phase machines
will be active under a fault condition. THD values of
voltages varies from 5.54% to 6.86% for the experiments.
Additionally, the symmetric six-phase machine has been

driven by three-phase balanced currents.
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