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Abstract— Vector control is one of the most popular multiphase
induction machine drive methods due to its dynamic
performance. Since all phase currents are needed in vector
control drive, by increasing phase numbers, the number of
required current sensors increases which is one of the
disadvantages of vector control in multiphase machine drives. In
this paper vector control of a symmetrical six-phase induction
machine with a novel configuration is presented. The
aforementioned configuration is designed in a simple way that
only three current sensors will be needed. Analytical equations
are extracted in this paper to show that some of current
components which do not contribute in torque production will be
eliminated due to the proposed scheme. Simulation and
experimental results are provided to verify the benefits of the
proposed configuration.

Keywords- Symmetrical six-phase induction machine; Vector
control; Current sensor; Multiphase drives.

L INTRODUCTION

In early 1990s, study on multiphase machines accelerated;
until the beginning of recent century, it became practical in
industries. Multiphase induction machines are predominantly
used in electric ship propulsion, traction and generally in high
power applications [1-3]. Multiphase induction machines have
some advantages over three phase induction machines.
Employing multi-phase induction machines would reduce the
pulsating torque and would increase the efficiency of the
machine. Six-phase induction machines have 6.7% reduction in
stator copper loss compared to the same machine wound with
an equivalent three-phase winding of the same pitch [4-5]. Also,
multiphase induction machines have less noise pollution
compared to three-phase ones [6]. Among several benefits, high
phase numbers provide better motor performance following
loss of one or more phases; in addition using multiphase
induction machines obtain the capability to start and run even
with some phases open circuited [7-9].

The other advantage is the improvement of torque in multi-
phase machines with concentrated winding. Lyra et al. [10]
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showed that additional torque production can be obtained by
injecting third harmonic current.

Also, increasing phase number to at least five (or more)
enables completely independent vector control of two (or
more) multiphase machines that are supplied from a single
current-controlled voltage source inverter [11-12]. Further, the
switched voltage profile in the motors’ windings and their
behaviour is evaluated in [13] to achieve independent feed
forward voltage control of two series connected six-phase and
three-phase induction machines.

Recently, several control techniques are considered about
induction machines which application of each method depends
on desired specific condition [14-15]. One of these methods is
called scalar and it is more suitable for low power applications
[16]. In contrast, vector control of induction machines was
introduced by Blaschke [17] and Hasse [18] which has better
dynamic response. Despite of the higher phase number in
multiphase induction machines, they have more degrees of
freedom. Nevertheless, all these techniques are applicable for
multiphase induction machines with little differences [19].

A specific problem encountered in multiphase drive
systems is that generation of certain low-order voltage
harmonics in the voltage source inverter output. Low-order
stator voltage harmonics maps into X — ) components using

ordinary reference frame technique. According to the
possibility of flowing X — ) current components, the tendency

is to create sinusoidal voltage at the output of the inverter. The
existence of low order harmonics in input supply leads to large
stator current harmonics which only restricted by stator leakage
impedance [20]; whereas machines with sinusoidal MMF
distribution have very small impedance for x — y voltage

components [2]. Although with non-sinusoidal voltage source,
multiphase machines generally have more stator copper loss,
but they always have less rotor copper loss versus three phase
machines [21].

The asymmetrical six-phase induction machines (two three-
phase with 30° displacement) are the most frequently
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considered multiphase machines in industrial applications. The
choice of asymmetrical six-phase machine rather than
symmetrical (two three-phase with 60° displacement) is for
existence of sixth harmonic of torque caused by the fifth and
seventh harmonics of the stator current in symmetrical ones.
However, implementation of proper PWM strategy, with
sufficiently high switching frequency, leads to the same
performance of symmetrical and asymmetrical six-phase
machines for a six-phase VSI [19]. In this context, excellent
high performance quality of rotor flux oriented control of a
symmetrical six-phase induction machine has been
demonstrated in [22].

With advances in power semiconductor technology and
improvement in control methods, the trend to low cost drive
systems is increased. By reducing the number of equipments
used in these systems, the final cost will be reduced too.
Reduction in the number of current sensors will result in lower
cost of these drive systems. In [23] a rotor field-oriented
control of dual-three-phase induction machine, employing only
two current sensors, has been presented. A novel torque and
speed control structure for low-cost induction machine drive
with a single dc-link current sensor presented in [24].

In vector control of symmetrical six-phase machines, in
regular manner, we need at least five current sensors. In this
paper, proposed configuration of symmetrical six-phase
induction machine leads to minimizing the number of current
sensors which only three current sensors will be needed.

II.  INDIRECT VECTOR CONTROL OF MULTIPHASE INDUCTION
MACHINES

The main objective of vector control of induction machines
is to control them like separately excited dc machines. In this
section, the model of a symmetrical six-phase induction
machine and its vector control algorithm will be presented.

A.  Six-phase Machine Model

An induction machine can be modelled with state-space
equations. In these equations, voltage and frequency are as
inputs and the outputs of the state-space equations are speed,
position, torque, flux, current or a combination of them. The
stator equations in arbitrary common reference frame are
shown in equation (1) [12]:

dA,
Vi =Rgiy — wxj’q.r + T;A P /145 =Ly +L,)ig+L,i,
) dA, ) )
V=R, + o Ags + 4 ﬂ'qs =(L,+L, )lqs +L,i,
da,,.,
Va=Rii, + - s Ay =Ly,
I . di xls xls (1)
. dﬂ’ylx .
Vyl = Rsl)'ls + 7 > j'yl.; = Llslyls
. dA,., .
Vous = Rylg. + dot - s Aoy = Lyl
dA,_,
Voo = Ryigg +— s Aoy =Lyl

dt

And rotor equations are as follows:

2
Vi =0=Rij,~(@,~ )4, +—*

s A =Ly + L)y + L

dr ‘m°ds

dt
. A2, . .
Vy =0=Riy 4 (0, ~0)Ay 4= 2, =L L), + Ly,
dA
Var =0= R0, + dm Ay =Ly,
t
. dﬂ“vlr .
Vvlr =0= erylr + 7 ’ ﬂ'ylr = Llrlylr
. ﬂ'o“ .
Voo, =0=R i, +7l‘ s A =Ly,
da
V,,=0=Ri, + d‘;" . Ay, =L, (2)

In these equations, the various symbols denote the
following: R, the stator resistance per phase; R,, the referred
rotor resistance per phase; [ , the mutual inductance per
phase; Lls, the stator leakage inductance per phase; Li, the

stator referred rotor leakage inductance per phase; @, and

@, are synchronous speed and electrical rotor speed both in
rad/sec. it should be noted that 7 is equal to 3 which M is

the maximum mutual inductance value between stator and
rotor. The torque equation is as follows:

Te = PLm [idriqs - idsiqr] (3)

B.  Six-phase induction machine vector control algorithm

Since the considered induction machine is symmetrical with
sinusoidally stator winding, then the only difference between
vector control scheme of a three-phase and six-phase induction
machine is due to the decoupling transformation matrix [19]. In
vector control of induction machines, the direct axis should be
aligned with rotor flux vector, and then the quadrature
component of rotor flux will be equal to zero:

A=A,

ﬂ’qr = Lmiqs + (L/r +Lm )iqr = 0

A

lqr - Llr +Lm lqs (4)
A, =0

45, =0

dr *

By substituting the equation (4) in equation (2), the
followings are obtained:

1 d
i, =—N+T.—]4
ds Lm[ rdt] ()
. 5
[0 —Cl),,:i.lqis
r ids

It should be noted that, in these equations, rotor time
constant, T, is equal to ((L,+L,)/R.) . Under these

conditions, with using equations (3) and (4), the torque
equation will become as:
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Te = K/Idriqs (6)

Where K is torque constant. This equation shows that if
rotor flux will not be distorted, then the quadrature component
of the stator current, iy, can control the torque and the rotor
flux can be controlled with direct component of stator current
[25]. Proper performance of control system and using correct
estimated parameters ensure that rotor flux will not be
distorted.

o
Las

*
(4] Speed
o— Controller

Fig. 1. Indirect vector control diagram of six-phase induction machine

III. PROPOSED STRUCTURE FOR MINIMIZING THE
INDEPENDENT CURRENTS IN SIX-PHASE INDUCTION MACHINES

In this section, the proposed structure for reducing current
sensors is considered. The current references in the block
diagram of Figure 1 are as follows:

i = \E(i;_ cos @ — i, sin )

0= \E (i, cos(8 — %”) — i sin(6 - 2?”)) ™

- 2 107, .« . 107
iy = \/%(ld“' cos(6 — ?) — i, sin(6 — ?))

The proposed structure is based on the connection diagram
of six-phase induction machines. Figure 2 shows two different
connection diagram of six-phase induction machine. Figure
2(a) shows the star-connected six-phase induction machine and
Figure 2(b) illustrates the proposed structure. If the current
references of equation (7) will be applied to a machine with
configuration of Figure 2(a), then the relation between motor
currents would be as:

L+, +..+i,=0 = i=—i,—i;—..—I (8)

This equation shows that there are five independent
currents for a six-phase machine. Respectively, according to
the structure of Figure 2(a), just a single current sensor can be
eliminated.

In symmetrical six-phase induction machines, under
symmetrical and balanced source, the current of mth phase is
equal to the negative of the ( m+3 )th phase current

( by = _i(m+3) )-

So in six-phase induction machines, there is the possibility
of using the structure of Figure 2(b). As shown in Figure 2(b),
the second end of mth phase is directly connected the second
end of (m +3)th phase (m=1, 2, and 3). Hence, it is clear that
the current of mth phase is instantaneously equal to the current
of (m +3)th phase. So the relation between phase currents will
be as follows:

s ©)

This equation shows that with using the structure of Figure
2(b), the number of independent currents will be equal to three
and consequently the number of current sensors can be reduced
to three sensors.

IV. ANALYSIS OF THE PROPOSED STRUCTURE

In this section, the effect of this structure on the different
current components of six-phase induction machines is
considered. For this purpose, the currents of six-phase
induction machines are transformed using decoupling
transformation matrix of equation (10) [26].

al 1 cosa cos2a cosda cosda cosSa |
gl 0 sing sin2a  sin3a  sinda  sinSa
C:\P x| 1 cos2a cosda cosba  cos8a coslOa
6 yl| 0 sin2a sinda sin6a sin8a sinl0a | (10)
0+1/V2 12 U2 142 N2 142
0-[1/42 —1/42 142 -2 N2 -142]

Where in this equation ¢ =27 6 By applying the matrix of

equation (10), the ¢ — 3 current components will be as:

i, =i, +i,cos(a)+..+icos(5a)

a

(11

i, =0+1i,sin(@) +...+i sin(Sa)

With substituting equation (9) in equation (11), the
followings are obtained:
i, =i,[1-cos(Bax)]+i,[cos(axr) — cos(4a)]
+i5[cos(2ar) —cos(Sar)] (12)
i, =i [0-sin(3a)]+i,[sin(a) - sin(4a)]
+ i, [sin(2a) —sin(5a)]

It is clear that cos((m—1)a)=—cos((m+2)a) and
sin((m — D) = —sin((m + 2)) Which m=1, 2, and 3. So, it would
be concluded that:

i, =2i, +2i, cos(a) + 2i, cos(2a) a3)
iy =0+2i,sin(a) +2i; sin(2a)

For considering the effect of this structure on the x1-yl
current components, the x1-yl current component equations
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are considered. The general form of x1-yl current components
will be as follows:

i, =i +i,cos(2a)+...+i; cos(10a)
i, =0+i,sin(2a)+...+igsin(10a) (14)
By substituting equation (9) in equation (13), it would be
concluded that:
i, =i[1-cos(6a)]+i,[cos(2a) —cos(8a)]
+i;[cos(4a) — cos(10a)]

x1

15
i, =1;[0—=sin(6a)] +i,[sin(2¢a) —sin(8a)] (15)
" +i[sin(4a) - sin(10a)]
And simply, the followings are obtained:
cos(2(m — 1)) = cos(2(m + 2)ax)
sin(2(m — 1)) = sin(2(m + 2)a) (16)
Where in this equation m=1, 2, 3. Then:
i,=0,1i,=0 (17)

¥l
These equations show that i ; and iyl are equal to zero. It

should be noted that i ; and iy, don't contribute in torque

production.

By applying the transformation matrix of equation (10) to
six-phase currents, the zero sequence currents are as:

. [T .
ip, = ==L, +iy +iy+...+i]
+ \/5

. r.. .. .
iy =f[l] — iy iy .~ ]
By substituting the equation (9) in equation (18), the
followings are obtained:

(18)

i, =0
. 2 (19)
iy =ﬁ[ll —i, +15]
Equations (10) to (19) show that x1-y1 current components
and positive zero sequence current component will be
eliminated due to the structure of Figure 2(b).

V. HYSTSRESIS MODULATION

The reference currents for hysteresis control are obtained
from vector control block diagram of Figure 1. The injected
currents from phase 1 to phase 3 are measured and fed back to
hysteresis control block. So the switching status of each switch
is characterized by the difference between reference current
and actual current (Ai).

Ai, =i, —ir ,

m m m

m<3 (20)

The following equation is used for characterizing the status
of the switches of each branch:

Vol. 1, No. 2, 2011, 23-29 26
1 Ai >b
s, - b m<3 21)
0 Ai, < b

Where, S, is the status of the switches in mth branch which

m=1, 2 and 3, and b is the hysteresis band. Hence, S, =1
represent that the upper switch in mth branch is on and the
lower switch is off. Similarly, §, =0 represent that upper
switch is off and lower switch is on.

Determination of the switching status of the switches in the
branches with number greater than 3 is derived from the
structure of Figure 2(b). As it would be concluded from Figure
2(b), the switching status of the switches in (m + 3 )th branch
is opposite of the switches in mth branch.

So, just the first three phase currents are measured and fed
back to the hysteresis block and the switching status of all
twelve switches of six-phase inverter would be determined
from theses three currents.

(22)

0 s, =1
Sm+3 = mS3
1 S,=0

m

Six Phase
Voltage
Source
Inverter

Six Phase
Voltage
Source
Inverter

Fig. 2. Connection diagram of six-phase induction machine: (a) star
connected, (b) proposed structure

—5,
i— —»S,
pma N ey
i ;—» S4
b S 5
S,

-real -real -real

4 2 b
Fig. 3. Hysteresis block diagram ( S, determines the switching status of

the mth branch switches)
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VI. SIMULATION RESULTS

To verify the proposed structure, the vector control of a
symmetrical six-phase induction machine is simulated in
MATLAB/SIMULINK. The parameters of six-phase machine
are represented in appendix I. First in this section, the
performance of the vector control of six-phase induction
machine with proposed structure is investigated under load
variations which the results are shown in Figures 4-6. For this
purpose, the six-phase machine connections are similar to
Figure 2(b) and just currents of phase 1, phase 2 and phase 3
are fed back to hysteresis block and The switching status of all
switches is specified from section V; so the exact control on the
current of the other phases is easily achievable. In simulation of
this system, the speed command is set to 550rpm; the motor
runs under no-load condition and an 11N.m torque is applied to
the motor as load at t=10s. Figure 4 and Figure5 show the
electromagnetic torque and the speed response of the six-phase
induction machine. The current of phase 1, as sample, is
illustrated in Figure 6.

As shown in these figures, results verify the performance of
vector control with proposed structure under load variation.
The simulation results for investigating the performance of
vector control under speed command variation are shown in
Figures 7-9. In this simulation, the motor works under no-load
condition; and the speed command is 550rpm which increases
to the 700rpm at t=5.5s. The electromagnetic torque and speed
response are illustrated in Figure 7 and Figure 8. As depicted in
Figure 8, the motor speed follows the speed command. As the
vector control is in speed control mode, the motor speed should
follow the speed command and should be kept constant under
load changes. So, these results verify the vector control of six-
phase induction machine using three current sensors with
proposed.

12 T T T T T

101 : T

8- : E

torque, N.m
B

0 2 4 6 8 10 12
time, s
Fig. 4. Electromagnetic torque of symmetrical six-phase induction

machine (a load of 11N.m is applied at t=10s)
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400 ; .
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Fig. 5. Speed response of symmetrical six-phase induction machine (the

speed command is 550 rpm)
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Fig. 6. Phase 1 current (speed command is set to 550 rpm and a 11N.m
load is applied at t=10s)
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Fig. 7. Electromagnetic torque of symmetrical six-phase induction

machine (the motor is working under no-load condition)
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Fig. 8. Speed response of symmetrical six-phase induction machine (the

speed command varies from 550rpm to 700rpm at t=5.5s)
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Fig. 9. Phase 1 current (the motor is under no-load condition and the

speed command varies from 550rpm to 700rpm at t=5.5s)
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VII. EXPERIMENTAL RESULTS

An experimental setup is constructed for verifying the
application of the proposed structure. In this section, the
experimental results of a symmetrical six-phase induction
machine are presented. The microcontroller used in controller
board is dspic30f4011. Only the first three phase currents, i.e.
i;, 1, and i3, are measured using LEM sensors. The
experimental tests have been performed on a six-phase
induction machine with 48 slots on stator, 4-pole and S0Hz.
This machine is coupled with a dc generator as load. The per-
phase parameters of the six-phase induction machine are
represented in appendix I. The experimental setup is shown in
Figure 10. Motor phase currents are sampled via a data
acquisition apparatus (USB-4711A) and the motor speed is
measured using digital tachometer RM-1501. Speed and
current samples are plotted with MATLAB.

For implementing the proposed structure, the connections
of the motor is similar to Figure 2(b) and the current sensors
are placed only on the phase 1, phase 2 and phase 3. Similar to
simulation results, first, the vector control with proposed
structure is tested under load variations. For being comparable,
the simulation and experimental tests are under same
conditions. So, in the first test, the speed command is set to
550rpm and the load increases from zero to 11N.m at t=10s.
The speed is shown in Figure 11. Because of low sampling rate
of digital tachometer, the transients in the speed response are
not observable. As depicted in Figure 11, the speed is set to
550rpm before and after applying the load. The phase 1 current
is illustrated in Figure 12. The test results verify the
performance of indirect vector control of symmetrical six-
phase induction machine with proposed structure under
variations of load and speed command.

i A
- r ’

Fig. 10.  Experimental setup

time, s
Fig. 1. Speed response of symmetrical six-phase induction machine (the
speed command is 550 rpm)
" [ — T
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ﬁ 5 ‘ | | il
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2 4 8 8 10 12
time, s
Fig. 12. Measured phase 1 current (speed command is set to 550rpm and a
11N.m load is applied at t=10s)
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Fig. 13.  Speed response of symmetrical six-phase induction machine (the

speed command varies from 550rpm to 700rpm at t=5.5s)
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Fig. 14.  Measured phase 1 current (the motor is under no-load condition
and the speed command varies from 550rpm to 700rpm at t=5.5s)
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VIIL

This paper presents a new structure for vector control of
six-phase induction machines with minimum independent
currents. The independent currents are minimized as a result of
increasing the neutral points. It should be mentioned that the
drawback of this scheme is a little reduction in reliability
compared to conventional symmetrical six-phase drive systems
while its reliability is still better than three-phase ones.
Furthermore, all advantages of six-phase induction machines
are retained due to the proposed structure. The analytical
equations verify that not only this structure reduces the current
sensors, but also yields in eliminating some current
components which do not contribute in torque production. With

proposed structure, and i, are equal to zero. Simulation

CONCLUSION

1
x12 “yl
and experimental results verified the performance of vector
control of symmetrical six-phase induction machines with
proposed structure.

APPENDIX

The motor parameters are as follows:

n,=1500rpm , p,=3hp , r,=033Q , r, =0.87Q2 ,
L,=.019H, L, =L, =245mH , J =0.028kg.m".
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