
Abstract—A new space vector modulation (SVM) technique 
having a full and independent control of the multiple voltage 
space vectors of a six-phase voltage source inverter is pre-
sented in this paper. The proposed space vector approach is 
based on three-phase decomposition, leading to the modula-
tion of two three-phase VSIs. The six-phase load consists in 
a dual three-phase induction motor, with insulated neutral 
points. The voltage limits are investigated and the analytical 
developments are proved by a complete set of simulation re-
sults. 
 

Index Terms—Dual three-phase motors, multiple space 
vectors, space vector modulation, three-phase decomposi-
tion. 

I.  INTRODUCTION 

Multi-phase motor drives have many advantages over 
the traditional three-phase motor drives such as reducing 
the amplitude and increasing the frequency of torque pul-
sations, reducing the rotor harmonic current losses and 
lowering the dc link current harmonics. In addition, ow-
ing to their redundant structure, multi-phase motor drives 
improve the system reliability. As a consequence, the use 
of multi-phase inverters together with multi-phase ac ma-
chines has been recognized as a viable approach to obtain 
high power ratings with current limited devices [1]-[2]. 

The dual three-phase induction machine is undoubtedly 
the most frequently considered multiphase machine for 
high power applications. Its asymmetrical stator winding 
configuration is obtained with two sets of three-phase 
windings, spatially shifted by 30 electrical degrees, 
whereas the rotor winding is of squirrel cage type. In this 
case, the rated current of one switch of the six-phase VSI 
is halved compared to a three-phase drive of the same 
power and phase voltage rating. 

This machine offers some further advantages, such as 
the possibility to build the six-phase inverter as a hard-
ware combination of two standard three-phase VSIs, 
having proved reliability and effective protection cir-
cuitry. Furthermore, the stator core laminations of the ac 
machine have a number of slots multiple of three, offer-
ing the possibility to realize the multi-phase stator core 
with minimum adjustment with respect to standard three-
phase machines. 

A useful mathematical model of a dual three-phase in-
duction machine can be obtained introducing a multiple 
space vector representation, called “vector space decom-
position” (VSD) [3]. In particular, the behavior of the 

machine can be described in terms of two independent 
space vectors, moving arbitrarily in different d-q planes, 
called d1-q1 and d5-q5 in this paper. 

In order to fully exploit the potentialities of the dual 
three-phase machine, an opportune modulation strategy 
for the six-phase VSI, able to independently control the 
two stator voltage space vectors, has to be developed. 
This feature is crucial in the case of a single six-phase 
VSI feeding two series-connected dual three-phase in-
duction machines [4]. 

Nowadays, the modulation of six-phase VSIs has been 
widely discussed in [3]-[9]. However, a space vector 
modulation (SVM) algorithm for six-phase VSIs able to 
arbitrarily regulate both the two multiple voltage space 
vectors has not been presented yet. 

In particular, in [3] a SVM technique based on the VSD 
has been proposed, with reference to the modulation of 
the voltage space vector on d1-q1, being null the voltage 
space vector on d5-q5. This SVM technique has been fur-
ther developed in [5], [6] in order to reduce the stator cur-
rent ripple. The implementation of the resulting modula-
tion techniques is quite complex. 

A different approach has been discussed in [7]-[9], 
where a simplified three-phase decomposition is consid-
ered, taking into account only the d1-q1 voltage space 
vector. 

A novel SVM approach based on complete three-phase 
decomposition is presented in this paper. The proposed 
method allows a full and independent control of both the 
voltage space vectors on d1-q1 and d5-q5 planes, with an 
optimal exploitation of the dc input voltage. A similar 
approach has been introduced in [10] for a nine-phase 
VSI. The effectiveness of the proposed method has been 
verified by a complete set of numerical tests, carried out 
by introducing the model of a dual three-phase induction 
machine. 

II.  SPACE VECTOR TRANSFORMATIONS 
FOR SIX-PHASE SYSTEMS 

A.  Multiple Space Vector Transformation 
A possible space vector transformation for an asymmet-

ric six-phase system leads to the following three space 
vectors [3],  
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being α = exp (jπ/6), and h = 1, 3, 5. By developing (1) 
with respect to the index h yields  
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Note that the space vector 3x  has a singular expression 
since 3 is a factor of the number of phases n = 6, which is 
not a prime. The inverse transformation of (2) is 
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where symbols “ ⋅ ” and “ * ” denote inner (scalar) prod-
uct and complex conjugate, respectively. The three space 
vectors 1x , 3x , and 5x  lie in the planes called d1-q1, d3-
q3, and d5-q5, respectively. 

B.  Three-Phase Space Vector Decomposition 
The six-phase system can be seen as the composition of 

two three-phase sub-systems {1} and {2} according to 
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The space vectors (1)x , (2)x  and the zero-sequence 
components (1)

0x , (2)
0x can be defined for each sub-sys-

tem {1}, {2}, leading to 
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The relationships between the multiple space vectors of 
the six-phase system and the two space vectors of the 

three-phase sub-systems are obtained by introducing (4) 
and (5) in (1), leading to 
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The space vectors (1)x , (2)x and the zero-sequence 
components (1)

0x , (2)
0x of the three-phase sub-systems can 

be expressed on the basis of the multiple space vectors 
1x , *

5x , and 3x  as 
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III.  SIX-PHASE VSI FEEDING A LOAD WITH 
INSULATED NEUTRAL POINTS 

The scheme of a six-phase VSI feeding a balanced load 
connected as a double three-phase system having insu-
lated neutral points 0(1), 0(2)  is represented in Fig. 1. 

As shown in Fig. 1 and expressed by (4), the six load 
voltages v1, v2, …, v6 can be seen as the combination of 
the three voltages v1

(h), v2
(h), v3

(h) of the two three-phase 
sub-systems h = {1},{2}. In the same way, the six-phase 
inverter can be seen as the combination of two standard 
three-phase VSIs connected to the same dc bus. 

A.  Multiple Space Vectors of the Load Voltages 
By applying (2) to load voltages, yields (1) (2)

0 0= = 0v v  
and 3 0v = , being the neutral points insulated. The re-
maining space vectors can be written as 
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There are 26 = 64 possible switch configurations. For 
space vectors 1 and 5, (i.e., in d1-q1 and d5-q5 planes), 
there are four configurations corresponding to the null 
voltage vector, i.e, (000000), (111111), (101010), and 
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Fig. 1. Scheme of a six-phase VSI feeding a six-phase load 
with insulated neutral points. 
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(010101). The remaining 60 active configurations are 
represented by 48 different voltage vectors in each d-q 
plane, as depicted in Fig. 2. 

B.  Space Vector Modulation 
As stated above, the case of insulated neutral points, 

leads to (1) (2)
0 0= = 0v v , whereas the space vector compo-

nent of the load voltages can be written on the basis of (5) 
as 
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The space vectors (1)v  and (2)v  correspond to the out-
put voltage space vectors of standard three-phase VSIs, as 
represented in Fig. 3. By combining (9) with (6) it is pos-
sible to determine the number of active voltage vectors as 
72−1 = 48, as stated in the previous sub-section. 

The input variables for the SVM of the six-phase VSI 
are usually represented by multiple voltage space vector 
references, refv1  and refv5 . The method proposed in this 
paper consists in determining the reference voltage space 
vector for the two three-phase VSIs by applying (7), 
leading to 
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The space vectors determined in (10) can be independ-

ently synthesized by using the well-know three-phase 
SVM technique, as represented in Fig. 3. It should be 
noted that (10) allows the extension of the modulation 
proposed in [7]-[9] to the case of 5 0refv ≠ . 
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calculated by the following relationships: 
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Duty-cycles )(
0
hδ  and )(

3
hδ of the null configurations 

(000) and (111) are determined to complete the switching 
period, according to 
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hhhh δ+δ−=δ+δ ,     h = 1, 2. (12) 

Time-sharing between null configurations is arbitrary, 
as for a standard three-phase VSI, leading to two degrees 
of freedom in the modulation process. These degrees of 
freedom could be exploited to minimize the current ripple 
and/or to handle the switching frequency by introducing 
continuous or discontinuous switching modes [6]. In par-
ticular, for each three-phase VSI, the condition { 0)(

0 ≠δ h  
and 0)(

3 ≠δ h } corresponds to a continuous switching 
mode, whereas the condition { 0)(

0 =δ h  or 0)(
3 =δ h } 

correspond to a discontinuous switching mode, leading to 
9 different switching modes for the whole six-phase VSI. 
“Symmetrical” SVM operation can be obtained for both 
three-phase VSI by considering )1(

3
)1(

0 δ=δ  and 
)2(

3
)2(

0 δ=δ . 

C.  Voltage Limits 
The voltage limit is determined for the voltage space 

vector 1refv , with reference to the condition: 3 0refv = , 
5 0refv = , as in the case of sinusoidal balanced voltages. 

In this case, (10) leads to the following voltage space 
vectors ( )h

refv  for the two three-phase VSIs: 
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=
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Being the two three-phase VSIs independent one from 
the other, the voltage limit for each three-phase voltage 
space vector is represented by the regular hexagon having 
the side 2/3 Vdc, as depicted in Fig. 3 (dashed line). On 
the basis of (13), the limit for the six-phase voltage space 
vector 1refv  corresponds to the 12-side regular polygon 
resulting from the intersection of two regular hexagons 
rotated by 30°, as shown in Fig. 4. In case of sinusoidal 
balanced voltages, the voltage limit corresponds to the in-
ner circle having radius Vdc/√3 (shaded area in Fig. 4). 
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Fig. 2. Normalized voltage space vectors (with respect to 1/3 Vdc)
of the six-phase VSI on d1-q1 and d5-q5 planes. 
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Fig. 3. Output voltage space vectors for the two three-phase VSIs. 
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IV.  DUAL THREE-PHASE INDUCTION MACHINE MODEL 

The behavior of the dual three-phase induction ma-
chine having sinusoidal distributed stator windings can be 
described in terms of multiple space vectors by the fol-
lowing equations, written in a stationary reference frame: 

dt
diRv S

SSS
1

11
ϕ+=  (14) 

dt
dpjiR R

RmRR
1

110 ϕ+ϕω−=  (15) 

11111 RSSS iMiL +=ϕ  (16) 

11111 RRSR iLiM +=ϕ  (17) 

dt
diRv S

SSS
5

55
ϕ+=  (18) 

55 SSS iL=ϕ  (19) 

1113 RS ijiMpT ⋅= . (20) 

where p is the pole pairs number, ωm is the rotor angular 
speed, and the subscripts S and R denote stator and rotor 
quantities, respectively. It should be noted that 1Si  and 

1Ri  are responsible for the sinusoidal spatial distribution 
of the magnetic field in the air gap, whereas 5Si  does not 
contribute to the air gap field. 

V.  SIMULATION RESULTS 

In order to verify the effectiveness of the proposed 
SVM strategy, the behavior of a system consisting of a 
six-phase VSI feeding a dual three-phase induction motor 
has been tested by numerical simulations. For the induc-
tion motor, the model presented in Section IV has been 
numerically implemented using the parameters given in 
Table I, with the rotor speed set to 1430 rpm. The dc bus 
voltage is Vdc = 310V. 

The choice )1(
3

)1(
0 δ=δ  and )2(

3
)2(

0 δ=δ  has been consid-

ered for the null configurations in each switching period 
(T = 200 µs). The resulting SVM strategy corresponds to 
the well-known “symmetrical” SVM for each three-phase 
VSI.  

In the first simulation test, the behavior of the system is 
analyzed in balanced and sinusoidal conditions, with an 
amplitude of the reference stator voltage | refv1 | = 150 V, 
frequency 50 Hz, whereas refv5  is set to zero. The results 
are given in Figs. 5-10. In particular, the line-to-neutral 
voltage waveform vS1 (stator phase voltage) is depicted in 
Fig. 5, showing the characteristic 5-levels waveform of a 
three-phase VSI. The six stator currents are shown in Fig. 
6, and the corresponding harmonic spectrum is shown in 
Fig. 7. It should be noted that the current waveforms are 
practically sinusoidal, proving the effectiveness of the 
proposed SVM strategy, and the current harmonics are 
concentrated around the frequency of 5 kHz (i.e. the 
switching frequency). 

The trajectories of the space vectors 1Si and 5Si  in the 
corresponding d-q planes are shown in Fig. 8, and the 
corresponding harmonic spectra are shown in Figs. 9 and 
10, respectively. As expected, the space vector 5Si  is 
practically null, apart from the switching ripple (Fig. 10), 
whereas 1Si  moves along a circular trajectory (at constant 
speed). The harmonic component at 50 Hz of space vec-
tor 1Si  (Fig. 9) corresponds to the harmonic component 
at 50 Hz of the stator current (Fig. 7). 

In the second simulation test, the behavior of the system 
is analyzed in balanced but non-sinusoidal conditions, 
with an amplitude of the reference stator voltage | refv1 | = 
150 V, f1 = 50 Hz, whereas | refv5 | = 15 V, f5 = 250 Hz 
(5th harmonic). The results are given in Figs. 11-16. In 
particular, the stator phase voltage is depicted in Fig. 11, 
showing a waveform similar to the one of previous case. 
The six stator currents are shown in Fig. 12, and the cor-
responding harmonic spectrum is shown in Fig. 13. It 
should be noted that the currents have the same wave-
forms, as expected by injecting a 5th harmonic in the sec-
ond d-q plane (d5-q5). 

The trajectories of the space vectors 1Si and 5Si  in the 
corresponding d-q planes are shown in Fig. 14, and the 
corresponding harmonic spectra are shown in Figs. 15 
and 16, respectively. In this case, both current space 
vectors  1Si  and 5Si  move along a circular trajectory, at 
constant speed, apart from the switching ripple. The har-
monic component at 50 Hz of space vector 1Si  (Fig. 15) 
and the harmonic component at 250 Hz of space vector 

5Si  (Fig. 16) correspond to the harmonic components of 
the stator current at 50 Hz and 250 Hz, respectively (Fig. 
13). 

The simulation tests prove the capability of the pro-
posed SVM technique to generate an arbitrary space 
vector on both d1-q1 and d5-q5 planes on the basis of the 
space vector decomposition expressed by (7). 

30°

2/3 Vdc

Vdc/√3

0

d1 

q1 

 
Fig. 4. Voltage limit for sinusoidal balanced voltages. 

TABLE I  
MOTOR PARAMETERS 

Prated = 4 kW  RS =  0.51 Ω 
IS, rated = 16 Arms  RR =  0.42 Ω 
VS,rated = 125 Vrms  LS1 =  58.2 mH 
ωS = 2π50  rad/s  LR1 =  58.2 mH 
 p = 2  M1 = 56  mH  

677



  

-300
-200

-100
0

100
200

300

Time (5 ms/div)

 S
ta

to
r v

ol
ta

ge
 (V

)

 
Fig. 5. Stator phase voltage waveform. 
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Fig. 6. Stator current voltage waveforms. 
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Fig. 7. Harmonic spectrum of the stator current. 
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Fig. 8. Trajectories of 1Si and 5Si  in the corresponding d-q planes. 
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Fig. 9. Harmonic spectrum of space vector 1Si . 
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Fig. 10. Harmonic spectrum of space vector 5Si . 
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Fig. 11. Stator phase voltage waveform. 
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Fig. 12. Stator current voltage waveforms. 
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Fig. 13. Harmonic spectrum of the stator current. 
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Fig. 14. Trajectories of 1Si and 5Si  in the corresponding d-q planes. 
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Fig. 15. Harmonic spectrum of space vector 1Si . 
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Fig. 16. Harmonic spectrum of space vector 5Si . 
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VI.  CONCLUSION 

A general SVM control strategy for a six-phase VSI 
based on the concept of three-phase decomposition is 
presented in this paper. The proposed method allows a 
full and independent control of the two multiple voltage 
space vectors of the six-phase VSI in the corresponding 
d-q planes, with an optimal exploitation of the dc input 
voltage. The modulation limit has been determined with 
reference to balanced sinusoidal conditions. 

The analytical developments have been verified by nu-
merical tests carried out by considering a dual three-
phase induction motor load, modeled in terms of multiple 
space vectors. The numerical results prove the effective-
ness of the proposed method. 

REFERENCES 
[1] L. Parsa, “On advantages of multi-phase machines,” Proc. of An-

nual Conference of the IEEE Industrial Electronics Society IECON, 
2005, pp. 1574-1579. 

[2] E. Levi, R. Bojoi, F. Profumo, H.A. Toliyat, S. Williamson, “Multi-
phase induction motor drives – a technology status review,” IET 
Electr. Power Appl., vol. 1, no.4, pp. 489-516, July 2007. 

[3] Y. Zhao, T.A. Lipo, “Space vector PWM control of dual three-
phase induction machine using vector space decomposition,” IEEE 
Trans. on Ind. Applicat., vol. 31, no. 5, pp. 1100-1109, Septem-
ber/October 1995. 

[4] K.K. Mohapatra, R.S. Kanchan, M.R. Baiju, P.N. Tekwani, K. 
Gopakumar, “Independent Field-Oriented control of two split-phase 
induction motors from a single six-phase inverter,” IEEE Trans. on 
Ind. Electron., vol. 52, no. 5, pp. 1372-1382, October 2005. 

[5] K. Marouani, L. Baghli, D. Hadiouche, A. Kheloui, A. Rezzoug, 
“Discontinuous SVPWM techniques for double star induction mo-
tor drive control,” Proc. of Annual Conference of the IEEE Indus-
trial Electronics Society, IECON, November 2006, Hong Kong, pp. 
902-907. 

[6] D. Hadiouche, L. Baghli, A. Rezzoug, “Space vector PWM tech-
niques for dual three-phase AC machine: analysis, performance 
evaluation and DSP implementation,” IEEE Trans. on Ind. Appli-
cat., vol. 42, no. 4, pp. 1112-1122, July/August 2006. 

[7] A.R. Bakhshai, G. Joos, H. Jin, “Space vector PWM control of a 
split-phase induction machine using the vector classification tech-
nique,” Proc. of IEEE Applied Power Electronics Conference and 
Exposition, APEC, 15-19 February 1998, Hong Kong, pp. 802-808. 

[8] D. Yazdani, S.A. Khajehoddin, A. Bakhshai, G. Joos, “A general-
ized space vector classification technique for six-phase inverters,” 
Proc. of IEEE Power Electronics Specialist Conference, PESC, 17-
21 June 2007, Hong Kong, pp. 2050-2054. 

[9] R. Bojoi, A. Tenconi, F. Profumo, G. Griva, D. Martinello, “Com-
plete analysis and comparative study of digital modulation tech-
niques for dual three-phase AC motor drives,” Proc. of IEEE Power 
Electronics Specialist Conference, PESC, 23-27 June 2002, Hong 
Kong, pp. 851-857. 

[10] G. Grandi, G. Serra, A. Tani, “Space vector modulation of nine-
phase voltage source inverters based on three-phase decomposi-
tion,” 12th European Conference on Power Electronics and Appli-
cations, EPE 2007, Aalborg (DK), September 2-5, 2007. 

 

 

679


