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1Abstract—This paper presents a novel space vector 

selection scheme applicable for the control of dual three-phase 
induction motor drives supplied from a six-phase voltage 
source inverter (VSI). The vector selection method is based on 
the vector space decomposition technique (VSD). Unique 
vector selection pattern simplifies problems related to 
complicated implementation of standard VSD in commercially 
available digital signals processors (DSP). The proposed vector 
selection scheme is verified through a theoretical analysis, 
computer simulations and practical experimental results 
conducted on a dual three-phase test rig prototype with control 
algorithm implemented in Texas Instrument’s TMS320F2808 
DSP. 
 

Index Terms—digital signal processor, dual three-phase 
induction motor, space vector pulse width modulation, vector 
space decomposition, voltage source inverter. 

I. INTRODUCTION 
Motor drives featuring high reliability, prominent 

immunity to failures and low torque ripple are typical 
applications in which multiphase machines have primacy 
over the standard three-phase machines [1-3]. Taking into 
account that the multiphase approach allows reduction of the 
required rating of power electronic components, it becomes 
clear why multiphase machines are the preferred choice for 
high power / high performance / high efficiency / high 
reliability drives, such as drives for electric ship propulsion 
[4], railway traction [5], “more electric” aircraft 
applications, high power winders for paper and textile 
industry, etc. 

One of the most interesting and most investigated multi-
phase machines are dual three-phase machines that have two 
three phase winding sets spatially shifted by 30 electrical 
degrees. The analysis based on a space vector approach 
shows that the mathematical model of dual three-phase 
machine can be transformed from the original phase-
variable six-dimensional domain to three decoupled 
perpendicular subspaces [1]. Apart from being decoupled, 
among the set of subspaces there is only one wherein the 
torque / flux producing variables are mapped. In the 
remaining two subspaces only losses manifest so they do not 
contribute in the process of electromechanical energy 
conversion. 

Because of these specific characteristics, the main 
concern in typical application of VSI fed dual three-phase 
machine is how to avoid or minimize the generation of 
components in the loss manifesting subspaces. 

 
This work was supported by Ministry of Education and Science of the 
Republic Serbia within project III 42004. 

Furthermore, considering the hardware and software 
PWM implementation complexity, it can be stated that 
driving of the six-phase inverter is a challenging task. 

Different approaches were developed in the past to deal 
with these specific requirements. The comprehensive 
analysis and comparative study presented in [6] and [7], 
showed that it is difficult to simultaneously satisfy these two 
essential criteria – the PWM implementation complexity and 
loss minimization. It is demonstrated that a conventional 
space vector modulation (SVM) [8], while easy to 
implement in standard DSP, is not capable of dealing with 
extra loss production. A much better loss attenuation effect 
can be achieved using the VSD technique, originally 
presented in [9]. Digital implementation complexity is 
identified as the VSD major drawback. A compromise 
between the demands for reduction of implementation 
complexity and losses generation can be achieved using the 
vector classification [10] and double zero-sequence injection 
technique [11]. 

A breakthrough was made by K. Marouani, L. Baghli, 
D. Hadiouche, A. Kheloui and A. Rezzoug [12]. It is shown 
that an adequate vector arrangement can dramatically 
improve dual three-phase machine exploitation 
characteristics in terms of loss minimization and, at the 
same time, can lead to the control system simplification. It is 
proven that only zero vector placements (at the beginning or 
at the end of the PWM cycle) can provoke an additional loss 
decrease or increase. 

This paper introduces the novel vector selection scheme 
PWM method based on the space vector approach for dual 
three-phase induction machine drives. Considering that 64 
different inverter switching configurations offer a numerous 
applicable vector combinations it is shown that the 
presented vector pattern can effectively and simultaneously 
satisfy two major criteria – the limitation of additional losses 
and the ease of implementation. 

The simulation and experimental results conducted on the 
dual three-phase test rig are provided to demonstrate the 
validity and quality of proposed technique. 

II. MACHINE MODEL 
The mathematical model of the dual three-phase machine 

is developed using the VSD theory. Only the basic set of 
equations is presented in order to outline the fundamental 
characteristics of the machine model in the original (2), (3) 
and decoupled system (4), (5), (6). A detailed machine 
model can be found in [9] and [13]. 

After applying the amplitude invariant VSD 
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transformation matrix (1), presented in [11], to the stator and 
rotor voltage equations (2) and (3), the original six-
dimensional machine system can be decomposed into three 
two-dimensional orthogonal (decoupled) subspaces with the 
following characteristics: 

a) Flux/torque producing α-β subspace contains the 
fundamental components of machine variables and 
the harmonics of the order k=12•n±1 (n=1,2,3...) as 
given by the equation (4) shown at the bottom of 
the page, 

b) Loss producing (non  flux/torque producing) μ1-μ2 
subspace contains harmonics of the order k=6•n±1 
(n=1,3,5...) given by the equation (5) shown at the 
bottom of the page, 

c) Zero-sequence z1-z2 subspace contains zero-
sequence components. In topology where two three 
phase windings are wye-connected with isolated 
neutrals, the z1-z2 subspace components are equal 
to zero. 

The vectors and matrices used in (2), (3), (4) and (5) are 
given and described in the Appendix of [11]. 
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The electromagnetic torque in stationary reference frame 
α,β can be expressed as [11]: 

3
2 r

P MT ie r sL
ψ ψ

III. INTRODUCTION OF NEW VECTOR SELECTION PATTERN 

A. Six phase inverter analysis 
The analysis of six phase inverter shows 26 (64) different 

switching configurations (naturally, shoot-through states are 
excluded) [14]. 

Referred to Fig. 2, the machine phase voltages can be 
expressed in the matrix form (7). Applying the VSD 
transformation matrix (1) on (7), the machine phase voltage 
matrix can be decomposed into α-β, μ1-μ2 and z1-z2 subspace 
voltage vectors. 
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The projection of voltage vectors in the α-β and μ1-μ2 
subspaces is illustrated in Fig. 3. The vector numbers are 
formed from the inverter switching state, namely, its binary 
equivalent number gives the value of the switching 
functions for the inverter legs, given in the following order 
ZYXCBA (the most significant bit is Z). 
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Figure 2. Winding arrangement of dual three-phase induction machine 

B. New vector selection pattern 
The objective of SVM is to supply voltages to the 

machine in accordance with the reference voltage vector 
generated by the control system. Also, it is preferred that the 
modulator used for dual three-phase machine has unique 
characteristics such as: 

• Ease of PWM switching pattern implementation, 
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⎛= −⎜
⎝ ⎠

⎞
⎟  (6) 

• Taking into consideration existence of multiple 
planes (as mentioned before, only α-β subspace 
components are responsible for flux/torque producing 
currents). 
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The VSD technique approach divides α-β subspace in 12 

sectors [9]. According to the VSD, one zero and four largest 
non-zero voltage vectors, which are nearest to the reference 
vector, are chosen so that the following equation has a 
unique and positive solution: 
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where ti is the time interval within sampling period Ts 
during which vector Vi is applied, i=1,2,3,4,5. For example, 
if the reference vector is in the sector 1 (the sector bounded 
by vectors V9 and V11 in Fig. 3. in α-β subspace), the VSD 
technique will use four large vectors V41, V9, V11 and 
V27. 

The similar duty ratio calculation principle is used in new 
modulation technique. The major difference between these 
two techniques lies in the vector selection scheme. 
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Figure 3. Inverter voltage vectors in α-β and μ1-μ2 subspace 

For example, assuming that the reference vector lies in 
the Sector 1P (Sectors are signed as 1P, 1S, 2P...12S as in 
Fig. 4.), the modulator will select large vectors V45, V41, 
V9 and one medium vector V8, (Fig. 3.) while if the 
reference voltage vector is positioned in the Sector 1S then 
the algorithm will select large vectors V41, V9, V11 and 
one medium vector V40, etc. 

The motivation for the new vector selecting pattern 
proposal can be explained by analyzing the PWM signals of 
VSD and proposed technique depicted in Fig.5. The dashed 
line shows the PWM output signals for the case of original 
VSD when the reference vector lies in the Sector 1, while 
the continuous line shows the PWM signals provided by the 
proposed technique (the reference vector lies in the Sector 
1S). It is clear that the VSD switching function for channel 
B has to be obtained by the special PWM modulators since 
it requires six commutations in the same PWM cycle, while 
remaining legs will bare only two commutations. The new 
modulation technique overcomes this problem by a different 
vector selection scheme in the process of approximation of 
the reference vector. 
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Figure 4. 24 sectors in α-β plain 
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Figure 5. New technique (continuous) and VSD technique (dashed) PWM 
signals 
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C. DSP implementation guide 
The optimal DSP implementation implies the reduction of 

computational effort needed to solve the equation (8). 
Therefore, an off-line calculation has to be undertaken. The 
steps for the DSP software simplification, presented in this 
paper, are based on the analysis given in [9], [12] and [15]. 

To avoid the complex inverse 5x5 matrix calculation, a 
theoretical analysis has shown that only 12 coefficients in 
every PWM cycle have to be calculated using the equation 
(9). 
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A different vector selection pattern compared to the 
selection scheme presented in [12] and the use of amplitude 
invariant transformation matrix (1) result in a different duty 
time ratio equation. Four corresponding pairs of duty ratio 
time and non-zero vectors for each sector can be found 
using the equation (9) and Table I. The remaining zero 
vector is selected in such a manner that only one transition 
occurs (low to high or high to low depending on the position 
of reference vector i.e. active sector) at each PWM channel. 
Time superscripts in each cell of Table I, indicate which 
vector must be applied during the corresponding duty ratio 
time. For example, assume that the reference vector is 
located in the Sector 1S. Using the equation (9), coefficients 
T1 to T12 need to be calculated. From Table 1 it can be found 
that the active vectors to be used for the considered sector 
are V40 for period T6, V41 for period T7, V9 for period T10 
and V11 for period T1 (note that the equation (4) for the 
sector 1S would give negative value of T1). 

IV. SIMULATION RESULTS 
The validity of theoretical analysis is proven by means of 

simulations using MATLAB Simulink. 
On the control side, the simplest open-loop V/f control is 

applied. Motor phase voltages and their spectrum, motor 
phase currents and α-β and μ1-μ2 subspace current 
trajectories are presented in Fig. 6. The frequency reference 
is set to 35 Hz and PWM switching frequency is 5 kHz. 

Fig. 6a and Fig. 6b confirm that the inverter voltages are 
accurately generated, namely their THD is below 2.5 % and 
their mutual phase shift is as expected (waveforms of phase 
pairs A, B, C and X, Y, Z are mutually shifted by π/6 and 
phase shift between phases in each winding group is 2π/3). 

The trajectories of α-β and μ1-μ2 subspace currents, 
presented in Fig. 6d, are calculated from motor phase 
currents (presented in Fig. 6c) using transformation (1). A 

pure circular shape of α-β trajectory and more than sixty 
times mitigated μ1-μ2 subspace components are another 
evidence of the PWM method regularity. 

V. EXPERIMENTAL RESULTS 
Experiments are conducted on a custom made test rig 

shown in Fig. 7. The test rig consist of dual three-phase 
motor, six phases VSI and control card with additional 
analog and digital interface boards. 

The power segment of six phase inverter is formed using 
six Semikron half-bridge IGBT modules SKM 50GB123D 
controlled by SKHI 22A IGBT drivers. Inverter output  
currents are measured by current sensors LEM LA55. The 
eZDSP development system, based on stand-alone Texas 
Instrument’s TMS320F2808 DSP, is used as a control unit. 
The nameplate data of the six pole dual three-phase motor 
are as follows: 1.1 kW, 1.75 A, 400 V, 50 Hz. 

Again, for experimental purposes, the simplest V/f control 
method is implemented in DSP [16]. 

For 35 Hz fundamental harmonic reference, the motor 
phase currents are presented in Fig. 8a. According to the 
mutual phase shift of waveforms it can be stated that the 
motor phase currents are generated correctly. 

On the other hand, Fig. 8b shows that μ1-μ2 components 
attenuation effect is not significant as in the simulation - μ1-
μ2 components are about fifteen times lower than α-β 
components. An explanation lies in the fact that there are 
some construction differences between the real machine and 
simulated one. 
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Figure 6. Simulation results a) Dual three-phase motor phase voltages (1- Phase voltage Va, 2– Phase voltage Vx, 3– Phase voltage Vb, 4– Phase voltage Vy, 
5– Phase voltage Vc, 6– Phase voltage Vz), b) Phase A inverter output harmonic spectrum, c) Dual three-phase motor currents (1- Phase A current, 2– Phase 
X current, 3– Phase B current, 4– Phase Y current, 5– Phase C current, 6– Phase Z current), d) α-β and μ1-μ2 current trajectories 

 
Figure 7. Experimental test rig 
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Figure 8. Experimental results a) Dual three-phase motor currents (1– Phase A current, 2– Phase X current, 3– Phase B current, 4– Phase Y current, 5– 
Phase C current, 6– Phase Z current), b) α-β and μ1-μ2 current trajectories, c) Enlarged segment of phase currents waveform (1– Phase A current, 2– Phase 
X current, 3– Phase B current, 4– Phase Y current, 5– Phase C current, 6– Phase Z current), d) Motor phase A current harmonic spectrum 
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The motor windings asymmetry, which exists in the real 
machine and is not introduced in the simulation, is 
recognized as the major factor which causes the difference 
[17-21]. The practical aspect of noticed asymmetry is 
manifested through the RMS values difference between the 
motor phase currents: amplitudes and consequently the RMS 
values of phase currents are not equal: IApeak=2.48 A, 
IBpeak=2.37 A, ICpeak=2.39 A, IXpeak=2.39 A, IYpeak=2.26 A, 
IZpeak=2.23 A. The current asymmetry, evident from an 
enlarged part of Fig. 8a, is shown in Fig. 8c. The difference 
is even visible in the currents of the same three phase 
winding group. 

Another evident impact of machine construction 
imbalance on the PWM technique performance is visible in 
the phase current harmonic spectrum shown in Fig. 8d. 
From Fig. 8d the existence of 5th and 7th harmonics, related 
to μ1-μ2 subspace, is noticeable. 

VI. CONCLUSION 
In this paper, a space vector modulation method for dual 

three-phase induction machine based on a novel vector 
selection scheme has been investigated. The presented 
method is based on the VSD technique but, unlike the 
original, beside long vectors it uses middle size vectors for 
correct reference approximation. The adopted vector 
selection pattern and presented off-line calculation 
principles, which reduce the software complexity and 
computation time, make a DSP implementation possible and 
at the same time provide an additional loss minimization 
effect. 

The regularity of theoretical analysis is verified through 
simulations and experiments and a good compliance is 
achieved.  

There, it is also noticed that the crucial concern using this 
and similar types of PWM techniques is related to the dual 
three-phase motor design. The motor asymmetry will lead to 
the generation of unwanted μ1-μ2 subspace components 
responsible for additional motor losses. 
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