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In this paper, direct torque control (DTC) applied to a double star induction motor (DSIM) is studied when one or several 
phases are lost. To this aim, a general decoupled model of the induction machine fed by two three parallel voltage source 
inverters (VSI) with up to three open phases is given. Then, using a proposed control scheme, the pulsating of the torque is 
reduced and the drive performance improved without synthesizing a set of optimal current waveforms as the existing techniques 
do.  Numerical simulations and experimental results are carried out to highlight the effectiveness of the proposed control 
scheme. 

1. INTRODUCTION 
Thanks to its well-known advantages in terms of simple 

construction, reliability, ruggedness and low cost, induction 
machine has found very wide use in industrial applications. 
Furthermore, for specific applications such as automotive, 
aerospace, military and nuclear, multiphase induction machines 
are more and more used as a substitute for traditional three-
phase drives to ensure the required high reliability. Thus, 
multiphase drive system based on a multiphase induction 
machines supplied by a multiphase converter can lead to 
many advantages in terms of reduced current stress of the 
converter components, reduced torque ripple and rotor 
current harmonic content...etc. In addition, this kind of 
multiphase device can increase the reliability and be able to 
operate in degraded mode with acceptable torque ripple [1]. 
The most common multiphase induction machine is the 
double star induction motor (DSIM), which has two sets of 
three phases windings, spatially shifted by 30=γ  electrical 
degrees, while the rotor is of squirrel cage type [2, 3].  

As for several machines, in the case of any open phase 
condition, the DSIM presents torque oscillations that can 
affect the drive performances. Degrees of freedom of the 
control are then used to minimize these oscillations based 
on a set of optimal current waveforms synthesized according 
to a given criterion [4–7]. The main goal of such control is 
to provide the best possible parameters of drive while 
remaining the simplest possible. Direct torque control (DTC) 
is one of the efficient and robust ones. Indeed, by controlling 
stator flux and electromagnetic torque through hysteresis 
comparators [8–10], it provides fast torque responses and is 
quite insensitive to machine parameter variations. 

This paper introduces the implementation of the DTC to 
the DSIM, when one or several phases, up to 3, are lost. 
This control scheme, with open phases, achieves the closed-
loop control of the motor stator flux and electromagnetic 
torque without using any current loop or shaft sensor, it 
uses a simple switching table to determine the most opportune 
inverter state to attain a desired output torque. In fact, it 
allows the elimination of the torque ripples by self changing 
currents in the machine, and avoiding complex calculations 
as the existing techniques do. Numerical simulations and 
experimental results are carried out to highlight the 
effectiveness of the proposed control scheme. 

2. MODELING OF DSIM WITH PHASES OPEN 

To study the DSIM in steady state and transient conditions, 
its model is developed by expressing the electrical and 
mechanical equations. The DSIM models with up to three 
open phases are given in [4, 6]. To highlight the 
methodology used, we develop deeply the case of one open 
phase Sa1. The other cases can be constructed easily from 
the developed formalism. To do this, we consider the 
following stator and rotor voltage equations: 
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For all phases, the voltage and current vectors are: 
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with: 
– Vs , Vr and Is , Ir: the stator and rotor voltage and current 

vectors respectively; 
– Rs, Rr, Lss and Lrr: the stator and rotor resistance and 

self inductance matrices respectively, Lsr and Lrs are the 
stator-rotor mutual inductance matrices. 

The applied space vector method as a mathematical tool 
for the analysis of the electric machines uses a complete set 
of equations, and can be represented in various systems of 
coordinates. Because of the DTC control scheme, which 
requires only information about the stator, the stationary 
coordinates system α-β (fixed to the stator) is required. In 
order to obtain a decoupled model, it is shown in [4] that the 
original model can be split into two decoupled subspaces, 
α-β subspace and z subspace. The transformation matrix in 
the α-β subspace is given by:  
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We set from (4) and (5): 
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Thus, we can define [α0] and [β0]  such as:  
[ ] [ ]02010 ,αα=α  (6)

 
[ ] [ ]02010 ,ββ=β . (7)

Hence, the new matrix taking into consideration all the 
six phases of the DSIM can be written under the form:   
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where ||α0|| and ||β0|| are the Euclidian norm of the vector 
[α0] and [β0] respectively. Then the new matrix for the 
current is given by:   
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The z subspace is defined by N–2 orthogonal basis 
vectors (four vectors [z1], [z2], [z3] and [z4] for N=6 with N 
representing the number of active phases) and it has to be 
orthogonal to α-β subspace. On the other hand [z1], [z2], [z3] 
and [z4] give the basis of the null space of [Tc]. 

[ ] [ ]cz TT null= . (10)

The matrix [TZ] with four vectors [z1], [z2], [z3] and [z4] 
can be easily obtained using the function “null” of matrix 
[Tc] in MATLAB. Then, using (8) and (10) the 
transformation matrix [TN] is the following: 
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The matrix [TN] can provide the components of currents 
in α-β subspace and z subspace 
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When the phase 1as  is opened, the current and voltage 
vectors are: 
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The new model of DSIM with 1as  opened in α-β 
subspace can be given by: 
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[α] and [β] are obtained by suppressing the components 
corresponding to open phase(s) in (6) and (7). 

In z subspace the model of the DSIM with Sa1 opened is 
defined by N–2 orthogonal basis vectors (three vectors [z1], 
[z2] and [z3] for N = 5 with N representing the number of 
active phases) and they are given by applying the function 
“null” in MATLAB : 

[ ] [ ]11 null cz TT = . (15)

Using (14) and (15) the transformation matrix [TN1] is the 
following:  
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The matrix [TN1] can provide the components of currents 
in α-β subspace and z subspace so: 
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2.1. EQUATION OF DSIM IN α-β  SUBSPACE 

From system (13), the decoupled model of the double 
star induction machine gives the equations of stator and 
rotor voltages: 
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Фsα, Фsβ, Фrα and Фrβ: are respectively the stator and 
rotor flux in space α-β  
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with: 
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where Lms, L1s and L1r: are stator- rotor mutual inductance 
and stator, rotor leakage inductance respectively. 

2.2. EQUATION OF DSIM IN (z) SUBSPACE 

The DSIM in (z) subspace is described by the voltage 
equations as:   
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The expression of the electromagnetic torque of DSIM is 
the following: 

( )βααβ −= rsdrsqem iiMiiMPT . (22)

3. DIRECT TORQUE CONTRO 
 OF DSIM WITH OPEN PHASES 

In this proposed control strategy, the control variables are 
the stator flux and electromagnetic torque which are 
obtained from only stator currents and dc-link voltage, that 
are used with the inverter switches states to estimate the 
value of the stator flux and electromagnetic torque without 
any use of mechanical sensor. So it is based on the same 
fundamentals and analysis of the drive as classical DTC 
without open phases [11, 12]. However the DTC with open 
phases needs to use the matrix [TN] transformation corres-
ponding to open phases as determined previously to get 
new corresponding stator currents and then the estimation 
of the stator flux and electromagnetic torque.  Regarding 
the knowledge of the machine parameters, the value of 
stator resistance is needed in order to calculate the flux. 

3.1. FLUX ESTIMATION 

The stator flux Фs can be estimated from the diphase 
stator quantities  Isα,β and Vsα,β. The latter are obtained from 
the measurement of instantaneous stator currents and 
voltages and the application of the [TN] transformation so: 
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Then, the stator flux module is written: 
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The sector where the flux vector Фs is lying is 
determined from the components Фsα and Фsβ. Thus, the 
angle θs is expressed by:  
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3.2. TORQUE ESTIMATION 

The electromagnetic torque can be estimated using only 
the magnitudes of the stator flux and current in the α-β 
subspace. Thus, the effectiveness of such control is the 
proper estimation of stator flux. The electromagnetic torque 
can get the form:  

( )dsrqsr
r

em MiMi
L
pT αββα φ−φ= .  (26)

4. SIMULATION AND EXPERIMENTAL RESULTS 

To verify the effectiveness of the proposed method, a 
study by numerical simulation of the dynamic behavior of 
DSIM controlled by the direct torque control with open 
phases from 1 to 3 phases open is achieved.  The simulation 
parameters are: the reference flux: Ф*

s = 1 Wb and the 
reference torque for 0 ≤  t  ≤ 1 s  T*

em = 7 N.m, for 
1  ≤  t  ≤ 2 s  T*

em =  –7 N.m, the sampling period 
Tech = 10 µs. Then a laboratory prototype is used with the 
proposed direct torque control under the same fault 
conditions (1 to 3 open phases). The experimental setup 
consists on a 4.5 kW double star induction motor with a 
squirrel cage rotor, a dc generator supplying a resistor as a 
load and two IGBT voltage source inverters. The control 
scheme for the DSIM was implemented by the dSPACE 
1104 system based on the MPC8240 processor and 
TMS320F240 DSP processor. 

Figures 1ai to 4ai with (i = 1, 2, 3) show the simulation 
results of the DSIM using the proposed control algorithm 
for the 3 cases: Fig. 1: one phase (sa1) lost; Fig. 2: two 
phases (sa1 and sb2) lost and Fig. 4: three phases (sa1, sb1 and 
sc1) lost. 

Figures 1a1 and Fig. 2a1 present the stator flux circular 
trajectory waveform. Whatever the studied case, the 
magnitude of the flux remains almost constant around the 
flux reference imposed of 1 Wb. 

Figures 1a2, 2a2 and 4a1 illustrate the simulation results 
of the time variation of the torque for the three studied 
cases. As it can be seen, the electromagnetic torque reaches 
its references in all cases. 



 Ahmed Azib et al. 4 
 

150 

Figures 1a3, Fig. 2a3 and Fig. 4a2 show the waveforms of 
the phases current for the different cases. The waveforms of 
the phase currents are not sinusoidal for the cases I: one 
phase (sa1) is lost, II: two phases (sa1 and sb2) are lost, 
because the existence of the components which do not 
contribute in the electromagnetic conversion energy is 
inevitable because of the inverter. Peaks of current of the 
circulating harmonics with important amplitude appear and 
deform the currents of phase. On the other hand in case III: 
three phases (sa1, sb1 and sc1) are lost, we disconnected three 
phases, it means one star is opening; the machine behaves 
as a three phase machine. Currents are not deformed 
because there are not circulating harmonics. Fig.1bi to 4bi 

with (i = 1, 2, 3) show various experimental waveforms for 
the proposed control scheme in the same condition as for 
the simulation. One can see the same waveforms for the 
simulations and the experiments. 

In Figs. 3a1 and Fig. 3b1, we studied the performance of 
the DSIM with transition from 5 phases active to 4 phases 
active. So at first the DSIM was fed by (sa2, sb1, sb2, sc1 and 
sc2) and then at t = 1 s we open sb2, those figures represent 
simulation and experimental waveforms of the isb2, isc2 
respectively. As can be seen, for t  ≥ 1 s the isb2 became zero 
and the current isc2 magnitude is increased in order to 
maintain the same torque as when the DSIM operated with 
5 phases.  

  
a1) stator flux b1) stator flux 

  
a2) motor torque dynamic b2) motor torque and speed (5 N.m/div, 168 tr/min/div) 

 

 

 

a3) phase stator current b3) phases stator currents 

Fig. 1 – The performance of DSIM with Sa1 open : a) simulation results; b) experimental results.  
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a1) stator flux circular trajectory b1) stator flux circular trajectory 

  
a2) motor torque dynamic b2) motor torque and speed (5 N·m/div, 168 tr/min/div) 

 
 

 

a3) phase stator current b3) phases stator currents 

Fig. 2 – The performance of DSIM with Sa1 and Sb2 open: a) simulation; b) experimental results. 

 

 

 

 

a1) phases stator currents b1) phases stator currents  

Fig. 3 – The performance of DSIM with transition from 5 phases active to 4 phases active stator currents. At t = 1 s we open isb2: 
a) simulation; b) experimental results. 
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5. CONCLUSION 

In this work, a kind of degraded mode operation of direct 
torque control has been validated for a double star induction 
machine fed by parallel-connected dual voltage source 
inverters. The results have been obtained by following 
steps: first the machine was specially designed to take into 
account some properties, such as: the electromechanical 
energy conversion takes place only in α-β subspace, to 
minimize the variables of z subspace because they produce 
only losses and to allow possibility of analysis at any 
supply voltage waveform with open phase(s).  This control 
strategy, ensures operation as satisfactory as possible by 
dramatically reducing the torque ripple. The numerical 
simulation and experimental results carried out, show the 
effectiveness of the proposed method in steady state and 
transient conditions, so it is possible to operate with this 
type of machine in the case of disconnection of one or more 
phases.  

Received on September 25, 2015 

REFERENCES 
1. E. Levi, R. Bojoi, F. Profumo, H.A. Toliyat, S. Williamson, Multiphase 

Induction Motor Drives–a Technology Status review, IET Electr. 
Power Appl., 1, 4, pp. 489–516, 2007. 

2. H. Amimeur, R. Abdessemed, D. Aouzellag, E. Merabet, F. Hamoudi, A 
sliding mode control associated to the field-oriented control of 
dual-stator induction motor drives, Journal Elec. Engineering 
JEE., 10, 3, pp. 1–6, 2010. 

3. A. Schiop, V. Popesco, PSPICE simulation of power electronics 
cuircuit and induction motor, Rev. Roum. Sci. Techn. – 
Électrotechn. et Énerg., 52, 1, pp. 33–42, 2007. 

4. R. Kianinezhad, N. Babak, Mobarakeh, L. Baghli, B. Franck, A. Gerard, 
F. Capolino, Modelling and Control of Six-Phase Symmetrical 
Induction Machine under Fault Condition Due to Open Phase, 
IEEE Transactions on Industrial Electronics., 55, 5, pp. 1966–
1977, 2008. 

5. J.P. Martin, F. Meibody-Tabar, B. Davat, Multi-Phase Permanent 
Magnet Synchronous Machine Supplied by VSI Working under 
Fault Conditions, Industry Application Conference IEEE., 3, pp. 
1710–1717, 2000.   

6. R. Kianinezhad, B. Nahid-Mobarakeh, L. Baghli, F. Betin, G.A. 
Capolino, Torque Ripples suppression for six-phase induction 
motors under open phase faults, IEEE Industrial Electronics, 
IECON., 32nd Annual conference, 2006,  pp. 1363–1368. 

7. T. Benslimane, Open switch faults detection and localization in three 
phases shunt active power filter, Rev. Roum. Sci. Techn.– 
Électrotechn. et Énerg., 52, 3, pp. 359–370, 2007.  

8. D. Boudana, N. Lazhari. A. Tlemçani, M.O. Mohmoudi, M. Tadjine, 
Robust DTC Based on Adaptive Fuzzy Control of Double Star 
Synchronous Machine Drive with Fixed Switching Frequency, 
Journal of Electrical Engineering., 63, 3, pp. 133–143, 2012. 

9. A. Idir, M. Kidouche, Rt-lab and dspace: two softwares for real time 
control of induction motors, Rev. Roum. Sci. Techn.– 
Électrotechn. et  Énerg., 59, 2 , pp. 205–214, 2014. 

10. R. Bojoi, F. Farina, G. Griva, F. Profumo, A. Tenconi, Direct Torque 
Control for Duel Three-Phase Induction Motor Drives, IEEE 
Trans. Ind. Appl., 41, 6, pp. 1627–1636, 2005. 

11. M. Abid, A. Aissaoui, B. Dehiba, A. Tahour, Robustesse de la 
commande adaptative de vitesse d'une machine asynchrone, Rev. 
Roum. Sci. Techn. – Électrotechn. et Énerg., 52, 2, pp. 241–251, 
2007.  

12. L. Youb, A. Craciunescu, Commande directe du couple et commande 
vectorielle de la machine asynchrone, Rev. Roum. Sci. Techn.– 
Électrotechn. et Énerg., 53, 1, pp. 87–98, 2008. 

 

  

a1) motor torque dynamic b1) motor torque and speed (5 N.m/div, 84 tr/min/div) 

  

a2) phases stator currents b2) phases stator currents 

Fig. 4 – The performance of DSIM with Sa1, Sb1and Sc1 open: a) simulation; b) experimental results. 




