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This paper concerns the study of direct torque control (DTC) based on space vector modulation for a double star induction 
machine fed by two five-level diode-clamped inverters. This control is proposed to solve the drawbacks of the conventional DTC 
based on electromagnetic torque and stator flux hysteresis controllers. In the case of multilevel inverters-based drive, the 
operation with unbalanced voltage in the dc-bus affects the drive performances due to the generation of uncharacteristic 
harmonics in each inverter output voltage as well as the presence of overvoltage across the semiconductors. For this reason, a 
DTC using capacitor voltage balancing strategy to maintain the neutral-point balance is presented. Simulation results, 
considering different work conditions, are presented to validate the good performance of the proposed control method. 

1. INTRODUCTION 
Multiphase machines have been proposed for different 

fields of industry that need high power such as electric 
hybrid vehicles, locomotive, traction and ship propulsion 
and other applications, which require safeness condition 
like aerospace and offshore wind energy system [1]. These 
machines exhibit several advantages over the conventional 
three-phase drives such as reduced torque ripple, reduced 
rotor harmonics as they can be filtered, reduced dc-link 
current harmonics content, and increased reliability as the 
large number of machine phases allows operation with one 
or more phase in fault [2]. 

One common example of multiphase machine is the 
double star induction machine (DSIM). The stator of this 
kind of machines is constituted by two windings with 
phases shifted from one another by an angle of 30 electrical 
degrees [3]. A six-phase two-level inverter commonly 
powers these windings. 

Direct torque control (DTC) strategy is known by its 
simple decoupled scheme for stator flux and 
electromagnetic torque control. This control has more 
advantages like fast response and less dependency to 
machines parameters. However, due to its structure, the 
main problems of this method are the high level of torque 
and flux ripples and variable switching frequency [4].  

Constant switching frequency DTC method using space 
vector modulation (SVM) has been proposed to face those 
problems. The direct torque control based on space vector 
modulation (DTC-SVM) replaces the switching table by 
voltage modulator responsible to generate switching signals 
for the voltage source inverter [5]. This type of system 
associated to the DSIM presents advantages to naval ship 
propulsion systems, which rely on high power quality and 
survivable drives [6,7]. 

The multilevel concept is used to decrease the harmonic 
distortion in the output waveforms without decreasing the 
inverter power output [8]. However, the integration of the 
multilevel DCI to improve the performance of the DTC-
SVM is not a simple task and the circuit limitation of the 
DCI should be considered. One of the major problems of 
this topology is the balancing of the capacitor voltages. 
Indeed, when the capacitors are not balanced, the voltage in 
the neutral point can significantly fluctuate and may cause 

malfunction or even failure of the switching devices due to 
overstress [9,10]. Several methods were proposed to 
overcome this problem; some of these methods were 
presented in [11,12]. The use of redundant states using 
SVM to balance the capacitor voltages is one of the most 
effective solutions that deal with voltage drift phenomenon 
in multilevel inverters [13]. 

The purpose of this work is to propose a five-level DTC-
SVM method with efficient dc voltages balancing control 
method dedicates to double star induction machine-based 
drives. The proposed approach is different from that 
proposed in [12] since it is based on SVM instead of lookup 
table. The present paper is organized as follows: in second 
section the direct torque control based on space vector 
modulation with voltage balancing strategy principal is 
presented. In third section, a modeling of the DSIM is 
presented; a suitable transformation matrix is used to 
develop a simple dynamic model.  

The proposed five-level DCI space vector modulation is 
presented in fourth section. The fifth section is reserved for 
dc-link balancing strategy. In sixth section, the DTC based 
on space vector modulation strategy is applied to get 
decoupled control of the stator flux and electromagnetic 
torque. In seventh section, simulation results of five-level 
DTC-SVM with balancing strategy are presented. 

2. PRINCIPLE OF THE DTC-SVM USING VOLTAGE 
BALANCING STRATEGY  

The block diagram of the DTC-SVM with balancing 
strategy scheme is shown in Fig. 1. Here, the torque and 
flux estimator block are used to determine the flux and the 
torque. Two PI controllers are used instead of switching 
table and hysteresis controllers. PI regulates flux and torque 
error giving reference voltage vector in x-y coordinates, 
which are transformed in α-β coordinates and delivered to 
SVM block. 
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Fig. 1 – Five-level DTC-SVM of DSIM (with: i = 1, 2, 3 or 4). 

 3. DOUBLE STAR INDUCTION MACHINE 
MODELING 

The stator voltage equations can be expressed as: 

 

€ 

vs1 = Rsis1 + dφs1,
vs2 = Rsis2 + dφs2 ,
⎧ 
⎨ 
⎩ 

 (1) 

with 

€ 

vs1,vs2 are stator voltages of the first and second 
winding, 

€ 

is1,is2  are stator currents of the first and second 
winding, and 

€ 

φs1,φs2   are stator flux of the first and second 
winding. 

The DSIM stator voltage equation (1) can be 
decomposed into three subsystems 

€ 

(α,β) , 

€ 

(z1,z2)  and 

€ 

(z3,z4 ) , using the following transformation: 

 

€ 

Xsα Xsβ Xz1 Xz2 Xz3 Xz4[ ]
T

= A[ ] Xs[ ]  (2) 

with 

€ 

Xs[ ] = Xs1 Xs2[ ]T , 

€ 

Xs1[ ]T = Xsa1 Xsb1 Xsc1[ ]T  

€ 

Xs2[ ]T = Xsa2 Xsb2 Xsc2[ ]T , where Xs can refer to stator 
currents vector, stator flux vector, or stator voltages vector. 
The matrix A is given by: 
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,(3) 

where is the angle between the first stator and second 
stator. The stator voltage equations in the stator flux 
reference frame are given by: 

 

€ 

vsx = Rsisx + dφsx − pΩφsy ,

vsy = Rsisy + dφsy + pΩφsx ,

⎧ 
⎨ 
⎪ 

⎩ ⎪ 
  (4) 

where 

€ 

vsx ,vsy are x-y components of stator voltage, 

€ 

isx ,isy  
are x-y components of stator current, 

€ 

φsx ,φsy  are x-y 
components of stator flux. 

4. FIVE-LEVEL INVERTER MODELING AND ITS 
CONTROL 

Figure 2 shows a three-phase five-level diode clamped 
inverter. The order of numbering of the switches for phase 
a is 

€ 

(Sak1......Sak8 )  and likewise for other two phases. The 
dc-bus consists of four capacitors acting as voltage divider. 
For a dc-bus voltage vdc, the voltage across each capacitor is 
vdc/4 and voltage stress on each device is limited to vdc 
through clamping diodes [14]. 

 
Fig. 2 – One phase-leg for a five-level DCI Inverter (k = 1 for first inverter 

and k = 2 for second inverter). 

The function Fxki describing the state of a switch Sxki is 
given by:

  
 

€ 

Fxki =
1 if Sxki is ON ,
0 if Sxki is OFF,
⎧ 
⎨ 
⎩ 

  (5) 

with :   

€ 

i = 1.....8,   x = a,b,c . 
The five legs connections functions can be defined by: 

 

€ 

Fcxk1 = Fxk1Fxk2Fxk3Fxk4,
Fcxk2 = Fxk2Fxk3Fxk4Fxk5,
Fcxk3 = Fxk3Fxk4Fxk5Fxk1,
Fcxk4 = Fxk4Fxk5Fxk1Fxk2,
Fcxk5 = Fxk5Fxk1Fxk2Fxk3.

⎧ 

⎨ 

⎪ 
⎪ ⎪ 

⎩ 

⎪ 
⎪ 
⎪ 

 (6) 

The output voltages of five-level inverter can be written by: 

 

€ 

vak
vbk
vck

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

=

Fcak1 Fcak2 Fcak3 Fcak4 Fcak5
Fcbk1 Fcak2 Fcak3 Fcak4 Fcak5
Fcck1 Fcak2 Fcak3 Fcak4 Fcak5

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

vc3 + vc4
vc3
0
vc2

−(vc1 + vc2)

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 
⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 
⎥ 
⎥ 
⎥ 

.(7) 

The SVM technique is based on the generation of the 
reference voltage as an average voltage between the 
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possible discrete output voltages of the power inverter over 
a switching period. To do it, the control region of a 
converter is plotted considering their output voltages 
locating the switching states of the inverter. The 
determination of the switching sequence and the switching 
times is usually reduced to a geometrical search of the 
nearest state vectors to the reference vector in this control 
region every switching period [15]. 

The projection of the reference voltage vector in the first 
sector is presented in Fig. 3. 

Fig. 3 – Projection of the reference voltage vector of a five-level DCI in 
the first sector. 

The angle of the reference voltage is calculated by: 

 

€ 

ϑ k = tan 2−1
urefβk
urefαk

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟  (8) 

The sector numbers are given by: 

 

€ 

Sk
i = ceil ϑ k

π / 3
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ∈ Sk

1 Sk
2 Sk

3 Sk
4 Sk

5 Sk
6{ } ,  (9) 

where ceil is the C-function that adjusts any real number to 
the nearest one. 

The two following entities are defined to determine the 
number of the triangle 

€ 

Δq
Sk
i
 in a sector 

€ 

Sk
i : 

 

€ 

lk1
Sk
i

= int(urefk1
Sk
i
),

lk2
Sk
i

= int(urefk2
Sk
i
),

⎧ 

⎨ 
⎪ 

⎩ ⎪ 
 (10) 

where int is a function that gives the whole part of a given 
real number. 

According to Fig. 3, the coordinates of the tops Ak, Bk, Ck 
and Dk are given by: 

 

€ 
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Sk
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i
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i
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i
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 (11) 

The application times are calculated by: 

  

 

€ 

tyk
Δq
Sk
i

= urefk1
Sk
i
− lk1

Sk
i⎛ 

⎝ 
⎜ ⎞ 

⎠ 
⎟ Ts,

tzk
Δq
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i
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Δq
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i

+ tzk
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 (12) 

where 

€ 

txk
Δq
Sk
i

, tyk
Δq
Sk
i

, tzk
Δq
Sk
i

 
are the application times of the vectors 

€ 

uxk
Δq
Sk
i

,uyk
Δq
Sk
i

,uzk
Δq
Sk
i

 
respectively; with q = 1,…,16 and 

€ 

Sk
i = Sk

1 ,.....,Sk
6. . 

Table 1 gathers the various exchanges needed to be 
carried out between the phase currents in the first sector and 
phase currents in the other sectors.  

Table 1  

Interchanging phase currents between  and  
      

      

      

      

5. CAPACITORS VOLTAGES BALANCING 
STRATEGY 

The core idea of this strategy is the minimization of a 
cost function using an appropriate selection of redundant 
switching states of the five-level DCI over a switching 
period [16]. 

The total energy of the four capacitors is given by: 

 

€ 

E =
1
2

C jvcj
j=1

4

∑  (13) 

where 

€ 

C1 = C2 = C3 = C4 = C . 
The positive definite cost function is defined by: 

 

€ 

J =
1
2
C Δvcj

2

j=1

4

∑ , (14) 

where 
 

€ 

Δvcj = vcj − vdc 4 .  (15) 

The cost function can be minimized if the capacitor 
voltages are maintained at voltage reference values of 

€ 

(vdc /4)  [17]. The mathematical condition to minimize the 
cost function is: 

 

€ 

dJ = Δvcjicj
j=1

4

∑ ≤ 0,   (16) 

where 

€ 

icj  is the current through the capacitor Cj. 
The currents 

€ 

icj  are affected by the dc-side intermediate 
branch currents 

€ 

ikm . So, the dc-capacitor currents are 
expressed as:  
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€ 

ic4 = ic3 + ik3,
k=1

2

∑

ic2 = ic2 + ik2,
k=1

2

∑

ic2 = ic1 + ik1.
k=1

2

∑

⎧ 

⎨ 

⎪ 
⎪ 
⎪ 
⎪ 
⎪ 

⎩ 

⎪ 
⎪ 
⎪ 
⎪ 
⎪ 

 (17) 

The capacitor currents are given by: 

  

€ 

icj =
1
4

m ikm
Sk
i

k=1

2

∑
⎛ 

⎝ 

⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 

m=1

3

∑ − ikm
Sk
i

k=1

2

∑
⎛ 

⎝ 

⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 

m= j

3

∑ , (18) 

where m =1, 2, 3. 
By substituting 

€ 

icj
 

calculated from (18) in (16), the 
condition to achieve voltage balancing is deduced as: 

 

€ 

Δvcj
j=1

4

∑ 1
4

m ikm
Sk
i

k=1

2

∑
⎛ 

⎝ 

⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 

m=1

3

∑ − ikm
Sk
i

k=1

2

∑
⎛ 

⎝ 

⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 

m= j

3

∑
⎛ 

⎝ 

⎜ 
⎜ ⎜ 

⎞ 

⎠ 

⎟ 
⎟ ⎟ 
≤ 0. (19) 

Since the net dc-link voltage is regulated at  it results:  

  

€ 

Δvcj
j=1

4

∑ = 0 . (20) 

By substituting 

€ 

Δvc4  calculated from (20) in (19) it 
yields 

 

€ 

Δvcj
j=1

3

∑ ikm
Sk
i

k=1

2

∑
⎛ 

⎝ 
⎜ 
⎜ 

⎞ 

⎠ 
⎟ 
⎟ 

m=1

3

∑
⎛ 

⎝ 

⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
≥ 0. (21) 

The application of the average operator, over one 
sampling period, to (21) results in: 

 

€ 

1
T

Δvcj
KT

K +1( )T

∑ ikm
Sk
i

k=1

2

∑
⎛ 

⎝ 

⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 

m= j

3

∑
⎛ 

⎝ 

⎜ 
⎜ ⎜ 

⎞ 

⎠ 

⎟ 
⎟ ⎟ 
dt ≥ 0 . (22) 

Capacitor voltages can be regarded as constants [15], and 
consequently the equation (22) is simplified to: 

 

€ 

Δvcj
j=1

3

∑ (K ) ikm
Sk
i

k=1

2

∑ (K )
⎛ 

⎝ 

⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 

m=1

3

∑
⎛ 

⎝ 

⎜ 
⎜ ⎜ 

⎞ 

⎠ 

⎟ 
⎟ ⎟ 
dt ≥ 0 , (23) 

with 

€ 

Δvcj (K)  is the voltage drifts of Cj at sampling period K; 

€ 

i km
Sk

i
(K)  is the average value of the jth dc-side intermediate 

branch current. 
To calculate 

€ 

i km
Sk

i
(K) , representing the contributions of 

switching states to the dc side intermediate branch, the 
relationships between the dc and ac side currents 

€ 

i k3
Sk

i
,i k2

Sk
i

 
and 

€ 

i k1
Sk

i

 are required.  

 

€ 

i k3
Sk

i

i k2
Sk

i

i k1
Sk

i

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 
⎥ 

=
1
T

ik3x
Sk

i
ik3y

Sk
i

ik3z
Sk

i

ik2x
Sk

i
ik2y

Sk
i

ik2z
Sk

i

ik1x
Sk

i
ik1y

Sk
i

ik1z
Sk

i

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 
⎥ 

tkx
Δq

Sk
i

tky
Δq

Sk
i

tkz
Δq

Sk
i

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 
⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 
⎥ 
⎥ 
⎥ 

,  (24) 

where 

€ 

ikmx
Sk
i
,ikmy
Sk
i
,ikmz
Sk
i

 
are the charging currents switching 

states related to the xk, yk and zk in the triangle 

€ 

Δq
Sk
i

 

minimizing the function cost Jk. 

6. DIRECT TORQUE CONTROL BASED ON SPACE 
VECTOR MODULATION 

The presented control strategy is based on simplified 
stator voltage equations described in stator flux-oriented x-y 
coordinates as follows: 

 

€ 

vsx = Rsisx + dφs,
vsy = Rsisy +ωsφsx ,
⎧ 
⎨ 
⎩ 

 (25) 

where 

€ 

ωs  is the speed of the stator flux reference. 
The electromagnetic torque expression is simplified to: 

 

€ 

ˆ T em = p ˆ φ s isy . (26) 

The stator flux magnitude and its angle are estimated by: 

 

 

€ 

ˆ φ s = ˆ φ sα
2 + ˆ φ sβ

2 ,

ˆ θ s = atan
ˆ φ sβ
ˆ φ sα

⎛ 

⎝ 
⎜ 
⎜ 

⎞ 

⎠ 
⎟ 
⎟ .

⎧ 

⎨ 
⎪ ⎪ 

⎩ 
⎪ 
⎪ 

 (27) 

To transform the stator voltages from the stator flux 
reference frame x-y to the stationary reference 

€ 

α−β , the 
following rotation transformation is adopted:  

 

€ 

vsα1
*

vsβ1
*

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ = P(ˆ θ s)[ ] vsx

*

vsy
*

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ ,

vsα2
*

vsβ2
*

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ = P(ˆ θ s − γ)[ ] vsx

*

vsy
*

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ ,

⎧ 

⎨ 

⎪ 
⎪ 

⎩ 

⎪ 
⎪ 

 (28) 

with 

 

€ 

P(ˆ θ s)[ ] =
cos(ˆ θ s) −sin(ˆ θ s)
sin(ˆ θ s) cos(ˆ θ s)

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ .  

7. SIMULATION RESULTS 
The simulation results are obtained using the following 

dc-link capacitors values C1 = C2 = C3 = C4 = C = 1 mF. 
The dc side of the inverter is supplied by a constant dc 
source of vdc = 600 V. 

The drive is started with full load torque of 10 N.m, in 
which the DSIM is accelerated from standstill to reference 
speed 100 rad/s. Afterwards, a step variation on the load 
torque to 0 N.m is applied at time 0.5 s. After that, a sudden 
reversion in the speed command from 100 rad/s to –
100 rad/s is introduced at 1s. Indeed, Fig. 4 presents the 
simulation results of the five-level DTC-SVM of DSIM. 
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Fig. 4 – Dynamic responses of five-level DTC-SVM with balancing 
strategy for DSIM. 

Simulation results show that the rotor speed follows its 
reference value, and the stator flux is very similar to the 
nominal case. Moreover, the decoupling control between 
torque and stator flux is always confirmed. The input 
voltages of the five-level DCI are balanced around 150 V. 
This result stresses the importance of the inverter input dc 
voltages balancing strategy incorporated into the multilevel 
space vector modulation algorithm. 

8. CONCLUSION
In this paper, the performance of the direct torque control 

based on space vector modulation of DSIM fed by two five-
level DCI has been highlighted. Simulation results show the 
effectiveness of the adopted control scheme. Indeed, a high 
performance and quick torque response are obtained in 

different tests such as load torque variation and speed 
reference reversion. Moreover, the proposed DTC-SVM 
presents reduced flux and torque ripples. However, the 
control of the multilevel DCI leads to a higher complexity 
in the modulation algorithm because the balancing dc-link 
voltage task is an additional constrained to fulfill. Note that, 
the five-level DCI controlled by DTC-SVM endowed by a 
balancing strategy is an effective way to balance the input 
capacitor voltages of both multilevel inverters. 

Received on September 26, 2019 

APPENDIX 
The parameters of DSIM are given in Table 2. 

Table 2 
DSIM parameters. 

1 kW, 2 poles, 220 V, 50 Hz 

Quantity Symbol Value 
Stator resistance Rs

 4.67 W 

Rotor resistance Rr
 8 W 

Stator inductance Ls
 0.374 H 

Rotor inductance Lr
 0.374 H 

Mutual inductance M 0.365 H 

Inertia moment J 0.003 kgm2 
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