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Multiphase machines have interesting advantages in terms of torque ripple and rotor losses 

which will be lower compared to three-phase machines. Thus, the power of these machines 

can be done with multilevel inverters that offer good quality energy. The work presented 

in this paper consists of an analysis of the effect of control techniques of multilevel 

inverters feeding a dual-star induction machine. The waveform of the output voltage of the 

inverters depends on the topology of the inverter and its control strategy. We will present 

a comparative simulation study between three control strategies (PWM, RPWM and 

simplified SVM) for a three-level diode clamped inverter that feds a dual-star induction 

machine. The results of simulations will be discussed. 
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1. INTRODUCTION

Recently, researchers are increasingly interested in 

multiphase machines, particular, the dual star induction 

machine. The latter has several advantages such as: reliability, 

minimization of torque pulsations, which allows the use of 

electronic components of reduced design power for 

frequencies of switching higher than with three-phase 

machines [1-5]. 

Indeed, the progress of digital electronics and the 

developments of power components allow today to develop a 

new structure of so-called multilevel converters. In the 

literature, several multilevel converter topologies have been 

proposed [6-8]. They mainly include, in a chronological order, 

the cascaded structure, the floating diode structure and the 

flying capacitors structure. 

Among the multilevel structures, diode clamped structure is 

an interesting alternative to fed multiphase induction machines 

[9-12]. Indeed, their topology resulting from series 

associations of a large number of power components allows 

operations of high voltage while providing excellent 

waveforms. 

The purpose of this work is to present a comparative 

simulation study between three control strategies (Pulse Width 

Modulation, Random PWM and simplified space vector 

modulation for a three-level diode clamped inverter that feds 

a dual-star induction machine. 

For this, the first section will be devoted to the general study 

and modeling of dual star induction machine and the three 

levels Diode Clamped Inverter, the simulation study is 

performed under the Simulink environment of Matlab. 

In the second section, we will present three different control 

strategies for the three level DCI, such as: pulse width 

modulation, random pulse width modulation and simplified 

space vector control strategy. 

Finally, the last section will be devoted to numerical 

simulations as well as the interpretation of the results obtained. 

We will end with a general conclusion about the work done. 

2. SYSTEM’S MATHEMATICAL MODEL

2.1 Park model of dual star induction machine 

The DSIM consists of a stator bearing two identical three-

phase windings and offset by an electric angle α = 30° and a 

squirrel cage rotor. 

Figure 1 shows the generalized model according to the (d, 

q) axis system.

Electric equations: 

Then the final equations of the DSIM are: 

{

𝑣𝑠1𝑑 = 𝑅𝑠1𝑑𝑖𝑠1𝑑 +
𝑑

𝑑𝑡
∅𝑠1𝑑 − 𝜔𝑠∅𝑠1𝑞

𝑣𝑠1𝑞 = 𝑅𝑠1𝑖𝑠1𝑞 +
𝑑

𝑑𝑡
∅𝑠1𝑞 +𝜔𝑠∅𝑠1𝑑

𝑣𝑠2𝑑 = 𝑅𝑠2𝑑𝑖𝑠1𝑑 +
𝑑

𝑑𝑡
∅𝑠2𝑑 − 𝜔𝑠∅𝑠2𝑞

𝑣𝑠2𝑞 = 𝑅𝑠2𝑖𝑠2𝑞 +
𝑑

𝑑𝑡
∅𝑠2𝑞 +𝜔𝑠∅𝑠2𝑑

0 = 𝑅𝑟𝑖𝑟𝑑 +
𝑑

𝑑𝑡
∅𝑟𝑑 − (𝜔𝑠 −𝜔𝑟  )∅𝑟𝑞

0 = 𝑅𝑟𝑖𝑟𝑞 +
𝑑

𝑑𝑡
∅𝑟𝑞 + (𝜔𝑠 − 𝜔𝑟 )∅𝑟𝑑

(1) 

Magnetic equations: 

[

∅𝑠1𝑑
∅𝑠2𝑑
∅𝑟

] = [

𝐿𝑠1 + 𝐿𝑚 𝐿𝑚 𝐿𝑚
𝐿𝑚 𝐿𝑠2 + 𝐿𝑚 𝐿𝑚
𝐿𝑚 𝐿𝑚 𝐿𝑟 + 𝐿𝑚

] [
𝑖𝑠1𝑑
𝑖𝑠2𝑑
𝑖𝑟

] (2) 
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Figure 1. Schematic representation of the Park model of the DSIM 

 

[

∅𝑠1𝑞
∅𝑠2𝑞
∅𝑟

] = [

𝐿𝑠1 + 𝐿𝑚 𝐿𝑚 𝐿𝑚
𝐿𝑚 𝐿𝑠2 + 𝐿𝑚 𝐿𝑚
𝐿𝑚 𝐿𝑚 𝐿𝑟 + 𝐿𝑚

] [

𝑖𝑠1𝑞
𝑖𝑠2𝑞
𝑖𝑟

] (3) 

 

With:  

(𝐿𝑠1 + 𝐿𝑚), (𝐿𝑠2 + 𝐿𝑚): cyclical own inductance of star 1;  

(𝐿𝑟 + 𝐿𝑚): Cyclical own inductance of rotor; 

𝐿𝑚 = (
3

2
)  𝐿𝑚𝑠 = (

3

2
)  𝐿𝑚𝑟 = (

3

2
)  𝐿𝑠𝑟 : Mutual inductance 

between star 1, star 2 and the rotor. 

 

Mechanical equation 

 

𝐶𝑒𝑚 = 𝑃
𝐿𝑚

𝐿𝑟 + 𝐿𝑚
[∅𝑟𝑑(𝑖𝑠1𝑑 + 𝑖𝑠2𝑑) − ∅𝑟𝑞(𝑖𝑠1𝑞

+ 𝑖𝑠2𝑞)] 
(4) 

 

The fundamental rotor rotation equation is described by the 

following relationships: 

 
𝑑

𝑑𝑡
Ω𝑟 =

1

𝐽
(𝐶𝑒𝑚 − 𝐶𝑟 − 𝐾𝑓Ω𝑟) (5) 

 
𝑑

𝑑𝑡
𝜃𝑚 = Ω𝑟 (6) 

 

𝜔𝑟 =
𝑑

𝑑𝑡
𝜃𝑟 (7) 

 

2.2 Modeling of three level DCI inverter 

 

The structure of this type of inverter is shown in Figure 2.  

This inverter is composed of three arms, each arm having 

four bidirectional switches, made by the antiparallel setting of 

a transistor and a diode. To avoid short-circuiting the DC 

source in the input of the inverter or opening the AC load in 

the output, the four switches of one arm should not be closed 

or opened simultaneously. We suppose that the voltage Uc is 

divided into equality between the two capacitors: Uc1 = Uc2 = 

Uc / 2. 

We introduce the connection function  𝑆𝑖𝑠  of the switch 

which describes the state of every switch (1=closed, 

0=opened). 

With: 

i: is the number of the leg of inverter, 

s: is the number of the semiconductors 

As indicated in Table 1, each leg of the inverter can have 

three possible switching states P, O, N. 

 

Table 1. States of one leg of 3 levels DCI 

 
𝑆𝑖1 𝑆𝑖2 𝑆𝑖3 𝑆𝑖4 𝑉𝑖𝑂 State 

0 0 1 1 

2
cU−

 
N 

0 1 1 0 0 O 

1 1 0 0 

2
cU

 
P 

1 0 0 1 unknown - 

 

The output voltages of a three level diode clamped inverter 

relatively to the middle point O with using the connection 

functions of the half-arm are expressed as follows: 

 

[

𝑉1𝑂
𝑉2𝑂
𝑉3𝑂

] =
1

3
[
2 −1 −1
−1 2 −1
−1 −1 2

] . {[

𝑆11
𝑏

𝑆12
𝑏

𝑆13
𝑏

] . 𝑈𝑐1

− [

𝑆10
𝑏

𝑆20
𝑏

𝑆30
𝑏

] . 𝑈𝑐2} 

(8) 

 

With: 

 

𝑆𝑖1
𝑏 = 𝑆𝑖1. 𝑆𝑖2, 𝑆𝑖0

𝑏 = 𝑆𝑖3. 𝑆𝑖4 (9) 
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Figure 2. Three level diodes clamped inverter (DCI) 

 

 

3. CONTROL STRATEGIES 
 

3.1 PWM control strategy 
 

The principle of this method is the comparison between a 

low frequency sinusoidal reference voltage and two higher 

frequency bipolar triangular carriers as shown in Figure 3. The 

switching times are determined by the points of intersection 

between the two carriers and the reference voltage. 

The reference voltages used are expressed by: 

 

{

Vref1 = Vm sin(ωt)             
Vref2 = Vmsin (ωt − 2π/3)

Vref3 = Vmsin (ωt − 4π/3)
 (10) 

 

Up1 =

{
 
 

 
 Vm (

4t

Tp
− 1)         0 < t <

Tp

2

Vm (3 −
4t

Tp
)     

Tp

2
< t < Tp

 (11) 

 

Up2 = −Up1 (12) 

 

For this algorithm, two bipolar triangular carriers are shifted 

relative to each other by half a period. This algorithm can be 

summarized in the following two steps: 

Step 1: Determination of intermediate voltages (Vk1, Vk2): 

{
 
 

 
 
(Vref k > Up1) ⇒ Vk1 = Uc

(Vref k < Up1) ⇒ Vk1 = 0

(Vref k > Up2) ⇒ Vk2 = 0

(Vref k < Up2) ⇒ Vk1 = −Uc

  k=1,2,3  (13) 

 

Step 2: Determination of the Vkm signal and the Bks control 

commands of the switches: 

 

{

Vkm = Vk1 + Vk2                           
Vkm = Uc ⇒ Bk1 = 1, Bk2 = 1   
Vkm = −Uc ⇒ Bk1 = 0, Bk2 = 0
Vkm = 0 ⇒ Bk1 = 1, Bk2 = 0   

  k=1,2,3 (14) 

 

 
 

Figure 3. Reference voltages and two bipolar triangular carriers 

 

 

 
Figure 4. PRBS 9 bits scheme 
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Figure 5. Carrier wave generation 

 

3.2 Random PWM control strategy 

 

The method is based on a random selection of the carrier 

frequency for each carrier period [13-18]. In this technique the 

randomization of frequency of carrier wave is by taking some 

times the carrier wave and the other times the inverse of carrier 

wave. So, for do this we work with PRBS (the random bits 

generator, Figure 4) which it generates random bites even 0 or 

1, we take the result of PRBS and multiple with the carrier 

wave and the inverse of PRBS multiple with the inverse of 

carrier wave and add the both results like it’s been shown in 

Figure 4. 

where, if the result of PRBS is one the inverse is 0 so the 

carrier wave is the same as classic PWM, but if PRBS generate 

0 the carrier wave become the inverse of the carrier wave [13-

17] in this way we make a carrier signal (Figure 5) with 

random frequency which sometimes is bigger than the 

frequency of the same carrier wave and that’s increase the 

quality of the fed wave because the THD is lower when the 

carrier frequency is higher. 
By using the PRBS scheme, we can build two bipolar carrier 

random waves. Also, we can build the bloc of RPWM (Figure 

6). 

This algorithm consists of the same steps of the PWM 

algorithm. 
 

 
 

Figure 6. Carrier wave forme 

 
 

Figure 7. Reference voltages and two bipolar random 

carriers 

Figure 7 shows the reference voltages and the two bipolar 

random carriers. 

 

3.3 Simplified space vector control strategy 

 

The output voltage vector is defined by: 

 

Vs = V10e
j0 + V20e

−j2π/3 + V30e
j2π/3 = Vd + j Vq (15) 

 

Vd et Vq: are the components of the vector Vs in the plane 

d-q. 

This vector takes eighteen discrete positions in the plane d-

q according to the states of the inverter. These positions are 

shown in the vector diagram of the inverter (Figure 8).  

 

 
 

Figure 8. Vector diagram of three levels DCI 
 

The discrete positions of the output voltage vector Vs divide 

the vector diagram into six triangular sectors, the vertices of 

these triangular sectors being the origin of the vector diagram 

and the apexes of the outer hexagon. 

The vector diagram of the three-level inverter can be seen 

as consisting of six hexagons, each of which is the vector 

diagram of a two-level inverter. The centers of these six 

hexagons are the apexes of the inner hexagon of the vector 

diagram of the three-level as shown in Figure 9. This 

geometric decomposition of the vector diagram can be 
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exploited to simplify the algorithm of the vector modulation of 

the three-level inverter with that of the vector modulation of 

the two-level inverter [18]. To achieve this goal, two steps 

must be taken: 

According to the position of the vector reference voltage 𝑉𝑠
∗, 

one of the six hexes indicated above is selected; 

The origin of the vector 𝑉𝑠
∗, is translated to the center of the 

hexagon selected in the first step. 

 

 
 

Figure 9. Decomposition of the vector diagram of the tree 

level DCI 

 

Algorithm of simplified SVM 

 

(1). Selecting a hexagon 

Among the six hexagons composing the vector diagram of 

the three-level inverter, one selects the one that contains the 

vector reference voltage 𝑉𝑠
∗ , Each two adjacent hexagons 

overlap. Thus, each hexagon is indicated by a number s 

defined as follows: 

 

s =

{
 
 
 
 
 

 
 
 
 
 1 si  

−π

3
≤ θ ≤

π

3
             

2 si  
π

3
≤ θ ≤

π

2
                                

3 si  
π

2
≤ θ ≤

5. π

6
  

4 si  
5. π

6
≤ θ ≤

7. π

6
                             

5 si  
7. π

6
≤ θ ≤

3. π

2
                          

6 si  
3. π

2
≤ θ ≤

11. π

6
                         

 (16) 

 

θ: is the angular position of the vector 𝑉𝑠
∗, measured with 

respect to the axis d. 

 

(2). Change of origin of the reference voltage vector 

The origin of the reference voltage vector 𝑉𝑠
∗, is translated 

to the center of the selected hexagon. Figure 10 shows an 

example of translation in the case of a vector 𝑉𝑠
∗, located in the 

second hex (s = 2). The resulting vector after the translation is 

noted 𝑉𝑠
∗′. 

We consider the system of axes of d’-q 'whose origin O' is 

positioned in the center of the selected hexagon (Figure 10). 

We have the vector relationship: 

 

𝑉𝑠
∗ = 𝑉𝑠

∗′ + 𝑂𝑂′ (17) 

 
 

Figure 10. Change of origin of the reference voltage vector 

 

The projections of this equation on the axes d and q make it 

possible to express the components 𝑉𝑑
∗′ and 𝑉𝑞

∗′of the vector 

𝑉𝑠
∗′in the axis system of d-q' in function of the components 

𝑉𝑑
∗and 𝑉𝑞

∗of the vector 𝑉𝑠
∗ in the axis system dq. 

Table 2 summarizes the expressions of the components 𝑉𝑑
∗′ 

and 𝑉𝑞
∗′ as a function of the components 𝑉𝑑

∗and 𝑉𝑞
∗ for the six 

hexes (in relative quantities). 

 

Table 2. Components 𝑉𝑑
∗′ and 𝑉𝑞

∗′ 

 
Number of hexagons  𝐕𝐝

∗’  𝐕𝐪
∗’ 

1 𝐕𝐝
∗ − 𝟏/𝟐 𝐕𝐪

∗ 

2 𝐕𝐝
∗ − 𝟏/𝟒 𝐕𝐪

∗ − √𝟑/𝟒 

3 𝐕𝐝
∗ + 𝟏/𝟒 𝐕𝐪

∗ − √𝟑/𝟒 

4 𝐕𝐝
∗ + 𝟏/𝟐 𝐕𝐪

∗ 

5 𝐕𝐝
∗ + 𝟏/𝟒 𝐕𝐪

∗ + √𝟑/𝟒 

6 𝐕𝐝
∗ − 𝟏/𝟒 𝐕𝐪

∗ + √𝟑/𝟒 

 

From the components 𝑉𝑑
∗′ and 𝑉𝑞

∗′, we deduce the angular 

position θ 'of the vector 𝑉𝑠
∗′with respect to the axis d. 

 

θ′ = arctg(Vq
∗′/Vd

∗′) (18) 

 

(3). Inverter state sequence 

After selecting a hex and changing the origin of the 

reference voltage vector, the vector diagram of a two-level 

inverter, is obtained. Consequently, the determination of the 

sequence of states, and XYZ used to generate the output 

voltages, as well as their duration of application, is done in the 

same way as for the case of the vector modulation applied to 

the inverter with two levels. The relative times of the states, 

and XYZ over the sampling period are given by: 

 

dx = m
′. sin(

π

3
−  α) (19) 

 

dy = m′. sin( α)  (20) 

 

dz = 1 − dx − dy (21) 

 

α′ = θ′[π/3]: it is the angular position of the vector Vs
∗′ , 

within the sectors of the selected hexagon. 

m′: This is the modulation rate relative to the vector Vs
∗′: 
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Vs
∗′ = m′. Vmax

′ . eiθ
′
 (22) 

 

Vmax
′ : This is the maximum possible amplitude of the vector 

Vs
∗′, inside the selected hexagon. 

To express the modulation rate as a function of the 

modulation rate m linked to the reference vector Vs
∗, we make 

the projection of Eq. (22) on the axis d, which gives, in relative 

quantities: 
 

m′. √
3

2
. cos(θ) = m′. √

3

2
 .
1

2
. cos(θ′) + ∆x (23) 

 

We deduce the expression of m 'as a function of m: 

 

m′ = 2.m.
csc(θ)

csc(θ′)
−

4. ∆x

√3. cos(θ′)
 (24) 

 

Note that Δx is the projection of the vector 𝑂𝑂′ on the axis 

of. It depends on the selected hex. His expression is: 

 

∆x′ =

{
 
 
 

 
 
 
1

2
 si S = 1                   

1

4
 si S = 2 ou S = 6

−1

4
 si S = 3 ou S = 5

−1

2
 si S = 4                

  (25) 

 

 

4. MODELING RESULTS 

 

In this section, the modeling results are obtained using 

Matlab Simulink. The switching frequency of the carriers is 

1021 Hz and the DC voltage is 200 V. Figures 11-14 show that 

the waveform of the voltage generated by the inverter has a 

better spectral quality with the SVM technique compared to 

the RPWM technique. 

Figure 15 show that the torque ripples of the DSIM are 

reduced in case of RPWM and PWM control strategies 

compared to simplified space vector modulation strategy. 

As shown in Figures 16 and 17, the amplitude of the stator 

current of the star 1 of the machine for the case of the RPWM 

and PWM strategy is lower than that obtained for the case of 

SSVM strategy. 

The Table 3 below summarizes the different simulation 

results obtained for the three control strategies namely RPWM, 

SSVM and PWM. 
 

Table 3. SVM, RPWM and PWM comparison 

 
 SVM RPWM PWM 

Voltage fundamental amplitude 

Va1(V) 

246.4 195.1 195.2 

Voltage THD % 21.39 40.7 40.71 

Current fundamental amplitude Ia1 

(A) 

15.93 12.89 12.89 

Current Ia1 THD % 4.36 2.09 2.09 

Current fundamental amplitude Ia2 

(A) 

15.62 12.50 12.5 

Current Ia2 THD % 4.08 2.06 2.061 

∆Cem 3 1.4 1.4 

 

 
 

Figure 11. Stator voltage Vas1 with the RPWM strategy 

 

 
 

Figure 12. Harmonic analysis of Stator voltage Vas1 with 

the RPWM strategy 

 

 
 

Figure 13. Stator voltage Vas1 with the SSVM strategy 

 

 
 

Figure 14. Harmonic analysis of Stator voltage Vas1 with 

the SSVM strategy 
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Figure 15. DSIM torque with different strategies 

 

 
 

Figure 16. DSIM current phase1 of star 1 with different 

strategies 

 
 

Figure 17. Zoom of DSIM current phase1 of star 1 with 

different strategies 

 

 

5. CONCLUSION 

 

In this article, a comparison between three control strategies 

of a three-level DCI inverter used to fed a dual-star inductions 

motor is presented. The simulation of the combination three 

levels DCI inverter- DSIM is done in the Simulink 

environment of Matlab. The results of this simulation showed 

the advantage of the simplified SVM technique in improving 

the quality of the motor supply voltage however the other two 

techniques (PWM and RPWM) gave ripples in the torque of 

the machine inferior to these ripples compared to the case of 

the simplified SVM. 
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