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Abstract: Currently, power trains based on an Open-End Winding Induction Machine fed by a Dual
Inverter (DI-OEWIM) are attracting a great deal of interest in various modern industrial applica-
tions. However, applying symmetrical control to this system (DI-OEWIM), which is symmetrical
in nature, will lead to malfunction. Therefore, the objective of this paper is to explore the influence
of asymmetric control on the performance of this system. The principle of this study is to create an
asymmetrical control by integrating a phase-shift angle in the Space Vector Pulse Width Modulation
(SVPWM) strategy. We then evaluate the impact of these angles on various performances, such as
the Total Harmonic Distortion (THD), power losses, Common Mode Voltage (CMV), Zero-Sequence
Voltage (ZSV), rotation speed and torque ripple of this system. This study was carried out in the
Matlab/Simulink environment and was validated experimentally using the dSPACE 1104 board.
The results show that the different angles have significant effects on the overall performance of
this system.

Keywords: asymmetrical control; Dual Inverters; Open-End Winding; power losses; common mode
voltage; THD; torque ripple; zero-sequence voltage

1. Introduction

In recent years, the ongoing development of power electronics converter technolo-
gies [1–4] has significantly shaped the electrical landscape. Among the notable advances,
Dual-Inverter-fed Open-Winding Induction Machines (DI-OEWIMs) have attracted in-
creasing interest in industrial electrical applications, as well as in modern electric traction
systems, such as electric vehicles, trains, ships and aircraft [5–13].

Compared to conventional Induction Motor (IM) drives, DI-OEWIMs manage to
generate equivalent torque with only half of the DC bus voltages [14,15]. In addition,
DI-OEWIMs show a significant improvement in the waveform of voltages and currents,
reducing their harmonic distortion (THD), and demonstrate a performance equivalent to
that of IMs driven by three-level inverters [16–18]. Unlike conventional IM drives, the
OEWIM drive offers a number of advantages, including a distributed drive configuration
and an improved reliability through fault-tolerant operation [15], as well as the simplicity
of decoupled control methods [19] and the absence of neutral point fluctuations [20].

However, this configuration is not without its drawbacks. These include overcharging
(it damages capacitor) due to unequal DC bus voltages when using two isolated DC power
supplies [19]. In addition, the direct interconnection of two inverters with a single DC bus
leads to Zero-Sequence Voltage (ZSV) problems [21]. Moreover, high-frequency switching
of inverter switches introduces the presence of a Common-Mode Voltage (CMV) [22–24].
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The major problem of DI-OEWIM configuration is due to its symmetry. In this context,
applying symmetrical control to such a system would make it impossible to operate [25–27].
In the literature, various studies have been carried out to overcome these problems and
improve the performance of the DI-OEWIM, particularly with regard to Total Harmonic
Distortion (THD), CMV, power losses, torque ripple and ZSV.

The authors in [28] presented an asymmetric nested inverter strategy, aimed at elim-
inating the ZSV through Pulse-Width Modulation (PWM) averaged sampling, based on
the strategic placement of the zero-vector period. However, the impact of this strategy
on THD, torque ripple and CMV behavior has not been addressed. In an anterior pub-
lication [21], an asymmetric near-state PWM strategy was introduced to improve THD,
but without consideration of the issues related to power losses, torque ripple and CMV.
Another contribution [29] developed an asymmetric strategy based on the selection of
optimal vectors, although there was no in-depth study of CMV behavior or the issue of
overcharging. In [24], a strategy based on the use of a dual-vector PWM method was put
forward, however it did not include an analysis of the CMV behavior. The authors of [30]
presented different asymmetric approaches to the PWM strategy, but neglected torque
ripples. An improved asymmetric Zero-Sequence Current (ZSC) hysteresis control strategy
was proposed in [31], but without any analysis of the CMV behavior, torque ripples and
power losses. In [32], an asymmetric PWM strategy with a 120◦ phase shift between the
two inverters was suggested, although the impact on power losses and torque ripples was
not studied. In [6], the authors introduced a new asymmetric strategy called modified
SVPWM, but this was done without any analysis of the torque ripples for phase-shift
angles of 90◦ and 120◦. The contributors to [26] applied an asymmetric PWM strategy
with different phase-shift angle values, yet they did not evaluate the impact on power
losses and torque ripples. In contrast, the contribution of [27] focused on the application
of asymmetric discontinuous PWM strategies with a phase-shift angle of 120◦ and power
loss optimization, although the THD was degraded and the effect on torque ripple was
not investigated.

Previous works have focused on the application of asymmetrical control strategies,
albeit with a unique phase-shift angle. However, such works have not exhaustively ad-
dressed all performance criteria, such as attenuation of THD, CMV, ZSV, power losses,
torque ripple and overcharging.

The main objective of this paper is to improve the understanding of asymmetrical
control in DI-OEWIM. The specific objectives are to study the impact of different phase-shift
angles (60◦, 120◦, 180◦, 240◦, 300◦ and 360◦) on performance parameters, including THD,
CMV, ZSV, power losses and torque ripples.

The novelty of this study lies in its in-depth evaluation of asymmetrical control
strategies over a range of phase-shift angles, thus providing insights for optimizing DI-
OEWIM performance in terms of THD reduction, CMV suppression, ZSV mitigation, power
loss minimization and torque ripple mitigation. In addition, this study uses both numerical
simulations and experimental validations to ensure a better analysis.

To achieve these contributions, the remainder of the paper is structured as follows:
Section 2 provides a visualization of the problems associated with the DI-OEWIM system.
Section 3 presents the asymmetric technique suggested to control this system. Simulation
results are analyzed in Section 4, followed by a review of experimental results in Section 5.
Finally, Section 6 presents the conclusions drawn from the proposed study, as well as
future perspectives.

2. Position of the Problem

Figure 1 shows the configuration of the DI powered by a common DC bus. We
opted for this power supply structure in order to avoid overcharging problems. Indeed,
overcharging can cause damage to the capacitor and generate undesirable harmonics in the
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motor phase voltage [33]. In this structure, the voltage applied to the OEWIM terminal is
expressed by the following relationship [27]:

VDI = Vinv,1 − Vinv,2 (1)

where Vinv,1 and Vinv,2 represent the reference voltages of the first and second inverters,
respectively. The voltage generated by each inverter can be expressed by Equation (2), and
the vector representation of the two inverters is shown in Figure 2.

Vinv,x =

√
2
3

Vdc

(
Sd1 + γ Sd3 + γ2 Sd5

)
where γ = ej 2π

3 (2)

where x(= 1 and 2) represents the inverter number, Vdc represents the DC bus voltage and
Sd1, Sd3 andSd5 represent the switching states of the two inverters or d(= i and j).
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Figure 2 shows the voltage vectors applied to each inverter in the DI system. The DI
operating principle relies on combining the voltage vectors of the two inverters to generate
the rotating magnetic field required for motor operation. However, in this symmetrical
structure, if the same voltage vectors are applied to both inverters (as illustrated in Figure 2),
this leads to a cancellation of the magnetic fields and, thus, to the stoppage of induction
motor operation. To remedy this situation, it is essential to apply asymmetrical control
strategies. These strategies are based on creating a phase shift between the voltage vectors
of the two inverters. This approach makes it possible to generate a total of 64

(
23 × 23)

possible states.
The spatial representation of the vectors produced by the DI is shown in Figure 3,

which is similar to that of a three-level inverter.
However, this configuration has disadvantages, such as (i) the presence of the CMV

component, which is generated due to high-frequency switching [22], (ii) the presence of
the ZSV component, which is due to the common connection of both inverters to the DC
bus [21] and (iii) degradation of system efficiency, which is due to an increase in the number
of switches in the system compared to conventional configurations [27].
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Equations (3)–(5) are used to express the CMV for each inverter and for the DI. The
combination of different DI vectors generates distinct levels of CMV. Table 1 shows the
various CMV levels and their associated vectors.

Vcmvinv,1 =
Si1 + Si3 + Si5

3
Vdc (3)

Vcmvinv,2 =
Sj1 + Sj3 + Sj5

3
Vdc (4)

VcmvDI =
Vcmvinv,1 + Vcmvinv,2

2
=

(Si1 + Si3 + Si5) +
(
Sj1 + Sj3 + Sj5

)
6

Vdc (5)

Table 1. CMV levels and their associated vectors.

CMV Level Associated Vectors

−Vdc/2 Vi8Vj8

−Vdc/3 Vi1Vj8, Vi3Vj8, Vi5Vj8, Vi8Vj1, Vi8Vj3, Vi8Vj5

−Vdc/6 Vi1Vj1, Vi1Vj3, Vi1Vj5, Vi3Vj1,
Vi3Vj3, Vi3Vj5, Vi5Vj1, Vi5Vj3, Vi5Vj5, Vi2Vj8, Vi4Vj8, Vi6Vj8, Vi8Vj2, Vi8Vj4, Vi8Vj6

0 Vi8Vj7, Vi1Vj2, Vi1Vj4, Vi1Vj6, Vi3Vj2, Vi3Vj4, Vi3Vj6, Vi5Vj2, Vi5Vj4, Vi5Vj6,
Vi2Vj1, Vi2Vj3, Vi2Vj5, Vi4Vj1, Vi4Vj3, Vi4Vj5, Vi6Vj1, Vi6Vj3, Vi5Vj5, Vi7Vj8

Vdc/6 Vi2Vj2, Vi2Vj4, Vi2Vj6, Vi4Vj2, Vi4Vj4, Vi4Vj6, Vi6Vj2, Vi6Vj4, Vi6Vj6, Vi1Vj7,
Vi3Vj7, Vi5Vj7, Vi7Vj1, Vi7Vj3, Vi7Vj5

Vdc/3 Vi2Vj7, Vi4Vj7, Vi6Vj7, Vi7Vj2, Vi7Vj4, Vi7Vj6

Vdc/2 Vi7Vj7

The calculation of this ZSV is based on the CMV of both inverters and can be expressed
by Equations (6) and (7) [27]. This ZSV is generated by combining the various voltage
vectors, as shown in Table 2.

VzsvDI = Vcmvinv,1 − Vcmvinv,2 (6)

VzsvDI =

(
Si1 − Sj1

)
+

(
Si3 − Sj3

)
+

(
Si5 − Sj5

)
3

Vdc (7)
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Table 2. ZSV levels and their associated vectors.

ZSV Level Associated Vectors

−Vdc Vi8Vj7

−2Vdc/3 Vi8Vj4, Vi8Vj6, Vi8Vj2, Vi5Vj7, Vi3Vj7, Vi1Vj7

−Vdc/3 Vi8Vj5, Vi8Vj3, Vi5Vj4, Vi3Vj4, Vi8Vj1, Vi5Vj2, Vi3Vj6, Vi3Vj2, Vi4Vj7, Vi1Vj4,
Vi1Vj6, Vi1Vj2, Vi6Vj7, Vi2Vj7, Vi5Vj6

0 Vi1Vj3, Vi6Vj4, Vi2Vj4, Vi1Vj5, Vi3Vj5, Vi2Vj6, Vi4Vj6, Vi3Vj1, Vi5Vj1, Vi4Vj2,
Vi5Vj3, Vi6Vj2, Vi7Vj7, Vi8Vj8, Vi1Vj1, Vi5Vj5, Vi4Vj4, Vi3Vj3, Vi2Vj2, Vi1Vj1

Vdc/3 Vi5Vj8, Vi3Vj8, Vi4Vj5, Vi4Vj3, Vi1Vj8, Vi2Vj5, Vi6Vj3, Vi2Vj3, Vi7Vj4, Vi4Vj1,
Vi6Vj1, Vi2Vj1, Vi7Vj6, Vi7Vj2, Vi6Vj5

2Vdc/3 Vi4Vj8, Vi6Vj8, Vi2Vj8, Vi7Vj5, Vi7Vj3, Vi7Vj1

Vdc Vi7Vj8

Power electronics literature identifies two types of losses in inverters: (i) switching
losses (Psw) and (ii) conduction losses of the interrupter

(
Pcond,Sij

)
, with the conduction

losses of the bottom diode (Pcond,BD). These losses can be calculated using the following
formulas [27]:

Psw =

[
1
2

vsw(t)×isw(t)×
(

tsw,on + tsw,o f f

)]
× fsw (8)

Pcon,Sij =
Von,Sij × isw(t)× ton

Tsw
(9)

Pcon,BD =
Von,Sij×isw(t)× to f f

Tsw
(10)

The variable vsw represents the voltage imposed by the switch in the off state. The term
von designates the voltage dissipated in the on state, while isw, equal to ion, designates the
current flowing through the switch in the on state. fsw represents the switching frequency
and Tsw is defined as the switching period.

3. Proposed Solutions

The association of inverter to machine has a significant impact on power quality
and efficiency. In order to optimize the performance resulting from the association of
the DI with the OEWIM, it is vital to implement a sophisticated asymmetrical control
technique. Among these techniques, SVPWM is widely recognized and used in the in-
dustrial sector. To study the effect of asymmetrical SVPWM, this section first presents the
principle of the conventional SVPWM strategy, then explores the principle of asymmetrical
SVPWM (ASVPWM).

3.1. Conventional SVPWM Principle

The conventional SVPWM strategy is a modulation technique based on mathematical
transformations, using the Clarke transform (see Equation (11)). To determine the duration
of the active vectors to be applied [34], the modulation period is completed by using the
zero vectors (V7 and V8). Figure 4 shows a representation of the vectors corresponding to
all possible inverter states, forming the vertices of a hexagon on the αβ plan.

[
Vα

Vβ

]
=

√
2
3

[
1 − 1

2 − 1
2

0
√

3
2 −

√
3

2

]Va
Vb
Vc

 (11)
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Looking at Equation (11) and Figure 4, the projections in the αβ plan can be derived.
These projections can influence the Vs vector, especially when applying various voltage
vectors, as demonstrated in Table 3.

Table 3. Inverter voltage vectors for SVPWM control.

Vector S1 S3 S5 Vα Vβ Vs

V1 1 0 0 2Vdc√
6

0 2
3 Vdc

V2 1 1 0 Vdc√
6

Vdc√
2

2
3 Vdcej π

3

V3 0 1 0 −Vdc√
6

Vdc√
2

2
3 Vdcej 2π

3

V4 0 1 1 − 2Vdc√
6

0 2
3 Vdcejπ

V5 0 0 1 −Vdc√
6

−Vdc√
2

2
3 Vdcej 4π

3

V6 1 0 1 Vdc√
6

−Vdc√
2

2
3 Vdcej 5π

3

V7 1 1 1 0 0 0

V8 0 0 0 0 0 0

The rotating reference vector Vs and the angle θ can be calculated using the following
formulae:

Vs =
√

V2
α + V2

β (12)

θ = atan
(Vβ

Vα

)
(13)

The durations of the SVPWM conductions are calculated according to the following
formulas:

Tk =
Vs,re f

Vk

(
cosθk −

sinθk√
3

)
(14)

Tk+1 =
Vs,re f

Vk+1

(
cosθk+1 −

sinθk+1√
3

)
(15)

T0 = Tsw − (Tk + Tk+1) (16)

Knowing that for a sector k, θk+1 = θk − (k − 1)π
3 , where k = 1, 2, . . . , 6.

The entire SVPWM process is illustrated in Figure 5.
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3.2. Asymmetrical SVPWM

As mentioned earlier in Section 2, if both ends of the motor receive the same voltage
with the same phase shift (symmetrical control), the motor will not rotate. To rotate the
OEWIM, an asymmetrical control technique must be applied, where a phase-shift angle
θDI (θDI = θinv,1 − θinv,2) must be introduced into the voltages generated by one of the
inverters. So, asymmetrical control of a DI system relies on creating a phase shift between
the main inverter and the auxiliary inverter, or vice versa.

Consequently, the reference voltages of the main and auxiliary inverters can be ex-
pressed as follows: 

vre f
inv,1a

= Vsin(ωt)

vre f
inv,1b

= Vsin
(
ωt − 2π

3
)

vre f
inv,1c

= Vsin
(
ωt + 2π

3
) (17)


vre f

inv,2a′
= Vsin(ωt + θDI)

vre f
inv,2b′

= Vsin
(
ωt − 2π

3 + θDI
)

vre f
inv,2c′

= Vsin
(
ωt + 2π

3 + θDI
) (18)

According to Equations (17) and (18), the control signals of the second inverter are
adjusted (with angle θDI) relative to the first inverter within the same sampling period.

Figure 6 shows the DI switching states and their voltages for the two distinct strategies
(symmetrical and asymmetrical). When applying symmetrical control, it should be noted
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that the same voltage vectors are applied to the OEWIM by both inverters, resulting
in identical voltages (Vinv,1 = Vinv,2). Since the voltage applied to the OEWIM is the
subtraction between the two inverter voltages, this leads to a zero voltage for the DI(
Vij = 0

)
. Consequently, the OEWIM will not operate, as shown in Figure 6a. On the other

hand, when applying an asymmetrical control strategy (creating a phase-shift angle θDI
between the reference voltages), the switching states of the second inverter are shifted
compared to the switching states of the first inverter by the angle θDI. In this case, it should
be noted that different voltage vectors will be applied to the OEWIM, generating two
different voltages for the two inverters (Vinv,1 ̸= Vinv,2). This creates a voltage for the DI,
inducing rotation of the OEWIM, as illustrated in Figure 6b.
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However, the choice of this phase-shift angle θDI generates different combinations
of switching vectors (as illustrated in Figure 3), and this has an impact on DI-OEWIM
performances, particularly with regard to CMV and ZSV phenomena. Table 4 lists several
ASVPWM control strategies, and each strategy is associated with a specific value of angle
θDI, as well as their impacts on CMV and ZSV. In this article, the values of θDI have been
chosen according to the tension vectors generated by the hexagon decomposition, in line
with the principle of the SVPWM strategy.

Table 4. Associated vectors for each angle θDI and their effects on CMV and ZSV.

Strategy θDI Associated Vectors CMV Levels ZSV Levels

ASVPWM1 60◦ Vi8Vj8; Vi7Vj7; Vi1Vj2; Vi2Vj3;
Vi3Vj4; Vi4Vj5; Vi5Vj6; Vi6Vj1

(−Vdc/2;−Vdc/6;
0 ; Vdc/6; Vdc/2)

(−Vdc/3; 0 ;
Vdc/3)

ASVPWM2 120◦ Vi8Vj8; Vi7Vj7; Vi1Vj3; Vi2Vj4;
Vi3Vj5; Vi4Vj6; Vi5Vj1; Vi6Vj2

(−Vdc/2;−Vdc/6;
Vdc/6; Vdc/2) 0

ASVPWM3 180◦ Vi8Vj8; Vi7Vj7; Vi1Vj4; Vi2Vj5;
Vi3Vj6; Vi4Vj1; Vi5Vj2; Vi6Vj3

(−Vdc/2;−Vdc/6;
0 ; Vdc/6; Vdc/2)

(−Vdc/3; 0 ;
Vdc/3)

ASVPWM4 240◦ Vi8Vj8; Vi7Vj7; Vi1Vj5; Vi2Vj6;
Vi3Vj1; Vi4Vj2; Vi5Vj3; Vi6Vj4

(−Vdc/2;−Vdc/6;
Vdc/6; Vdc/2) 0

ASVPWM5 300◦ Vi8Vj8; Vi7Vj7; Vi1Vj6; Vi2Vj1;
Vi3Vj2; Vi4Vj3; Vi5Vj4; Vi6Vj5

(−Vdc/2;−Vdc/6;
0 ; Vdc/6; Vdc/2)

(−Vdc/3; 0 ;
Vdc/3)

ASVPWM6 360◦ Vi8Vj8; Vi7Vj7; Vi1Vj1; Vi2Vj2;
Vi3Vj3; Vi4Vj4; Vi5Vj5; Vi6Vj6

(−Vdc/2;−Vdc/6;
Vdc/6; Vdc/2) 0
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4. Simulation Results

To assess the influence of the ASVPWM techniques presented in Table 4 on the perfor-
mances (THD, losses, CMV, ZSV and torque ripples) of an OEWIM drive system, a series of
tests was carried out using the MATLAB/Simulink environment. The simulation model
is shown in Figure A1 (Appendix A). The simulation was run for the OEWIM, whose
characteristics are presented in Table A1 (Appendix B).

In this test, we simulated the application of various ASVPWM techniques outlined
in Table 4. Reference voltages were generated at a reference speed of 150 rad/s, with the
control signals being produced at a switching frequency of 2 kHz. Additionally, a load of
7 N.m was applied. For the calculation of switching losses in the different techniques, the
following were taken into account:

- The characteristics of the switch module (IGBT-SKM150GB123D) were used to calcu-
late losses.

- The switching time parameters, tsw,on equivalent to 1.5 µs and tsw,off equivalent to
3 µs [27].

- To ensure sufficient accuracy in calculating losses, the simulation step size was set at
1 µs.

Figure 7 shows the responses of the voltages generated by the DI, the OEWIM stator
currents, the THDs and the electromagnetic torque for each of the ASVPWM1, ASVPWM2,
ASVPWM3, ASVPWM4 and ASVPWM5 strategies. Figure 8 explains the switching states
of each inverter and their respective impacts on CMV and ZSV when using each ASVPWM
strategy. Furthermore, Figure 9 details the switching losses of the top switch, the conduction
losses of the top switch and the conduction losses of the bottom diode. Finally, a concise
summary of the results of this test is presented in Table 5.

The results obtained from this test lead to the following observations:

• THDs

- The ASVPWM2 strategy significantly improves voltage THD, reaching a value of
81.88%.

- On the other hand, the ASVPWM4 strategy stands out for its improved current
THD, with a value of 23.17%.

• Torque Te ripples

- ASVPWM1 and ASVPWM5 techniques are effective in reducing electromagnetic
torque ripples, with values between 5 N.m and 9 N.m.

• CMV and ZSV

- The ASVPWM1, ASVPWM3 and ASVPWM5 strategies generate five-level CMVs(
−Vdc

2 ;−Vdc
6 ; 0; Vdc

6 ; Vdc
2

)
equivalent to ±Vdc

2 = ±163V, ±Vdc
6 = ±54.33V and 0. In

addition, they have three-level ZSVs
(
−Vdc

3 ; 0; Vdc
3

)
, which are ±Vdc

3 = ±108.66V
and 0.

- In contrast, the ASVPWM2 and ASVPWM4 strategies generate four-level CMVs(
−Vdc

2 ;−Vdc
6 ; Vdc

6 ; Vdc
2

)
, which are ±Vdc

2 = ±163V and ±Vdc
6 = ±54.33V. However,

they eliminate ZSV completely due to the phase-shift angles θDI = 120◦ and
θDI = 240◦.

• Total DI losses

- The ASVPWM2 and ASVPWM4 strategies stand out for their ability to minimize
total losses in the DI, achieving a percentage of 6.66%. In comparison, ASVPWM1
and ASVPWM5 show less advantageous results.

- On the other hand, compared with ASVPWM3, the application of ASVPWM1 and
ASVPWM5 reduces total losses by 10.25%.
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Figure 9. Switching losses and lower diode conductance losses for the strategies: (a) ASVPWM1, (b) 
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Table 5. Summary of simulation results.

Strategy
THD Total Losses of

DI [W]
Highest Level of

CMV [V]
Highest Level of

ZSV [V]
Torque Ripple Te

[N.m]V [%] I [%]

ASVPWM1 95.46 26.43 750 ± 326
2 ± 326

3 [5; 11]

ASVPWM2 81.88 23.32 700 ± 326
2 0 [3.5; 12]

ASVPWM3 84.22 31.11 780 ± 326
2 ± 326

3 [2.5; 14]

ASVPWM4 82.42 23.17 700 ± 326
2 0 [3.5; 12]

ASVPWM5 95.65 26.32 750 ± 326
2 ± 326

3 [5; 10]

ASVPWM6 No defined No defined No defined ± 326
2 0 No defined

The results obtained in this test, in terms of CMV and ZSV, confirm the consistency of
these data with the previous results presented in Table 4. In addition, it can be noted that:

- The ASVPWM1 and ASVPWM5 strategies improve electromagnetic torque ripple.
- The ASVPWM2 and ASVPWM4 strategies prove more effective at improving voltage

and current THD, as well as reducing total DI losses, respectively, while effectively
eliminating ZSV.

5. Experimental Results

To evaluate the performance of ASVPWM techniques in real time, an experimental
set-up was developed, as shown in Figure 10. System parameters are detailed in Table A1
in Appendix B. The device consists of a 1.5 kW DI-driven OEWIM, powered by a common
DC bus of 326 V, and the system operates without filtering. This OEWIM drives a DC
machine acting as a mechanical load. SVPWM control techniques have been implemented
on a dSPACE 1104 board, with programming carried out using MATLAB/Simulink (see
Figure A2, Appendix A) with reference to the block diagram shown in Figure 11. The
experiment aimed to reproduce the test already carried out by the simulation, as presented
in Section 4. This test was carried out with a switching frequency of 2 kHz and a sampling
frequency of 10 kHz, along with a load of 7 N.m. Performance analysis was carried out
using an oscilloscope to visualize switching states, torque, currents, CMV and ZSV. In
addition, a spectrum analyzer was used to measure THD, as well as DI input and output
power. The electromagnetic torque was estimated based on the model presented in [35,36].
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This test was designed to evaluate the overall performance of the OEWIM-DI system
using different ASVPWM control techniques, and without any load torque. The results are
shown in Figures 12–17, and a comprehensive summary of the data is given in Table 6.

Based on the results of this test, the following observations can be deduced:

- The ASVPWM2 strategies significantly improve voltage THD, reaching a value of
41.21%. The ASVPWM4 strategy stands out for its improvement in current THD, with
a value of 14.03% (see Figure 13). These results are fully in line with those presented
in Table 5 (Section 4).

- The ASVPWM1, ASVPWM3 and ASVPWM5 strategies generate five-level CMVs(
−Vdc

2 ;−Vdc
6 ; 0; Vdc

6 ; Vdc
2

)
. In addition, they exhibit three-level ZSVs

(
−Vdc

3 ; 0; Vdc
3

)
, as

illustrated in Figure 14a,c,e. These results correspond well to those presented in
Figure 8, Table 5 (Section 4) and Table 4 (Section 3).

- In contrast, the ASVPWM2 and ASVPWM4 strategies generate four-level CMVs(
−Vdc

2 ;−Vdc
6 ; Vdc

6 ; Vdc
2

)
, as shown in Figure 14b,d. However, they eliminate the ZSV

completely due to the phase-shift angles θDI = 120◦ and θDI = 240◦. These results
agree with those presented in Figure 8, Table 5 (Section 4) and Table 4 (Section 3).

- The ASVPWM2 and ASVPWM4 strategies stand out by minimizing total losses in
the DI, with a percentage of 6.9%, compared with ASVPWM1 and ASVPWM5. In
addition, they reduce total losses by 9.6% compared with ASVPWM3. These results
are in agreement with those presented in Figure 9 and Table 5 (Section 4).

- The ASVPWM1 and ASVPWM5 techniques prove effective in reducing electromag-
netic torque ripples, with values between 4.6 N.m and 9.8 N.m (see Figure 17). These
results are in good agreement with those shown in Figure 10 and Table 5 (Section 4).

The experimental results justify the conclusions drawn in Section 4, shedding light on
which technique offers appropriate performance. Indeed:

- The ASVPWM2 and ASVPWM4 strategies stand out for their significant improvement
in voltage and current THD, as well as for their reduction in power losses with effective
ZSV elimination.

- The ASVPWM1 and ASVPWM5 strategies show notable performance in terms of
reduced power losses and improved torque variation.
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Table 6. Summary of experimental results.

Strategy
THD

Total Losses of
DI [W]

Highest Level
of CMV [V]

Highest Level
of ZSV [V]

Torque Ripples
Te [N.m]V

[%]
I

[%]

ASVPWM1 50.08 40.52 768 ± Vdc
2 ± Vdc

3 [4.6; 9.8]

ASVPWM2 41.21 14.03 715 ± Vdc
2 0 [2.8; 11.5]

ASVPWM3 47.89 20.12 791 ± Vdc
2 ± Vdc

3 [−1.4; 13.3]

ASVPWM4 42.43 13.31 714 ± Vdc
2 0 [2.8; 11.5]

ASVPWM5 50.36 40.43 767 ± Vdc
2 ± Vdc

3 [4.6; 9.8]

6. Conclusions

In this paper, we conducted a theoretical and experimental analysis to investigate the
impact of Asymmetric Space Vector Pulse-Width Modulation (ASVPWM) strategy on the
Dual-Inverter-fed Open-End Winding Induction Motor (DI-OEWIM) system powered by
a common bus. The primary objective was to control a symmetrical system (DI-OEWIM)
using various asymmetrical control techniques (ASVPWM). These techniques involved
either basing or adding a shafted angle between the reference voltages of the two inverters,
while assessing their effects on the overall performance of the system, including Total
Harmonic Distortion (THD), power losses, Common Mode Voltage (CMV), Zero-Sequence
Voltage (ZSV), shafted angle and electromagnetic torque ripples.

The analysis of experimental and simulation results yielded several significant conclu-
sions:

- The application of an asymmetrical control strategy influenced effectively the behavior
of the DI-OEWIM system.

- Choosing the appropriate ASVPWM control strategy presents a dilemma, necessitating
thorough evaluation to achieve optimal system performance.

- Based on the findings, we give preference to the ASVPWM2 and ASVPWM4 strategies,
which not only effectively eliminate ZSV, but also improve current THD by 65% and
voltage THD by 17%. What is more, they reduce DI losses by 6% compared to the
ASVPWM1 and ASVPWM5 strategies.

Consequently, building upon the promising outcomes of this study, our future objec-
tive is to refine the ASVPWM strategies to enhance the performance of the OEWIM-DI
system in the following ways:

- We plan to employ optimization techniques aimed at adjusting the phase-shift angle
between the two inverters to optimize the overall performance of our system.

- For the ASVPWM2 and ASPVWM4 strategies, we propose implementing discontinu-
ous D-ASVPWM so that the losses are reduced and the system efficiency is improved.
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Appendix B

Table A1. DI-OEWIM parameters.

Parameter Symbol Value Unit

Rated power Pn 1500 [W]

Rated voltage Un; Vn 230; 400 [V]

Full load current Jn; In 5.7; 3.3 [A]

Frequency F 50 [Hz]

Stator resistance Rs 3.93 [Ω]

Stator inductance Ls 0.3374 [H]

Rotor resistance Rr 3.5349 [Ω]

Rotor leakage
inductance Lr 0.3374 [H]

Magnetizing
inductance Lm 0.3243 [H]

Power factor cos φ 0.77 --

Poles number P 2 --

Moment of inertia J 0.01643
[
N.m(rad/s)−1

]
Friction coefficient f 0.00138

[
Kg.m2/s

]
Rated torque Cn 10.0167 [N.m]
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