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Simulation for a Dual Inverter Feeding a Three-Phase Open-End Winding Induction Motor:
A Comparative Study of PWM Techniques
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The high level of electrical energy consumption of induction motors widely used in the
industrial sector has increased interest in this sector to search for strategies to improve
energy efficiency in order to save energy. During the last decade, the use of power
inverters for speed control system applications in induction motors has increased
considerably. Its main advantage is its capacity to improve energy efficiency, which
depends mainly on the modulation technique used. In this paper, a comparative analysis
of the output voltage behaviour of a three-phase dual inverter using an open-end winding
induction motor was performed. For the comparative analysis, four modulation
techniques: 1. Sinusoidal Pulse Width Modulation (SPWM), 2. Alternative Phase
Opposite Disposition Pulse Width Modulation (APOD-PWM), 3. Third Harmonic
Injection Pulse Width Modulation (THI-PWM), and 4. Carrier Based Space Vector Pulse
Width Modulation (CB-SVPWM), were applied. The comparison of the simulation results
was carried out using the PSim software.
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1. INTRODUCTION The wide use of induction motors is due to their simple and

robust construction, lower cost and because they provide

Currently, one of the main challenges facing the industry is
to reduce its high level of electricity consumption. In Mexico,
the tariff for electricity generation is one of the highest in the
world. Compared to U.S. electricity tariffs, the industry in
Mexico pays an average of 25% more for the energy consumed
[1]. Figure 1 shows the distribution of electricity consumption
in Mexico in 2017, approximately 53% corresponds to the
industrial sector [2]. Subsequently, in Figure 2 this percentage
of consumption is subdivided into four sections: Motors,
Refrigeration, Process and Illumination. The highest
percentage corresponds to electric motors, with the use of
induction motors predominating at 65%. Therefore, the
industrial sector realizes enormous efforts to improve the
efficiency in this type of motors.

The distribution of electricity consumption in Mé&ico

oo
4% \

7.36%

B Industrial [122 TWh]
B Residential [47 TWh]

9.09% @ Commercial and public service [21 TWh]

52.81%

Agriculture/Forestry [8 TWh]
Losses [17 TWh]

Transport [1 TWh]

B Own uses of energy

Figure 1. Distribution of electricity consumption in Mexico
in 2017
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excellent service with little maintenance. However, its main
drawback is its limitation to regulate its speed. An alternative
solution is to use direct current motors which will result in a
more expensive solution, due to their high maintenance costs

3.

The consumption of electricity on industry

Tllumination
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Figure 2. Distribution of electricity consumption in the
industrial sector
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Fortunately, the use of power inverters has made it possible
to control the speed of these induction motors to adapt them to
the demand of the load. Even small changes in the motor speed
result in significant changes in power consumption [4, 5].

The inverters generate an alternating current from a DC
power source. Ideally, an inverter should provide an output
voltage with a pure sine waveform, at the desired frequency
and magnitude. However, it is possible that it can contain
harmonic contamination, causing the motors to operate at a
reduced efficiency and performance [6].
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Power semiconductor devices such as switches (e.g. BJT,
MOSFET, IGBT, etc.) are used in the construction of the
inverter. By applying a trigger signal to the gate, these devices
operate in the cut-off and saturation regions. The inverter
output voltage signal is obtained by varying the conduction
time of these switching devices. Using a suitable switching
sequence in the inverter contributes to reduce Total Harmonic
Distortion (THD) in the output voltage delivered to the load.

In this paper, four Pulse Width Modulation (PWM)
techniques applied to a dual inverter are compared by
simulation in order to analyze their advantages and limitations.
The rest of the paper is organized as follows: section 2 contains
a brief description of the advantages and disadvantages of the
different inverter topologies used to vary the speed of
induction motors. Section 3 describes the operation of the
open-end winding induction motor. Section 4 includes a brief
analysis of the operation of the dual inverter. The PWM
techniques used in this paper are explained in Section 5. The
simulation results obtained, and a comparative analysis of the
output voltage waveform obtained by the dual inverter are
presented in Section 6. Finally, the conclusions are presented
in Section 7.

2. POWER INVERTERS

Figure 3 shows a conventional three-phase inverter,
composed of three branches of power semiconductor devices
(PSDs). Depending on the switching sequence used in the
PSDs, the inverter is capable of producing three levels in the
output voltage waveform. Therefore, the thermal and electrical
stresses in semiconductor devices are high [6].

The induction motors supplied by the inverter present
various problems, such as noise, vibration, motor bearing
failure, overvoltage, among others. As the switching
frequency of semiconductor devices increases, these
drawbacks increase [7].
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Figure 3. Three-phase full bridge inverter (Conventional)

An alternative to overcome the problems associated with
conventional inverters is to use multilevel topologies. Figure
4 shows a three-phase cascade multilevel inverter. Multilevel
inverters synthesize the output voltage in a stepped waveform.
The main advantages offered by these topologies are lower
switching losses, less stress on semiconductor devices, a
considerable increase in power capacity, higher output signal
quality and THD reduction, among others [8]. However, its
main disadvantage is the number of power semiconductor
devices used.

In the literature, three classic multilevel inverter topologies
have been proposed: Neutral Point Clamped Multilevel
Inverter (NPC-MLI), Flying Capacitor Multilevel Inverter
(FC-MLI), Cascaded H-bridge Multilevel Inverter (CHB-
MLI). A disadvantage of these inverters is that as the number
of levels increases, the number of semiconductor devices also
increases significantly, and the modulation techniques
required are more complex [8, 9]. However, using the
topology of the dual inverter is possible to obtain the same
number of levels as in a multilevel inverter, but using a smaller
number of power semiconductor devices (PSDs). For example,
a three-phase five-level CHB-MLI uses 24 PSDs. In contrast,
the five-level dual inverter uses only 12 PSDs.
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Figure 4. Three-phase 5-level cascade H-bridge multilevel inverter



3. OPEN-END WINDING INDUCTION MOTOR

Currently, the three-phase induction motor in a star-
connection (Y-connection) is widely used in the industry (See
Figure 5-1). The Y-connection is achieved by joining one
terminal of each one of the three coils (A, B', C' of Figure 5-
I1) to a common point, which we call a neutral point (N). This
point is usually connected to the earth ground.

In the Y-connection, each phase behaves as a single-phase
system and consumes 4 to 8 times the nominal current when
starting-up since it requires a very large initial power to
overcome the motor statics. As the motor rotates, the current
decreases until it reaches the nominal current. One way to
reduce the starting current (excessive power consumption) is
to use a low-voltage start-up circuit. An interesting proposal
for reducing the voltage at the motor terminals is to use open-
end windings.
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Figure 5. Connection diagram: I) Star (Y) and Il) Open-end

Open-end windings are obtained by disconnecting the
neutral point of the conventional Y-connection motor, as
shown in Figure 5-11. This configuration has six terminals
instead of three and, requires two conventional three-phase full
bridge inverters to powered both sides of the induction motor.

4. DUAL INVERTER

In the last decade, the dual inverter has gained much
importance as a speed variation system in induction motors.
The dual inverter consists of two conventional three-phase
inverters (anti-parallel mounted), each powered by a DC
power supply, as shown in Figure 6. The separate DC power
supply is used for individual inverters to block the flow of
harmonic currents.

The main benefits offered by this topology are: precise
voltage control at the motor terminals [10-12], improved
output voltage (with stepped multilevel waveforms) [13], and
improved motor performance in terms of speed range [14, 15].

In addition, the dual topology can include a fault
reconfiguration system, increasing its reliability. This system
will allow the motor to continue to operate in conjunction with
the non-faulted inverter, in the event of a fault in any of the
inverters (i.e. double material redundancy).

In adual inverter, there are 12 power semiconductor devices,
and each power switch has two possible switching states:
"ON" and "OFF". Therefore, there are 2°12=4096 possible
combinations or switching states. Of these possible states,
there are many states that are not allowed because they are

windings short or open circuit states.
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Figure 6. Dual inverter feeding an open-end winding induction motor

Table 1. Switching states of the three-phase inverter

State
SO
S1
S2
S3
S4
S5
S6
S7

Switching Function

PP OOORFRPFO
POORFR,RORFrROO
P RPRPPOOOCO

In a conventional three-phase inverter, there are eight
possible switching states (see Table 1), where the states S1-S6
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are called active switching states, which connect the load to a
potential difference (Vpc+, Vbc.). The remaining switching
states SO and S7, are called zero states when these are activated,
they short-circuit the load to a zero potential difference using
the lower or upper switches [16]. The configuration of the
eight possible operating states of the conventional three-phase
inverter is shown in Figure 7.

A conventional three-phase inverter has 8 possible
switching states and the dual inverter (see Figure 7) consists
of two conventional inverters connected to a load. Therefore,
it is possible to obtain 64 possible switching states. Three
voltage levels are obtained at any phase of the load, i.e. the
Vaa' Voltage can reach the -Vpc, 0, +Vpc voltage levels. The



phase voltages of inverter 1 are Van, Ven and Ven. For inverter
2, the phase voltages are: Van, Ven, Von.

The line voltage (phase-to-phase voltage) is measured
across two windings. Therefore, there is a potential difference
and is expressed as follows:

Vaa=Van-Van (D
Vee =Ven-Ven 2
Vee =Ven-Ven 3)

In a conventional three-phase inverter, there are eight
possible switching states (see Table 1), where the states S1-S6
are called active switching states, which connect the load to a
potential difference (Vbc+, Vbc.). The remaining switching
states SO and S7, are called zero states when these are activated,
they short-circuit the load to a zero potential difference using
the lower or upper switches [16]. The configuration of the
eight possible operating states of the conventional three-phase
inverter is shown in Figure 7.
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Figure 7. Configuration of the eight possible operating states

of the conventional three-phase inverter
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Figure 8. Dual inverter configuration scheme using PWM
techniques

The ideal waveform of the output voltage at the inverter
output is a pure sine waveform. However, has harmonic
distortion that can be reduced by using a switching sequence
suitable for power semiconductor devices. An alternative to
reduce harmonic distortion in high-power converters is to use
PWM techniques as shown in Figure 8.
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5. PWM TECHNIQUES

There are a variety of modulation techniques used in the
control of three-phase inverters; one of the most widely used
is Pulse Width Modulation (PWM). The PWM technique
consists of modifying the duty cycle of a periodic signal (e.g.
a sinusoidal waveform), to generate a square wave of a
constant frequency with variable pulse duration, controlling
the amount of energy delivered to the load. The output voltage
changes as a function of the pulse width of the duty cycle,
which can vary from 0 to 100% of the wave period.

Using PWM techniques is possible to reduce the switching
losses, improving the efficiency of the converter and reducing
the harmonic content in the output voltage waveform. In
electric drives, the harmonic content generates undesirable
effects (e.g. heating in the motor windings, and additional
losses due to negative sequence effects.), deteriorating the
useful lifetime of the motor.

To commutate the PSDs of each three-phase inverter in the
dual topology, three sinusoidal modulation signals (one per
phase) are required, shifted 120°with respect to each other.
Furthermore, depending on the number of levels desired at the
output, two or more carrier signals are required. Figure 9
shows the PWM modulation scheme for a three-phase 2-level
inverter.
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Figure 9. PWM modulation scheme for a three-phase 2-level
inverter (conventional)

In this paper, a comparative analysis of four variants of
PWM techniques, widely used as drives in induction motors,
was carried out. The PWM techniques analyzed are briefly
described below:

5.1 Sinusoidal pulse width modulation (SPWM) technique

In the Sinusoidal Pulse Width Modulation (SPWM)
technique, modulation is achieved by comparing a sinusoidal
signal with a triangular carrier wave to generate trigger signals
for semiconductor devices.

The modulating signal (Vm1) is given by:

Vin, =Am,sin(2nf;, t) 4)

where,
Am1: Amplitude of the modulating sinusoidal signal (Volts).
fm1: Frequency of the modulating sinusoidal signal (Hertz,
Hz).
t: Time (seconds, s).
The carrier signal (V1) is given by:



N
V1 =A, {; arcsin [sm [anct-gjﬂ (5)
where,

Ac: Amplitude of the triangular carrier signal (Volts).

fe: Frequency of the triangular carrier signal (Hertz, Hz).

The amplitude modulation (m) ratio between the
modulating signal and the carrier is given by:

m=Ap, /Ac (6)

The frequency modulation (fy) ratio can be expressed as
follows:
o =T, /e (7

Figure 10 shows the signals for the phase A, using the
SPWM technique with m=1 and number of pulses f,=50.
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Figure 10. Signals using SPWM. 1) Modulating and carrier signals for phase A, 11) and 111) Switching signals for Swl and Sw2,
respectively

5.2 Alternative phase opposition disposition PWM
(APOD-PWM) technique

In the APOD-PWM technique, the carrier signal is replaced
by two carrier signals shifted one from the other by 180°. In
addition, the carrier signals are offset: one on a positive DC
level and the other on a negative DC level.

The modulating signal (V1) is expressed in the same way
as the previous technique in Equation (4).

The carrier signals (V. and Vy) are given by:

- 2 b

Ve, 7A, {; arcsin [sm [anct-z)ﬂ +Ag,
— 2 - - n

Ve, 7A, ;arcsm sin anct+5 A,

Vel Ve2

®)

)

Vml

where,

Aci: Amplitude of the triangular carrier signal number one
(Volts).

Ac: Amplitude of the triangular carrier signal number two
(Volts).

fe: Frequency of the triangular carrier signal (Hertz, Hz).

t: Time (seconds, s).

As a rule, the magnitude value of the amplitude of the
carrier signals must be equal, therefore Vi = Voo =V..

The amplitude modulation (m) ratio between the
modulating signal and the carrier is given by:

m=An, /(2A;) (10)

The frequency modulation (fi,) ratio can be expressed by Eq.

.
Figure 11 shows the signals for the phase A, using the
APOD-PWM technique with m=1 and f,=50.
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Figure 11. Signals using APOD-PWM. I) Modulating and carrier signals for phase A, I1) and I11) Switching signals for Sw1 and
Sw2, respectively
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5.3 Third harmonic (THI-PWM)

technique

injection PWM

In the THI-PWM technique, the modulating signal is a
composite sine wave signal, resulting from the sum of two sine
wave signals. For the composite sine wave, it is integrated by
a fundamental signal, and a zero-sequence signal with
amplitude 16 and with three times the frequency of the
fundamental signal.

The modulating signal (Vm1) is given by:

Vel Ve2 Vml

i (anmlt) (11)

Vi, :Amlsin(anmlt)-A :

The carrier signals (V.1 and V) are given by the Eqns. (8)
and (9) respectively.

The amplitude modulation (m) ratio between the
modulating signal and the carrier is given by Eq. (10).

The frequency modulation (fi,) ratio can be expressed by Eq.
).

Figure 12 shows the signals for the phase A, using the THI-
PWM technique with m=1 and f,=50.
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Figure 12. Signals using THI-PWM. 1) Modulating and carrier signals for phase A, Il) and I11) Switching signals for Sw1 and
Sw2, respectively

5.4 Carrier based space vector PWM (CBSV-PWM)
technique

In this technique, the modulating signal results from the sum
of a sinusoidal signal at a fundamental frequency with a
triangular signal at three times frequency and 1/4 the
amplitude of the sinusoidal signal, and compared to a periodic
triangular carrier signal.

The modulating signal (Vm1) is given by:

(13)

The carrier signals (V.1 and V) are given by the Eqns. (8)
and (9) respectively.

The amplitude modulation (m) ratio between the
modulating signal and the carrier is given by Eq. (10).

The frequency modulation (fi,) ratio can be expressed by Eq.
).

Figure 13 shows the signals for the phase A, using the
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Figure 13. Signals using CBSV-PWM. 1) Modulating and carrier signals for phase A, I1) and I11) Switching signals for Sw1l and
Sw2, respectively
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6. SIMULATION RESULTS

In this paper, a comparative analysis of the output voltage
behaviour of a three-phase dual inverter was performed. The
four modulation techniques (SPWM, APOD-PWM, THI-
PWM, CB-SVPWM), briefly described in Section 5, were
applied. The comparative analysis was carried out using the
simulation results obtained with the PSim software. The
schematic diagram is shown in Figure 14 and the simulation

triangular shapes shown in the schematic simulation diagram,
placed between the comparators and the terminals of the
MOSFETSs gates, are called on/off controllers. Additionally,
because the gate signals from devices in the same branch must
be complementary, an inverter type digital gate or NOT is
placed.

Table 2. Switching states of the three-phase inverter

parameters used are shown in Table 2. Parameter Value
Figure 14 shows two H-bridge circuits connected to a load Input voltage (Voc) 310V
of a three-phase induction motor. Each circuit is labelled with Load resistance 100 Q
its respective name "Inverter 1" and "Inverter 2", each Load inductance 0.01 mH
traditional three-phase inverter circuit is composed of six Switching frequency 3 kHz
. . . e Output voltage frequency 60 Hz
MOSFETSs devices. For the simulation of this circuit, the : A
. - . . - Simulation time 50ms
SPWM techr_uque (brlef[y described in Section 5.1) was Simulation step 50Us
initially applied to both inverters. However, for Inverter 2, Phase shift angle (c)) From 0°to 180°
phase shift angles (a) varying from 0° to 180° were added. The
S30ms Inverter 1 Inverter 2
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A7 RS
l\/\_fY'\ \\
A B B’ ;
DCC—-) ( AN 1] C—D\ De
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Figure 14. Schematic diagram for the simulation of the dual inverter feeding an open-end winding induction motor

6.1 Simulation results in stable operating mode

Figure 15 shows the voltage obtained using the SPWM
technique, measuring at the motor terminals (Vaa’) when
inverter 2 is with a 180<phase shift (Figure 15-1) and when it
is at 90=(Figure 15-11), with respect to inverter 1. As can be
seen, when varying the phase angle between the inverters, the
voltage at the load (the voltage provided by both inverters) is
affected proportionally. When the phase shift angle of inverter
2 is 180=(see Figure 15-1), it can be seen that the modulation
waveform covers almost the entire period. In contrast, when
the phase shift angle of inverter 2 is 90 °(see Figure 15-11), the
voltage modulation waveform covers about half of the period.
Finally, when the phase shift angle is 0=on inverter 2, the
voltage modulation waveform will appear at the 0V level.

Figure 16 shows the waveform of the V ag voltage obtained
using the CB-SVPWM technique, a 5-level voltage waveform
is observed. It is important to note, that each three-phase
inverter provides a 3-level waveform (a positive level, a
negative level, and the zero level). The figure shows only 5
levels instead of 6 because the zero levels are repeated in both
inverters.
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Figure 16. Voltage Vag obtained using the CB-SVPWM
technique

6.2 Comparative Results

To verify the behaviour of the dual inverter output voltage
(Vaa’), a comparative analysis was performed using four
modulation techniques. These techniques were briefly
described in Section 5. In order to carry out the comparison
properly, the following conditions were maintained for each
inverter:

Inverter 1.-The modulation technique used remained fixed,
i.e. Phase A with an angle of 0°and Phases B and C at -120°
and 120 “respectively, taking Phase A as a reference.

Inverter 2.- The same modulation technique used in
Inverter 1 was used with a phase shift (o) from 0° to 180° with
respect to Phases A, B and C of inverter 1, increasing in 10°
intervals.

Figure 17 shows the behaviour of the output voltage
waveform Vaa, varying the phase shift angle of inverter 2,
using the four modulation techniques briefly described in
Section 5. The comparative results obtained from the
simulation. As can be observed, the SPWM technigue is best
suited for the DC bus because it gets a higher output voltage
value. However, exhibits a non-linear behaviour, which
complicates the implementation of some traditional control
technique.

The APOD-PWM technique shows a behaviour with greater
linearity compared to the other techniques analysed. However,
it also has the lowest voltage levels. The THI-PWM and CB-
SVPWM techniques exhibit relatively linear and balanced
behaviour with respect to each other. However, they have
higher voltage values compared to those obtained with APOD-
PWM modulation.
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Figure 17. Behaviour of the voltage Vs, varying the phase
shift angle of inverter 2, using four modulation techniques
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7. CONCLUSIONS

In this paper, a comparative analysis of the output voltage
behaviour of a three-phase dual inverter was performed, using
an open-end winding induction motor as load. Four
modulation techniques (SPWM, APOD-PWM, THI-PWM,
CB-SVPWM) were applied. The comparative analysis was
carried out using the simulation results obtained with the PSim
software.

According to the results obtained, with the SPWM
technique a more effective use of the DC bus is obtained
during a wider modulation range (except at an angle of 1809,
exhibiting non-linear behaviour which complicates the control
strategy. In contrast, the THI-PWM and CB-SVPWM
techniques provide a higher voltage at an angle of 180<and
exhibit linear behaviour.

The APOD-PWM technique exhibited linear behaviour.
However, exhibited lower voltage levels compared to the other
techniques.

From the comparative analysis carried out, it can be
concluded that the CB-SVPWM technique obtained a better
trade-off between the complexity of the control and the output
voltage.
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