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Abstract: Due to the lack of comparative studies between discontinuous pulse-width modulation and
model predictive control methods for reducing switching losses in two-level three-phase voltage source
inverter, a comparative analysis of a generalized discontinuous pulse-width modulation and two model
predictive control approaches for reducing switching losses is studied in this paper. Both generalized
discontinuous pulse-width modulation and two model predictive control approaches are described and
conducted in the simulation and experiment. The output performance is obtained by these methods after
conducting in various conditions, including switching frequency, output power, and load conditions. It
is validated that the generalized discontinuous pulse-width modulation control scheme achieves a better
control performance at steady-state, while two model predictive control schemes have better transient-
state performance with a superior dynamic. Additionally, the generalized discontinuous pulse-width
modulation approach achieves better reducing switching losses performance and has slightly higher
efficiency than that of two model predictive control approaches.

Keywords: two-level three-phase; voltage source inverter; discontinuous PWM; model predictive
control; reduce switching losses

1. Introduction

Due to the requirements of high-power demand in numerous industrial applications,
voltage source converters are used as an alternative in high-power high voltage [1–3].
Although many different converter structures are proposed with advantages such as high
efficiency, low total harmonic distortion (THD), fault tolerance, and so on [4,5], nevertheless,
the major aspect of all components used in industrial applications is cost. Therefore, a two-
level voltage source inverter (VSI) is a popular converter structure which always competes
against the cost of state-of-the-art converter structures due to its simplicity and low-cost
requirements [6,7]. However, these conventional two-level VSIs have some limitations in
operating at high frequency due to corresponding mainly with high switching losses, which
decreases the system’s efficiency. Although using low-power loss switching devices is a
simple answer, this increases the cost of the converter system. As indicated in literature, the
losses of the converter can be classified as conduction and switching losses. Among them,
the switching losses are of particular importance since they are the only losses that can
be controlled in the modulation stage. By modifying the modulation stage in the control
of converter, the switching loss of the converter can be lowered without using additional
hardware and increasing the cost of the converter system.

Numerous methods have been extensively developed in the literature to minimize the
switching loss and increase the efficiency of converter [8,9]. The most known reducing
switching loss strategy is based on carrier-based pulse-width modulation (CBPWM) method.

Machines 2023, 11, 829. https://doi.org/10.3390/machines11080829 https://www.mdpi.com/journal/machines

https://doi.org/10.3390/machines11080829
https://doi.org/10.3390/machines11080829
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0003-1784-0842
https://orcid.org/0000-0002-2890-906X
https://doi.org/10.3390/machines11080829
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines11080829?type=check_update&version=1


Machines 2023, 11, 829 2 of 17

By considering a proper zero-sequence voltage injection, discontinuous PWM (DPWM) can
be obtained, which can yield low switching losses [10,11]. In the most common DPWM
methods, the zero-sequence voltage is injected so that reference voltage of one phase is always
clamped to the positive or negative dc-rail. The clamped phase is alternated throughout
the fundamental cycle. Among several developed DPWM approaches, generalized DPWM
(GDPWM) with generalized phase-shift dependent discontinuous modulation waveforms,
which capture all of the known discontinuous modulation signals, has been discovered and
considered as the most popular strategy [12,13]. In GDPWM, the clamping duration per
fundamental period does not exceed 120◦, and the clamping interval consistently aligns with
the peak of the phase current. This strategic positioning effectively decreases the switching
losses since they are directly proportional to the current magnitude.

In addition to PWM strategies, there has been extensive research on the use of model
predictive control (MPC) for VSI due to its exclusive advantages, including intuitive
concepts, a fast dynamic response, and flexible tackling of multiple control objectives and
constraints [14,15]. Generally, MPC employs a discrete model to predict future system
states and applies one optimal switching state obtained by minimizing an objective cost
function. Employing a longer sampling time is often the straightforward approach to
decrease the switching frequency of MPC [16]. However, a more precise discrete model
is crucial to account for the dynamics of variables accurately. An alternative approach
is to limit the available switching states based on the previous switching state of the
converter [17]. Implementing this approach necessitates an additional stage of calculating
the possible switching states, which can significantly increase the processing time. A
comparable option involves predicting the switching losses and choosing the optimal
switching state using either a loss evaluation criterion as described in [18] or by adding an
additional term related to the converter loss in the cost function [19]. However, determining
the appropriate weighting factor for the additional terms is also a challenging task. To
overcome these limitations, the authors in [20] developed a predictive control method
with future zero-sequence voltage to reduce switching losses in three-phase VSI. This first
MPC scheme (MPC1) modifies the predicted reference voltages using an injected future
zero-sequence voltage to generate a clamping interval corresponding to the phase leg with
the largest output current. The second MPC scheme (MPC2), developed in [21], reduces
the switching loss of VSI by determining the clamping interval of phase leg using future
reference voltages and output currents. Once the optimal clamping interval of phase leg
is determined, the possible switching states are selected in a manner that maintains the
switching state of a corresponding phase leg.

This proposed work investigates a comparative study of the performance of reducing
switching loss control schemes, including GDPWN, MPC1, and MPC2 approaches, using
in two-level three-phase VSI. The steady-state and transient-state performance have been
observed and analyzed during various conditions. In Section 2, a two-level three-phase
VSI system used in simulation and experiment, reducing switching loss control schemes,
is presented. Section 3 presents the simulation and experiment results, as well as output
performance comparison under various conditions. Section 4 concludes this paper.

2. System and Reducing Switching Losses Control Schemes of VSI
2.1. Two-Level Three-Phase VSI

The typical topology of a two-level three-phase VSI is shown in Figure 1a. In Figure 1a,
Vdc refers to dc-link voltage, while Cdc represents the dc-link capacitor. Sx1 and Sx2 denote
the upper and lower switch of phase −x (x = a, b, c) in VSI. The VSI is connected to a RL
load. The phase −x output current is denoted by iox(x = a, b, c). Figure 1b depicts the
experiment setup, which consists of a two-level three-phase VSI connected to an RL load.
The control algorithms are implemented on a control board using a digital signal processor
(DSP) board (TMS320F28335). The DSP receives the output current signals through the
current sensors. Using the sensed signals, the DSP operates the control algorithm to
generate appropriate switching signals to the power switches of VSI. The control algorithm
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in DSP is implemented using the Code composer studio (CCS) tool after connecting DSP
and the computer through JTAG debug probe.
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Figure 1. (a) Typical two-level three-phase VSI configuration, (b) corresponding experiment setup of
two-level three-phase VSI.

2.2. Reducing Switching Losses Control Schemes

The operating principle of GDPWM is explained first. Next, MPC1 and MPC2 ap-
proaches are described.

As indicated earlier, CBPWM has the capability to achieve various control objectives by
adding distinct zero-sequence voltages vZSV to reference voltage vre f ,x for each phase [22].
Equation (1) represents vmod,x (x = a, b, c), the modified reference voltage of phase −x
after adding vZSV to vre f ,x. The CBPWM technique for the VSI varies depending on which
voltage is employed as the zero-sequence voltage in (1)

vmod,x = vre f ,x + vZSV (x = a, b, c) (1)

DPWM is distinguished by the ability to decrease switching losses by keeping the
switching state during a designated period. Regarding control of VSI using DPWM, the
non-switching interval is 120◦ in each phase. Among different available DPWM methods,
the GDPWM is the most effective in reducing switching losses. This can be achieved by
keeping the switching state unchanged when the corresponding absolute output current
is the largest. The implementation of GDPWM involves using a zero-sequence voltage,
calculated as follows.

vZSV =

{
0.5Vdc − vmax, i f |imax| > |imin|
−0.5Vdc − vmin, i f |imin| > |imax|

(2)

In (1), vZSV indicates the zero-sequence voltage or offset voltage to implement GDPWM.
vmax and vmin denote the maximum and minimum among vre f ,a, vre f ,b, and vre f ,c, respectively.
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Additionally, imax represents the output current in the phase with the largest reference voltage.
Conversely, imin is the output current in the phase with the smallest reference voltage. The
implementation of GDPWM-based proportional-integral (PI) control is achieved by employing
the current control scheme and PWM technique, as shown in Figure 2.
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Figure 2. Control block diagram of GDPWM-based PI control.

Different from conventional MPC for two-level three-phase VSI, the two MPC ap-
proaches use predictive voltage for the prediction process. The future reference voltage
vectors vre f ,x(k) can be determined from the measured output current iox(k) and corre-
sponding reference current iox,re f (k) as follows.

vre f ,x(k) =
1

Tsp

{
Liox,re f (k + 1) +

(
RTsp − L

)
iox(k)

}
(x = a, b, c) (3)

In (3), Tsp denotes the sampling time. This equation (3) indicates that when the
converter voltage vx(k) at time instant k is set to vre f ,x(k), the current iox(k) will be identical
to its corresponding reference current iox,re f (k + 1). Hence, to regulate the output current
using predictive voltage for prediction process, the task is to select one voltage vector from
the eight possibilities that meet the requirements set by the given cost function below.

gv =
∣∣∣vre f ,x(k)− vx(k)

∣∣∣ (4)

The complete control block of MPC using predictive voltage is depicted in Figure 3.
In the MPC1 approach, future voltage vectors vre f ,x(k) are modified by injecting a future

zero-sequence voltage to generate a clamping interval corresponding to the phase leg with
the largest output current. The MPC1 generates the future zero-sequence voltage vZSV(k) in a
way that the modified future reference voltage vmod,x(k) after adding vZSV(k), allowing for
clamping one leg that conducts the corresponding largest output current to either the positive
or negative dc-rail. The future zero-sequence voltage can be calculated as follows.

vZSV(k) =
{

1− vnre f ,max(k), i f |imax(k)| > |imin(k)|
−1− vnre f ,min(k), i f |imin(k)| > |imax(k)|

(5)
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where vnre f ,max(k) and vnre f ,min(k) represent the normalized maximum and normalized
minimum reference voltages. Depending on the absolute magnitude of maximum and
minimum reference currents, imax(k) and imin(k), respectively, the phase leg corresponding
to vnre f ,max(k) or vnre f ,min(k) will be clamped to either the positive or negative dc-rail. The
entire block diagram of MPC1 is depicted in Figure 4.
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Instead of modifying the future reference voltage, the MPC2 approach identifies the
most optimal phase among three-phase legs to be clamped in every sampling period.
Similar to the MPC1 approach, the future reference voltages vre f ,x(k) are sorted depending
on their magnitude to find out the maximum and minimum future reference voltages,
vre f ,max(k) and vre f ,min(k), respectively. Between the two-phase legs corresponding to
vre f ,max(k) and vre f ,min(k), the phase with a higher reference current is clamped to the
positive or the negative dc-rail. After one of the three-phase legs in VSI is determined
to be clamped, a switching strategy will preselect possible voltage vectors that allow for
clamping the corresponding phase leg. It has been shown that each phase leg of VSI has
four available voltage vectors that maintain the switching state of the corresponding switch.
The entire block diagram of MPC2 is depicted in Figure 5.
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Figure 5. Block diagram of MPC2.

3. Performance Comparison and Analysis

This section presents the output performance of three-phase VSI acquired by imple-
menting GDPWM, MPC1, and MPC2. The condition for simulation and experiment to
analyze the performance of three control schemes are shown the same as in Table 1. The
load angle in this study describes the phase angle difference between voltage and current
caused by RL load. The simulation is conducted using PSIM simulation program, whereas
the experiment is conducted by using the prototype in Figure 1b.

Table 1. Parameters in simulation and experiment.

Parameter Value

GDPWM MPC

dc-link voltage Vdc (V) 220

dc-link capacitance (µF) 680

Load resistor R (Ω) 10

Load inductor L f (mH) 10

Load angle (degree) 20

Sampling time Tsp (µs) 50

Fundamental frequency f (Hz) 60

Carrier frequency fc (kHz) 7 x

Reference current (A) 5 5

Proportional gain Kp 5 x

Integral gain Ki 100 x

Concerning the PSIM simulation program, it is specialized software designed for
electronic circuit simulation that is primarily used to create power electronics and motor
drive simulations, as well as other electronic circuits [23]. PSIM stands out with its user-
friendly graphical interface, simplifying the setup and simulation of intricate power circuits
for power electronics engineers. Although MATLAB and PSpice also offer graphical
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interfaces, they are more commonly used through scripting and coding, which may require
greater expertise [24]. Moreover, PSIM boasts interactive simulation capabilities, enabling
users to modify parameter values and observe voltages/currents during simulations. An
added advantage of PSIM is its built-in C compiler, allowing users to input C code directly
into the program without the need for separate compilation, facilitating the implementation
of functions or control methods with ease and flexibility. Additionally, PSIM supports the
Thermal Module, enabling the calculation of semiconductor device losses (conduction and
switching losses) based on device information from manufacturers’ datasheets.

The principle of MPC method is to select the optimal switching option that minimizes
a cost function, and as a result, no commutation is compelled during every sampling period.
In fact, a single switching state can serve as the optimal selection for two or more sample
periods. This characteristic results in a variable switching frequency. The average switching
frequency per power device fsw_avg will be defined as the average value of the switching
frequencies of the six controlled power semiconductor devices in the VSI circuit. Thus

fsw_avg =
2

∑
i=1

fSxi

6
(x = a, b, c) (6)

where fSxi is the switching frequency during a time interval of the power semiconductor
device number i (i = 1, 2) of phase −x (x = a, b, c). For a fair comparison, the carrier
frequency fc and sampling frequency fsp are set to achieve similar average switching
frequency in both GDPWM and MPC methods.

Figure 6 illustrates the output current waveforms and corresponding switching pat-
terns at steady state obtained by the GDPWM, MPC1, and MPC2 methods in both simula-
tion and experiment. The output currents acquired through three control schemes exhibit
sinusoidal waveforms and demonstrate accurate magnitude and phase. Both GDPWM and
MPC methods are capable of tracking the reference current. The phase −a output current
ioa obtained by three control schemes shows a negligible deviation from the corresponding
reference current ire f a, as shown in Figure 6a–c. As can be seen from the switching patterns
of three-phase legs, all three approaches have similar non-switching intervals in each phase,
where each phase is clamped to either the positive or negative dc-rail for 120◦ in one
fundamental period.
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Regarding the dynamic performance, Figure 7 illustrates the output current waveforms
at transient-state obtained by the GDPWM, MPC1, and MPC2 methods in simulation and
experiment. The transient state is generated by applying an abrupt change in the magnitude
of reference current from 2.5 A to 5 A. It should be noted that as the PI controller in the
GDPWM method requires enough time to achieve the first steady state corresponding to
2.5 A of magnitude of reference current, this means that the output current correctly follows
the output current reference. Therefore, the left-hand side figure in Figure 7 has the origin of
time not equal to zero. In this manner, the dynamic performance of the output current can
be evaluated. It can be seen that in Figure 7b,c, the MPC methods exhibit superior dynamic
performance where the output current immediately changes its magnitude following the
change of corresponding reference current with a negligible overshoot in both simulation
and experiment results. Meanwhile, the GDPWM method requires more time to achieve
the change of reference current. Thus, transient-state performance of MPC methods is
better than the GDPWM approach with less settling and rise time, which are required to
achieve the desired set point.
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The calculated values from simulation results are presented to thoroughly assess output
performance, switching frequency, and switching loss reduction capability obtained by the
GDPWM, MPC1, and MPC2 methods. The power losses are calculated by the thermal module
in the PSIM simulation program by using parameters from the IGBT module’s datasheet
(Semikron SK60GM123). Figure 8a–e illustrate the performance comparison between GDPWM,
MPC1, and MPC2 methods regarding switching frequency, output current THD, and power
losses. As indicated earlier, the switching frequency and sampling frequency are set to achieve
a comparable average switching frequency obtained by three control schemes. As shown in
Figure 8a, the phase and average switching frequencies acquired by GDPWM, MPC1, and
MPC2 approaches are similar. The comparable average switching frequency is achieved at
approximately 4.7 kHz. In Figure 8b, the phase and average switching frequencies obtained
by three control schemes are presented. It can be realized that the GDPWM method generates
output currents with the lowest THD value. Meanwhile, the MPC1 and MPC2 approaches
have higher average THD than that of GDPWM by about 37% and 35%, respectively. The
difference of output current THD between MPC and MPC2 methods is negligible. Regarding
the power loss performance, Figure 8c–e show that the three control schemes have similar
conduction loss. The two MPC approaches also have similar switching loss and total loss,
but the GDPWM shows lower switching loss compared to the two MPC approaches. The
two MPC approaches have higher total switching loss and total loss than that of GDPWM by
about 16% and 11%, respectively.
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Figure 8. Simulated performance comparison. (a) Switching frequency, (b) Output current THD,
(c) Conduction loss, (d) Switching loss, (e) Total loss.

To further assess the performance between GDPWM, MPC1, and MPC2 methods,
the comparison among three methods is conducted under various conditions, including
different switching frequencies, different output powers, and different load conditions.
First, the output performance comparison is conducted under different switching frequency
conditions. As shown in Figure 9a, the carrier frequency in GDPWM method and sampling
frequency in MPC methods are increased to change the switching frequency. It should be
noted that the carrier and sampling frequencies are adjusted to achieve similar average
switching, as shown in Figure 9a. Thanks to the increase in switching frequency, the
average current THD decreases. It can be seen in Figure 9b that the average output current
THD obtained by three methods decreases following the rise of switching frequency. It
can be noticed that the output current obtained by two MPC methods is higher than that
of GDPWM. The difference in output current THD between GDPWM method and two
MPC methods ranges from 20% to 35%. Because the conduction loss is not affected by
the switching frequency, the conduction obtained by GDPWM and two MPC methods
is similar. Meanwhile, the switching loss and total loss increases following the rise of
switching frequency. The two MPC approaches have higher switching loss and total loss
compared to that of GDPWM by about 16% and 11%, respectively. Thus, GDPWM has
slightly higher efficiency than the two MPC methods, as shown in Figure 9f.
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Figure 9. Simulated performance comparison versus various switching frequency conditions.
(a) Switching frequency, (b) Output current THD, (c) Conduction loss, (d) Switching loss, (e) Total
loss, (f) Efficiency.

The output performance comparison, conducted under different output power condi-
tions, is shown in Figure 10a–f. As shown in Figure 10a, the carrier frequency in GDPWM
method and sampling frequency in MPC methods are adjusted to achieve similar average
switching following the variation of output power condition. Following the increase of
output power, the average current THD obtained by three control schemes decreases. It
can be seen in Figure 10b that the average output current THD obtained by three methods
decreases following the rise of output power. It can be noticed that the output current
obtained by two MPC methods is higher than that of GDPWM. The difference of output
current THD between GDPWM method and two MPC methods ranges from 10% to 35%.
Because the conduction loss is not affected by the switching frequency, the conduction
obtained by GDPWM and two MPC methods are similar, as shown in Figure 10c. However,
due to the increase in output power, the corresponding conduction loss increases as well.
Meanwhile, the switching loss and total loss increase following the rise of output power.
The difference in switching loss between the two MPC methods and GDPWM method
decreases when the output power increases. This difference is highest at 1 kW output power
of 26%, while it is lowest at 10 kW output power of about 10%, as shown in Figure 10d.
Consequently, the difference of total loss between the two MPC methods and GDPWM
method decreases when the output power increases. This difference ranges from 5% to 13%
depending on the output power conditions, as shown in Figure 10e. In terms of efficiency,
the GDPWM method has slightly higher efficiency than the two MPC approaches.
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Figure 10. Simulated performance comparison versus various output power conditions (a) Switching
frequency, (b) Output current THD, (c) Conduction loss, (d) Switching loss, (e) Total loss, (f) Efficiency.

Figure 11a–f illustrate the comparison of output performance under various load condi-
tions. To modify the phase angle, the output inductance of the VSI is increased. As shown
in Figure 11a, the carrier frequency in GDPWM method and sampling frequency in MPC
methods are appropriately adjusted to achieve similar average switching following the varia-
tion of load condition. Following the increase of load phase angle, the average current THD
obtained by three control schemes decreases significantly. It can be seen in Figure 11b that the
average output current THD obtained by three methods decreases following the rise of load
phase angle. It is noticed that the output current obtained by two MPC methods is higher
than that of GDPWM. The difference of output current THD between GDPWM method
and two MPC methods decreases following the increase of phase angle. Additionally, this
difference is slight. Because the conduction loss is not affected by the switching frequency, the
conduction obtained by GDPWM and two MPC methods are similar, as shown in Figure 11c.
Simultaneously, the switching loss and total loss experience a relative increase as the load
phase angle rises. As the load phase angle increases, the difference in switching loss between
the two MPC methods and the GDPWM method diminishes. This difference is highest at 10◦

load phase angle of about 33%, while it is lowest at 75◦ load phase angle of about 10%, as
shown in Figure 11d. As a result, the contrast in total loss between the two MPC methods and
the GDPWM method diminishes with an increase in the load phase angle. The variation in
this distinction ranges from 6% to 11%, varying following the conditions of the load phase
angle, as depicted in Figure 11e. In terms of efficiency, the GDPWM method has slightly
higher efficiency than the two MPC approaches.
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Figure 11. Simulated performance comparison versus various load conditions. (a) Switching fre-
quency, (b) Output current THD, (c) Conduction loss, (d) Switching loss, (e) Total loss, (f) Efficiency.

The PWM method does not require the information of load, so it is not affected when
a parameter mismatch of load or even an unbalanced load exists. Meanwhile, the load
information is crucially required for the prediction model. The behavior of MPC1 and MPC2
methods under parameter mismatch of load inductance, including various performances
such as average THD, %error of output current, average switching frequency, and total
loss, are shown in Figure 12a–d. The horizontal axis of line charts in Figure 12 presents
the difference between the model parameter inductance and the actual inductance. As
shown in Figure 12a, the output current THD acquired by the MPC2 method is maintained
well under load inductance error. The output current THD obtained by the MPC1 method
increases considerably when the load inductance error exceeds 35%. In Figure 12b, the
%error of output current obtained by the MPC1 significantly increases by about 60% when
the load inductance error is 50%. The %error of output current obtained by the MPC2
significantly increases when the model parameter inductance is lower than the actual
inductance. Meanwhile, when the model parameter inductance is higher than the actual
one, the %error of output current obtained by the MPC2 method slightly decreases. When
the model parameter inductance is lower than the actual one, the MPC1 method has a
similar average switching frequency. However, when the model parameter inductance is
higher than the actual one, the average switching frequency decreases. This leads to the
reduction of total loss obtained by the MPC1 method, as shown in Figure 12d. Contrastingly,
the average switching frequency of MPC2 method decreases when the model parameter
inductance is lower than the actual one and vice versa.
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Figure 12. Simulated performance comparison versus parameter mismatch of load inductance.
(a) Output current THD, (b) %error of output current, (c) Switching frequency, (d) Total loss.

The behavior of MPC1 and MPC2 methods under parameter mismatch of load resistance,
including various performances such as average THD, %error of output current, average
switching frequency, and total loss, are shown in Figure 13a–d. The horizontal axis of the line
charts in Figure 13 presents the difference between the model parameter resistance and the
actual resistance. As shown in Figure 13a, the output current THD obtained by two MPC
methods is maintained well under load resistance error. The output current THD slightly
changes, even when the load resistance error is 50%. In Figure 13b, the %error of output
current obtained by the MPC1 significantly increases by about 60% when the load resistance
error is 50%. The %error of output current obtained by the MPC2 slightly increases when the
model parameter resistance is lower or higher than the actual resistance. In case the model
parameter resistance is lower than the actual one, the average switching frequency obtained
by two MPC methods increases, while the average switching frequency slightly decreases
when the model parameter resistance is higher than the actual one. As for total power loss,
the total loss of MPC1 method increases in the case that the load resistance error is higher than
35%. Meanwhile, the MPC2 method maintains a similar total loss when the model parameter
resistance is higher than the actual one. It can be realized that the effect of load resistance
mismatch is lower than the load inductance mismatch.

The behavior of MPC1 and MPC2 methods under parameter mismatch of load resis-
tance, including various performances such as average THD, %error of output current,
average switching frequency, and total loss, are shown in Figure 13a–d. The horizontal
axis of the line charts in Figure 13 presents the difference between the model parameter
resistance and the actual resistance. As shown in Figure 13a, the output current THD
obtained by two MPC methods is maintained well under load resistance error. The output
current THD slightly changes, even when the load resistance error is 50%. In Figure 13b,
the %error of output current obtained by the MPC1 significantly increases by about 60%
when the load resistance error is 50%. The %error of output current obtained by the MPC2
slightly increases when the model parameter resistance is lower or higher than the actual
resistance. In case the model parameter resistance is lower than the actual one, the average
switching frequency obtained by two MPC methods increases, while the average switching
frequency slightly decreases when the model parameter resistance is higher than the actual
one. As for total power loss, the total loss of MPC1 method increases in case the load
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resistance error is higher than 35%. Meanwhile, the MPC2 method maintains a similar total
loss when the model parameter resistance is higher than the actual one. It can be realized
that the effect of load resistance mismatch is lower than the load inductance mismatch.
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Figure 13. Simulated performance comparison versus parameter mismatch of load resistance. (a) Out-
put current THD, (b) %error of output current, (c) Switching frequency, (d) Total loss.

4. Conclusions

Control algorithms for GDPWM and two MPC approaches for reducing switching
losses in two-level three-phase VSIs have been presented. The performance of these
approaches has been thoroughly evaluated and compared using both simulation and exper-
iment results under various conditions. It should be highlighted that all control schemes
have been thoroughly designed and tuned to achieve optimal performance. This involves
careful consideration of the average switching frequency, and appropriate tuning of the
PI gain to ensure a fair comparison among them. As for steady-state performance, the
GDPWM approach gives the best performance with relatively low output current THD
compared to two MPC approaches. On the other hand, MPC1 and MPC2 approaches
have faster current transient than the GDPWM scheme. Different from the non-required
tuning process in MPC1 and MPC2 approaches, GDPWM requires more effort and com-
plexity. However, the MPC approaches require precise load information for predictive
model generation. Regarding reducing losses performance, at the same average switching
frequency, the GDPWM has a lower switching loss compared to the two MPC approaches
by approximately 10%. Thus, the efficiency of VSI implemented by GDPWM is slightly
higher than that of the two MPC approaches. Table 2 shows a summary of comparative
results between GDPWM, MPC1, and MPC2 methods based on the operating principle,
and simulation results.

Table 2. Summary of performance comparison.

Performance
Control Method

GDPWM MPC1 MPC2

Average output current THD Lowest High High

Switching frequency/loss reduction capability Highest High High
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Table 2. Cont.

Performance
Control Method

GDPWM MPC1 MPC2

Efficiency Highest High High

Dynamic response Slow Fast Fast

Effect of load inductance mismatch Non-affected High Low

Effect of load resistance mismatch Non-affected High Low

Author Contributions: Conceptualization, S.K. and S.C.; methodology, S.K. and S.C.; software,
M.H.N.; validation, M.H.N.; formal analysis, M.H.N.; investigation, M.H.N.; resources, S.K.; data
curation, M.H.N.; writing—original draft preparation, M.H.N.; writing—review and editing, S.K.
and S.C.; visualization, M.H.N.; supervision, S.K.; project administration, S.K.; funding acquisition,
S.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) Grant funded
by the Korea Government, Ministry of Science and ICT (MSIT) under Grant 2020R1A2C1013413; and
by the Technology Development Program to Solve Climate Changes through the NRF funded by the
MSIT under Grant 2021M1A2A2060313; and the Korea Institute of Energy Technology Evaluation and
Planning (KETEP) and the Ministry of Trade, Industry & Energy (MOTIE) of the Republic of Korea (No.
20214000000280).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bo, Z.; Dongyuan, Q. Overview of High-voltage Converters. In Multi-Terminal High-Voltage Converter; IEEE: Piscataway, NJ, USA,

2019; pp. 1–33.
2. Kirby, N. Current Trends in dc: Voltage-Source Converters. IEEE Power Energy Mag. 2019, 17, 32–37. [CrossRef]
3. Zhang, Y.; Adam, G.P.; Lim, T.C.; Finney, S.J.; Williams, B.W. Voltage source converter in high voltage applications: Multilevel

versus two-level converters. In Proceedings of the 9th IET International Conference on AC and DC Power Transmission, London,
UK, 19–21 October 2010.

4. Rana, R.A.; Patel, S.A.; Muthusamy, A.; Lee, C.W.; Kim, H.-J. Review of Multilevel Voltage Source Inverter Topologies and
Analysis of Harmonics Distortions in FC-MLI. Electronics 2019, 8, 1329. [CrossRef]

5. Bughneda, A.; Salem, M.; Richelli, A.; Ishak, D.; Alatai, S. Review of Multilevel Inverters for PV Energy System Applications.
Energies 2021, 14, 1585. [CrossRef]

6. Bin, W.; Mehdi, N. Two-Level Voltage Source Inverter. In High-Power Converters and AC Drives; IEEE: Piscataway, NJ, USA, 2017;
pp. 93–117.

7. Leon, J.I.; Kouro, S.; Franquelo, L.G.; Rodriguez, J.; Wu, B. The Essential Role and the Continuous Evolution of Modulation
Techniques for Voltage-Source Inverters in the Past, Present, and Future Power Electronics. IEEE Trans. Ind. Electron. 2016, 63,
2688–2701. [CrossRef]

8. Picas, R.; Zaragoza, J.; Pou, J.; Ceballos, S.; Konstantinou, G.; Capella, G.J. Study and Comparison of Discontinuous Modulation
for Modular Multilevel Converters in Motor Drive Applications. IEEE Trans. Ind. Electron. 2019, 66, 2376–2386. [CrossRef]

9. Wu, Y.; Shafi, M.A.; Knight, A.M.; McMahon, R.A. Comparison of the Effects of Continuous and Discontinuous PWM Schemes on
Power Losses of Voltage-Sourced Inverters for Induction Motor Drives. IEEE Trans. Power Electron. 2011, 26, 182–191. [CrossRef]

10. Ojo, O. The generalized discontinuous PWM scheme for three-phase voltage source inverters. IEEE Trans. Ind. Electron. 2004,
51, 1280–1289. [CrossRef]

11. Jiang, W.; Jiang, H.; Liu, S.; Ji, S.; Wang, J. A Carrier-Based Discontinuous PWM Strategy for T-Type Three-Level Converter with
Reduced Common Mode Voltage, Switching Loss, and Neutral Point Voltage Control. IEEE Trans. Power Electron. 2022, 37, 1761–1771.
[CrossRef]

12. Asiminoaei, L.; Rodriguez, P.; Blaabjerg, F.; Malinowski, M. Reduction of Switching Losses in Active Power Filters with a New
Generalized Discontinuous-PWM Strategy. IEEE Trans. Ind. Electron. 2008, 55, 467–471. [CrossRef]

13. Nguyen, T.D.; Hobraiche, J.; Patin, N.; Friedrich, G.; Vilain, J.P. A Direct Digital Technique Implementation of General Discontinu-
ous Pulse Width Modulation Strategy. IEEE Trans. Ind. Electron. 2011, 58, 4445–4454. [CrossRef]

14. Vazquez, S.; Rodriguez, J.; Rivera, M.; Franquelo, L.G.; Norambuena, M. Model Predictive Control for Power Converters and
Drives: Advances and Trends. IEEE Trans. Ind. Electron. 2017, 64, 935–947. [CrossRef]

https://doi.org/10.1109/MPE.2019.2897406
https://doi.org/10.3390/electronics8111329
https://doi.org/10.3390/en14061585
https://doi.org/10.1109/TIE.2016.2519321
https://doi.org/10.1109/TIE.2018.2847621
https://doi.org/10.1109/TPEL.2010.2054837
https://doi.org/10.1109/TIE.2004.837919
https://doi.org/10.1109/TPEL.2021.3106767
https://doi.org/10.1109/TIE.2007.896554
https://doi.org/10.1109/TIE.2010.2102311
https://doi.org/10.1109/TIE.2016.2625238


Machines 2023, 11, 829 17 of 17

15. Rodriguez, J.; Pontt, J.; Silva, C.A.; Correa, P.; Lezana, P.; Cortes, P.; Ammann, U. Predictive Current Control of a Voltage Source
Inverter. IEEE Trans. Ind. Electron. 2007, 54, 495–503. [CrossRef]

16. Zanchetta, P.; Gerry, D.B.; Monopoli, V.G.; Clare, J.C.; Wheeler, P.W. Predictive Current Control for Multilevel Active Rectifiers
with Reduced Switching Frequency. IEEE Trans. Ind. Electron. 2008, 55, 163–172. [CrossRef]

17. Rivera, M.; Kouro, S.; Rodriguez, J.; Wu, B.; Yaramasu, V.; Espinoza, J.; Melila, P. Predictive current control in a current source
inverter operating with low switching frequency. In Proceedings of the 4th International Conference on Power Engineering,
Energy and Electrical Drives, Istanbul, Turkey, 13–17 May 2013; pp. 334–339.

18. Vargas, R.; Ammann, U.; RodrÍguez, J. Predictive Approach to Increase Efficiency and Reduce Switching Losses on Matrix
Converters. IEEE Trans. Power Electron. 2009, 24, 894–902. [CrossRef]

19. Wang, L.; He, J.; Han, T.; Zhao, T. Finite Control Set Model Predictive Control with Secondary Problem Formulation for Power
Loss and Thermal Stress Reductions. IEEE Trans. Ind. Appl. 2020, 56, 4028–4039. [CrossRef]

20. Kwak, S.; Park, J.C. Predictive Control Method with Future Zero-Sequence Voltage to Reduce Switching Losses in Three-Phase
Voltage Source Inverters. IEEE Trans. Power Electron. 2015, 30, 1558–1566. [CrossRef]

21. Kwak, S.; Park, J.C. Switching Strategy Based on Model Predictive Control of VSI to Obtain High Efficiency and Balanced Loss
Distribution. IEEE Trans. Power Electron. 2014, 29, 4551–4567. [CrossRef]

22. Mattoo, B.A.; Bhat, A.H. Comparative Analysis of Various PWM Techniques for Voltage Source Inverter. In Proceedings of the 2022 1st
International Conference on Sustainable Technology for Power and Energy Systems (STPES), Srinagar, India, 4–6 July 2022; pp. 1–6.

23. PSIM User’s Guide; Powersim Inc.: Rockville, MD, USA, 2020.
24. Khader, S.; Hadad, A.; Abu-aisheh, A.A. The application of PSIM & Matlab/Simulink in power electronics courses. In Proceedings

of the 2011 IEEE Global Engineering Education Conference (EDUCON), Amman, Jordan, 4–6 April 2011; pp. 118–121.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1109/TIE.2006.888802
https://doi.org/10.1109/TIE.2007.903939
https://doi.org/10.1109/TPEL.2008.2011907
https://doi.org/10.1109/TIA.2020.2991646
https://doi.org/10.1109/TPEL.2014.2304719
https://doi.org/10.1109/TPEL.2013.2286407

	Introduction 
	System and Reducing Switching Losses Control Schemes of VSI 
	Two-Level Three-Phase VSI 
	Reducing Switching Losses Control Schemes 

	Performance Comparison and Analysis 
	Conclusions 
	References

