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Abstract: Continuous pulse width modulation (CPWM) and discontinuous pulse width modulation
(DPWM) strategies are used to control voltage source inverter operation. CPWM strategies allow for
the reduction of total harmonic distortion values, while DPWM strategies provide a more effective
reduction in inverter switching losses. The paper is devoted to the problem of improving the
three-phase voltage source inverter efficiency by a controlled transition from CPWM to DPWM. The
article proposes an adjustable discontinuous pulse width modulation (ADPWM) method, which
means a transition from space vector PWM (refers to CPWM strategies) to DPWM in all inverter
phases when the switches’ temperatures exceed the allowable value in at least one of the inverter
phases. The method flowchart is presented and an algorithm for modifying the envelope curve within
one sector is given. In order to test the ADPWM method a Simulink-model of a three-phase voltage
source inverter and its control system were developed. A study of the proposed ADPWM method’s
efficiency in comparison with CPWM, PCDPWM and NCDPWM methods was carried out using
a Simulink-model. It was established that the proposed ADPWM method provides dynamic losses
reduction in the inverter switches by 2.86 times compared to CPWM and by 1.89 times compared to
PCDPWM and NCDPWM methods. Power supply systems for medium and high-power AC motors
provide a promising area for application of the proposed ADPWM method.

Keywords: voltage inverter; continuous pulse width modulation; discontinuous pulse width
modulation; dynamic losses; total harmonic distortion

1. Introduction

Three-phase voltage source inverters are widely used in various industries; they are
used as the main converting devices in electric drives, uninterruptible power supplies, and
automation systems [1]. Reducing switching losses on the inverter switches (which can
reach up to 50% of the total losses) and reducing harmonic distortion of the output voltage
are important tasks for improving the efficiency of inverters. These tasks are solved by
applying various pulse width modulation (PWM) strategies [2]. Modulation strategies can
be classified into two categories including continuous pulse width modulation (CPWM)
and discontinuous pulse width modulation (DPWM) [3].

Sinusoidal PWM (SPWM) and space vector PWM (SVPWM) are two typical CPWM
strategies. SPWM is the classic PWM strategy [4]. The advantage of SPWM is the ease of
implementation based on analog microcircuits. However, a serious disadvantage of SPWM
is the incomplete DC voltage utilization factor. Currently, the preferred CPWM method is
SVPWM. SVPWM is based on the method of introducing a triangular zero-sequence signal
into phase voltages envelope curves [5,6]. An important advantage of SVPWM is the ability
to fully utilize DC voltage. DPWM strategies are characterized by the use of zero-sequence
signals of various forms to control the inverter switches [7]. DPWM strategies are aimed
at reducing switching losses by reducing the number of transistor switches in the main
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cycle with utilization factor of DC voltage preserved [8]. Using DPWM is a relatively easy
way to reduce the inverter switching loss [9]. Therefore, a large number of scientific articles
have been devoted to improving the inverter efficiency applying DPWM strategies.

A DPWM method to reduce switching losses in a three-phase inverter is presented
in [10]. A DPWM method to reduce switching losses for high power applications with low
switching frequency is studied in [11]. A space vector-based general DPWM strategy for
a low modulation region that ensures minimum switching instances by changing different
templates is presented in [12].

According to the difference of the clamped ways, the DPWM method commonly
used can be divided into the following six types, DPWM0, DPWM1, DPWM2, DPWM3,
DPWMMAX and DPWMMIN [13]. Four conventional space vector-based DPWM strategies
(DPWM0-DPWM3) for a three-level converter are presented in [14]. DPWM0-DPWM3
strategies to reduce switching losses depending on the power factor are studied in [15].
DPWM1-DPWM4 strategies for applications with large fsw to f1 ratios are considered
in [16]. Reducing inverter switching losses by using DPWM with a constant clamping
interval of 60 electrical degrees is studied in [17].

For the voltage vector, the DPWM pattern can be implemented with clamping to
a positive bus bar of the DC link (PCDPWM) or to negative (NCDPWM). In [18], PCDPWM
envelope curves were calculated through the injection of a zero-sequence signal in sinu-
soidal phase reference voltages. For NCDPWM, the algorithm is similar. In [19] it is shown
that PCDPWM and NCDPWM can reduce switching losses by 33% compared to CPWM.

Thus, according to the scientific research results, DPWM compared to CPWM reduces
switching losses in the inverter more effectively. At the same time, a common disadvantage
of DPWM strategies is an increase in the amplitude of large neutral-point voltage ripple
that influences the output voltages and currents [20]. It also increases the total harmonic
distortion (THD) value [21].

PWM methods based on adjustable transition from CPWM to DPWM are being
developed to overcome these weaknesses and provide a compromise between output
voltage harmonic distortion and switching losses.

The combination of two PWM methods was investigated by analyzing the power
losses and current THD in [22]. The effectiveness of the proposed DPWM method was
demonstrated through simulations and experiments. A method to improve system ef-
ficiency by switching CPWM and DPWM modes was proposed in [23]. The proposed
method is based on taking into account the modulation ratio. A DPWM strategy with
the ability to control the period without switching is presented in [24]. Under the pro-
posed strategy the period without switching can be adjusted within 0 to 120 electrical
degrees’ range of the main period. In the methods presented, the transition from CPWM to
DPWM is carried out disregarding the temperature of inverter switches. A combined use
of a DPWM strategy to reduce switching losses taking into account the inverter switches
temperature is proposed in [19]. However, the transition to the modified PWM method is
carried out only in the phase of the inverter where the switches’ temperatures exceed the
maximum allowable value. This can lead to unbalance in the three-phase voltage system.
Another method of transition from CPWM to DPWM was proposed in [25]. This paper
introduced a method which uses two categories of DPWM sequences. Using these two sets
of sequences a generalized algorithm was proposed which gives optimal performance both
in terms of line current distortion and inverter switching losses.

This article is devoted to the problem of increasing the three-phase voltage source
inverter efficiency by reducing switching losses through adjustable transition from SVPWM
to DPWM. The main contribution of this paper is the research and development of an
adjustable discontinuous pulse width modulation (ADPWM) method. The method implies
switching from SVPWM to DPWM in all inverter phases when the temperature of the
switches exceeds the allowable value in at least one of the inverter phases.

The novelty presented in this article concerning the ADPWM method in comparison
with relevant existing techniques lies in the stabilization of the inverter temperature by
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reducing dynamic losses. The authors expected that changing the reference voltage will
make it possible to reduce the number of transistors switching, which leads to a decrease
in dynamic losses. Thus, the thermal power released in the inverter decreases with its
temperature. However, the THD of phase currents and voltage curves increases. In this case,
applying the adjustable transition from CPWM to DPWM will smoothly reduce dynamic
losses and smoothly increase THD. The article is organized as follows: a flowchart and
a mathematical description of the proposed ADPWM method are presented in Section 2.
Section 3 is devoted to the development of a Simulink-model designed to test the proposed
method and other CPWM and DPWM strategies. Section 4 shows the proposed ADPWM
method research results in comparison with CPWM, PCDPWM, and NCDPWM methods.

2. The Proposed Three-Phase Inverter Control Method

The developed ADPWM method is illustrated by the flowchart in Figure 1.
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Figure 1. Flowchart of the developed three-phase voltage source inverter control method: 1—sector
determining unit; 2—angle inside the sector determining unit; 3—time evaluation unit of base
vector connection and the pause time; 4—phase voltage envelope curve calculating unit; 5—phase
voltage envelope curve modification unit; 6—angles of connection calculating unit; 7—switch control
pulse-generating unit; 8—PWM triangular reference voltage shaping unit.

The input data are the following:

• unit 1 input—amplitude and angle of inverter output voltage vector;
• unit 6 input—inverter radiator temperature;
• unit 8 input—PWM frequency of inverter output voltage.

Switch control pulse generation of the three-phase voltage source inverter is carried out
as follows.

After receiving input data unit 1 calculates the sixty-degree sector number in which
the inverter output voltage vector will be formed. Unit 2 calculates the output voltage
vector angle within a sixty-degree sector. Based on these data, unit 3 calculates the base
vector connection time and pause time according to the system of equations:

Tb1 = A · sin (60◦ − β);

Tb2 = A · sin (β);

T0 = 1 − Tb1 − Tb2,

(1)

where Tb1—is the connection time length of the first base vector (relative units); Tb2 is the
connection time length of the second base vector (relative units); T0—is the connection time
length of the zero-base vector (relative units); A—is the output voltage vector amplitude
(relative units); β—is the angle inside the sixty-degree sector (degrees).

Next, based on the calculated values of the base vectors’ connection time and the
pause time, unit 4 generates envelope curves of the inverter phase voltages in accordance
with the classical SVPWM algorithm [26].

Based on the radiator temperature value of the three-phase voltage source inverter,
unit 6 calculates envelope curve angles of connection of the output phase inverter voltage
to a positive or negative value of the amplitude value of inverter output phase voltage.



Energies 2022, 15, 7463 4 of 13

The duration of these segments is determined by the angle of connection. The angle of
connection maximum value can be 120 electrical degrees. Angle of connection is:

• equal to zero when the temperature of the inverter radiator is less than the threshold value;
• directly proportional to the difference between the threshold and current values of

inverter radiator temperature when the temperature of the inverter radiator is above
the threshold value.

Angle of connection is calculated using the formula:

θ =


0, T ≤ TMIN

θMAX
TMAX − TMIN

· T − θMAX · ( θMAX
TMAX − TMIN

− 1), T ≥ TMIN
(2)

where θ—is the angle of connection (electrical degrees); T—is the current radiator tempera-
ture (degrees); θMAX—is the maximum angle of connection value (θMAX = 120); TMIN—is
the minimum temperature at which the algorithm starts working; TMAX—is the maximum
temperature at which θMAX is reached.

Based on angle of connection calculated values, unit 5 modifies the envelope curves
of inverter output phase voltages. To do this, the range of clamping of phase voltages
envelope curves within each sector is calculated. In this case, only two-phase curves are
bound within one sector:

• for sector 1—curves of phases A and C;
• for sector 2—curves of C and B phases;
• for sector 3—curves of phases B and A;
• for sectors 4, 5 and 6—similar to sectors 1, 2 and 3.

The clamping ranges are calculated in accordance with the formulas:

C1 = sin (θ · π/360); (3)

C2 = sin [(π/3) − (θ · π/360)]. (4)

The flowchart of modification algorithm of envelope curve inside sector 1 is shown in
Figure 2.
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Envelope curves modification algorithm is as follows. If the section of the envelope
curve of inverter output phase voltage is within the binding range, the envelope curve
value in this section is:

• equal to the positive value of inverter output phase voltage amplitude during the
formation of a positive half-wave of inverter output phase voltage;

• equal to the negative value of inverter output phase voltage amplitude during the
formation of a negative half-wave of inverter output phase voltage.

Unit 7 compares the modified envelope curves of inverter output phase voltages and
PWM triangular reference voltage of a given frequency, which is generated by unit 8. The
control pulses of three-phase voltage source inverter switches are generated at unit 7 output.

Changing the reference voltage makes possible to reduce the number of transistors
switching, which leads to a decrease in dynamic losses. Thus, the thermal power released
in the inverter decreases with its temperature.

Thus, the proposed ADPWM method makes it possible to reduce the number of
inverter switches when inverter radiator temperature exceeds the limit value.

3. Simulation Model of the Proposed Control

To test the proposed ADPWM control method, a three-phase voltage source inverter
and its control system Simulink-model was designed. The Simulink-model layout is shown
in Figure 3.
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Figure 3. Simulink-model to test the proposed control method.

The main part of the Simulink-model is a three-phase two level voltage inverter, which
is controlled according to the proposed method. The inverter powers a three-phase symmet-
rical active-inductive load (R = 22 Ohms, L = 8 mH). The inverter is powered by a stabilized
540 V DC link. A three-phase voltage system is formed at the inverter output. The
“Three-Phase V-I Measurement” unit measures phase voltages and currents and transfers
this information to the measurement system using “OUT_Vabc” and “OUT_Iabc” labels.

The inverter control system unit is shown in Figure 4.
The Simulink-model of the inverter control system unit (Figure 4) generates inverter

switch control pulses according to the developed ADPWM algorithm as well as SVPWM,
PCDPWM, NCDPWM strategies. The adopted value of PWM carrier frequency is 4000 Hz.
The adopted value of output voltage frequency is 50 Hz.
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The Simulink-model of the measurement system unit was used to calculate and record
simulation data as shown in Figure 5.
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Figure 6. Flowchart to determine the number of transistor switches.

Transistor control pulses are received by the input of the circuit. Following this, “Detect
rise positive” unit detects the control pulse origin. “En” block determines the moment
when the pulses start to be counted in order for all transition processes to be finished in the
system. “Sum” and “Memory” blocks serve as counting mechanisms.
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4. Simulation Results and Discussion

Using the Simulink-model the efficiency of the proposed ADPWM method was studied
as compared to CPWM, PCDPWM and NCDPWM methods.

To determine root-mean square value the formula was used:

URMS(t) =

√√√√√ 1
Tout

·
t∫

t−Tout

u(t)2 (5)

where URMS—is the root mean square value of the measured parameter; TOUT—is the
output voltage period TOUT = 1/f OUT (f OUT = 50 Hz); U(T)—is the instantaneous value of
the measured parameter.

To determine total harmonic distortion of the measured parameter the formula was used:

THD = 100 ·

√
U2

2RMS + U2
3RMS + . . . + U2

40RMS

U2
RMS

(6)

To calculate dynamic losses in the inverter switches under various PWM strategies the
following formula was used:

PINV = (6 · ETS · N)/tP, (7)

where PINV—is dynamic losses in the inverter switches (W); ETS—is the power loss given
off in the switch in a single switching cycle (J); tP—is the pulse recording time (s); N—is the
number of switches during the recording time.

To determine ETS parameter IRG4PH30KDPBF transistor passport data were used.
According to passport ETS = 2.1 mJ.

4.1. Comparing the Performance of the Proposed ADPWM Method with CPWM

The comparison between the proposed ADPWM method and CPWM has been made
when operating a three-phase voltage source inverter. To simulate the proposed ADPWM
method the following temperature settings were taken: TMIN = 60 ◦C and TMAX = 100 ◦C.
Figures 7–9 show envelope curves, switch control signals, output phase voltage and current
generated by the proposed ADPWM method at 1 kHz carrier frequency and modulation
index equal to 1. The inverter load is resistor-inductive (R = 1 Ohm and L = 0.5 mH).
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The simulation results are shown in Table 1.

Table 1. Simulation results comparing CPWM and proposed ADPWM method.

CPWM ADPWM
(T = 70 ◦C)

ADPWM
(T = 80 ◦C)

ADPWM
(T = 90 ◦C)

ADPWM
(T = 100 ◦C)

N 20 16 14 10 7

URMS,B 239.3 241.6 241.9 242.2 245

IRMS,A 209.1 214.1 214.6 215 218.8

THDU,% 54.72 51.38 51.09 51.03 49.55

THDI,% 12.79 12.75 12.78 12.89 13.25

Psw,W 12.6 10.08 8.82 6.3 4.41

The inverter was controlled by CPWM method at radiator temperature below 60 ◦C
(Figure 7). In this case, the number of switches of A phase upper switch was 20 during
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the period of the inverter output voltage (0.02 s). THD of the load current was 12.7%. The
dynamic loss power (PINV) calculated by Formula (7) was 12.6 W.

At 80 ◦C radiator temperature the inverter was controlled by the ADPWM method
(Figure 8). The number of switches of A phase upper switch decreased to 13 for the period
of output voltage (0.02 s). THD of the load current increased to 12.78%. The dynamic loss
power (PINV) was 8.19 W.

At 100 ◦C radiator temperature the inverter was controlled by the ADPWM method
(Figure 9). The number of switches of A phase upper switch decreased to 7 for the period
of output voltage (0.02 s). THD of the load current increased to 13.2%. The dynamic loss
power (PINV) was 4.41 W.

The simulation results showed that the proposed ADPWM method reduced dynamic
losses in the inverter switches by 2.86 times compared to CPWM, with an increase in the
coefficient of nonlinear distortion in the current curve by 0.5%.

4.2. Comparing the Performance of the Proposed ADPWM Method with PCDPWM and NCDPWM

The comparison between the proposed ADPWM method with PCDPWM and NCD-
PWM was made when operating a three-phase voltage source inverter at various radiator
temperature values and modulation index MI. As soon as at low MI values under DPWM
strategy significant distortions in the generated voltages and currents are observed relative
to CPWM, MI values from 0.5 to 1 were adopted for the modelling. PWM carrier frequency
was adopted as equal to 4 kHz. The simulation results are shown in Tables 2–7.

Table 2. Simulation results at MI = 0.5.

PCDPWM NCDPWM ADPWM
(T = 60 ◦C)

ADPWM
(T = 70 ◦C)

ADPWM
(T = 80 ◦C)

ADPWM
(T = 90 ◦C)

ADPWM
(T = 100 ◦C)

N 53 53 79 66 53 40 28

URMS,B 176.7 174.6 175.7 199.5 219.2 236.6 254.7

IRMS,A 5.011 4.982 4.953 6.609 7.875 9.026 10

THDU,% 123.5 126.1 124.5 94.99 76.02 63.3 57.97

THDI,% 10.92 10.96 6.128 20.13 10.87 10.59 12.4

Table 3. Simulation results at MI = 0.6.

PCDPWM NCDPWM ADPWM
(T = 60 ◦C)

ADPWM
(T = 70 ◦C)

ADPWM
(T = 80 ◦C)

ADPWM
(T = 90 ◦C)

ADPWM
(T = 100 ◦C)

N 53 53 79 66 53 40 28

URMS,B 193.3 191.5 192.2 210.5 225.9 239.6 254.5

IRMS,A 5.992 5.964 5.93 7.287 8.322 9.248 10.06

THDU,% 105.1 107.4 106.3 85.11 70.57 60.42 56.09

THDI,% 9.208 9.262 5.498 15.55 9.031 8.569 10.5

Table 4. Simulation results at MI = 0.7.

PCDPWM NCDPWM ADPWM
(T = 80 ◦C)

ADPWM
(T = 90 ◦C)

ADPWM
(T = 100 ◦C)

ADPWM
(T = 110 ◦C)

ADPWM
(T = 120 ◦C)

N 53 53 79 66 53 40 28

URMS,B 208.4 207.1 207.3 220.6 231.5 242.2 253.8

IRMS,A 6.993 6.944 6.937 7.987 8.768 9.469 10.11

THDU,% 90.26 91.53 91.24 76.33 65.95 58.79 54.51

THDI,% 7.542 7.621 4.959 11.43 7.327 7.046 8.784
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Table 5. Simulation results at MI = 0.8.

PCDPWM NCDPWM ADPWM
(T = 80 ◦C)

ADPWM
(T = 90 ◦C)

ADPWM
(T = 100 ◦C)

ADPWM
(T = 110 ◦C)

ADPWM
(T = 120 ◦C)

N 53 53 79 66 53 40 28

URMS,B 222.4 221.4 221.7 231.1 238.2 245.4 254

IRMS,A 7.967 7.962 7.931 8.702 9.237 9.713 10.19

THDU,% 76.94 77.94 77.62 67.3 60.45 55.62 52.44

THDI,% 6.116 6.177 4.551 8.398 6.055 5.584 7.185

Table 6. Simulation results at MI = 0.9.

PCDPWM NCDPWM ADPWM
(T = 80 ◦C)

ADPWM
(T = 90 ◦C)

ADPWM
(T = 100 ◦C)

ADPWM
(T = 110 ◦C)

ADPWM
(T = 120 ◦C)

N 53 53 79 66 53 40 28

URMS,B 235.9 234.9 235 240.9 244.5 248.4 253.9

IRMS,A 8.965 8.918 8.914 9.415 9.7 9.959 10.27

THDU,% 64.38 65.17 65.07 58.55 54.94 52.31 50.33

THDI,% 4.967 5.012 4.313 6.147 5.178 4.686 5.912

Table 7. Simulation results at MI = 1.0.

PCDPWM NCDPWM ADPWM
(T = 80 ◦C)

ADPWM
(T = 90 ◦C)

ADPWM
(T = 100 ◦C)

ADPWM
(T = 110 ◦C)

ADPWM
(T = 120 ◦C)

N 53 53 79 66 53 40 28

URMS,B 248.3 247.7 247.6 250.3 250.8 251.4 254

IRMS,A 9.939 9.902 9.896 10.13 10.18 10.21 10.35

THDU,% 52.49 53.01 53.04 49.9 49.31 48.97 48.18

THDI,% 4.401 4.403 4.263 4.79 4.7 4.618 5.241

Dynamic losses in the inverter switches dependence for the proposed ADPWM method
and other PWM strategies is shown in Figure 10. The load current total harmonic distortion
coefficient (THDI) dependence on modulation index (MI) is shown in Figure 11.
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Figure 11. THDI on MI dependence for the proposed ADPWM method and other PWM strategies at
various inverter radiator temperatures.

The obtained results showed that the proposed ADPWM method reduced the number
of transistor switches from 79 (CPWM) to 28 for the period of the output voltage (0.02 s).
At the same time, the dynamic losses decreased from 49.77 W to 17.64 W. The proposed
ADPWM method allowed to reduce the number of transistor switches by 1.89 times com-
pared to DPWM strategies for the temperatures above 80 ◦C. Dynamic losses in the inverter
switches also decreased by 1.89 times. However, the load current total harmonic distortion
coefficient under ADPWM method is higher compared to other DPWM strategies.

Besides, at angles of connection less than 60 el. degrees (at temperature below 80 ◦C),
a significant increase in the load current THD is observed. At this point, the number of
switches is higher compared to PCDPWM and NCDPWM methods. Therefore, in further
modification of the proposed method the angles of connection less than 60 el. degrees will
not be used. The considered 60–100 ◦C temperature range was chosen as an example and
can be adjusted at any time.

The main task of the presented method was to stabilize the temperature of the inverter
by reducing dynamic losses. The THD will increase when the shape of the envelope curve
changes. The idea of an adjustable transition from CPWM to DPWM is that there should be
a smooth decrease in dynamic losses and smooth increase in THD.

It should be noted that the proposed ADPWM method shows the highest efficiency
during the voltage inverter operation on the resistance-inductive load (without pre-filters).
The most promising area of the proposed ADPWM method application is the electric drives
based on medium- and high-power AC motors. This approach can be useful in the mode of
short-term overload of the electric motor. In this case, there is an increase in current, which
leads to a thermal overload of both the motor and the inverter. In practice, the heating time
constant of the motor is much longer than that of the inverter. Therefore, the inverter fails
faster. However, the application of the presented ADPWM method will allow for the excess
thermal overload of the inverter to be removed, thereby facilitating its operation in the
described mode.

5. Conclusions

In order to improve inverter efficiency, it is important to reduce dynamic losses in
the inverter switches and total harmonic distortion coefficient. These tasks are solved
by applying continuous PWM (CPWM) and discontinuous PWM (DPWM) strategies.
However, both groups of strategies have disadvantages. CPWM strategies reduce the total
harmonic distortion coefficient, while DPWM strategies provide more efficient reduction of
dynamic losses.
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The article presents the adjustable discontinuous pulse width modulation (ADPWM)
method, which provides an adjustable transition from PWM space vector (refers to CPWM
strategies) to DPWM in all inverter phases when the switch temperature exceeds the
allowable value in at least one of inverter phases.

A flowchart explaining the principle of the proposed ADPWM method is presented
and the modification algorithm for the envelope curve within one sector is shown. The
proposed ADPWM method principle is that the inverter switches number reduction when
the inverter radiator temperature exceeds the allowable value.

The Simulink-model was developed to generate inverter switches control pulses
according to the developed ADPWM method, as well as in accordance with the CPWM,
PCDPWM and NCDPWM strategies. The Simulink-model-based research showed that the
proposed ADPWM method reduced dynamic losses in the inverter switches by 2.86 times
compared to CPWM and by 1.89 times compared to PCDPWM and NCDPWM methods. At
the same time, the load current total harmonic distortion coefficient was higher compared
to other methods.

Future work:

• testing the proposed ADPWM method using a three-phase voltage source inverter to
verify the data obtained during the simulation;

• studies of the method operation as closed voltage circuit part.
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Abbreviations

ADPWM Adjustable discontinuous pulse width modulation
CPWM Continuous pulse width modulation
DPWM Discontinuous pulse width modulation
NCDPWM DPWM strategy with clamping to negative bus bar the number of commutations
PCDPWM DPWM strategy with clamping to positive bus bar the number of commutations
PWM Pulse width modulation
SPWM Sinusoidal pulse width modulation
SVPWM Space vector pulse width modulation
THD Total Harmonic Distortion
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