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ABSTRACT This paper presents an efficient independent phase switching loss reduction technique for 2-
level 3-phase voltage source inverters. A modified carrier-based pulse-width modulation algorithm, named
per-phase discontinuous pulse-width modulation, is used to generate various non-switching intervals for the
phase leg having the worst aging state by injecting a proper zero-sequence voltage to reference voltages.
The non-switching intervals result in keeping a specific phase leg from switching to decrease the switching
frequency and corresponding loss. The careful determination of variable clamping intervals aims to achieve
a desirable decrease in the per-phase switching frequency of 2-level 3-phase voltage source inverters while
ensuring that the output performance is not much degraded. The decrease in switching frequency and
corresponding switching loss exerts a positive impact on the thermal stress of power semiconductor devices,
resulting in improving the reliability of voltage source inverters. To evaluate the performance of the proposed
method, the conventional carrier-based space vector modulation, 3-phase generalized discontinuous pulse-
width modulation, and a discontinuous pulse-width modulation using hybrid offset voltage are implemented
along with the proposed method. The accuracy and efficiency of the proposed method are validated using
both simulation and experimental data.

INDEX TERMS Lifetime, voltage source inverter, discontinuous pulse-width-modulation, loss reduction,
reliability.

I. INTRODUCTION

It is quite unusual to come across an electrical energy system
that does not make use of power electronics in today’s world.
High power density, high efficiency, low cost, and small size
are the criteria used to evaluate commercial power electronics
converters. However, maintaining reliability in these power
converters can cause difficulty while attempting to achieve
these characteristics because it has an impact on their price
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and lifetime [1], [2], [3]. This is especially true for a renew-
able energy system that works in harsh environments.
Because power devices are the most vulnerable compo-
nents in power electronic systems, component reliability is a
crucial factor in many failures or faults [4], [S]. Consequently,
the lifetime of these components significantly influences
the reliability and availability of power electronics systems.
Temperature-related aging failure is one of the power switch
failure mechanisms. Thermal stress accounts for 60% of the
failures in a power semiconductor device, according to [6]
and [7]. Thus, it can be shown that the temperature of power
semiconductor devices, which is a result of energy loss during
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operation, has a significant impact on the converter’s life-
time and reliability. Bond-wire fatigue, for example, is one
of the primary failure mechanisms in insulated-gate bipolar
transistors (IGBTs) devices produced by cycling fluctuations
in junction temperature (7;) and temperature difference (AT ;)
[8]. Improving component reliability by controlling the power
loss of semiconductor devices is, hence, an indirect method
of enhancing the reliability of power converters.

Switching loss of power semiconductor devices is
primarily influenced by switching frequency, which is a loss-
dependent characteristic. In general, the junction temperature
of a converter is often adjusted using the switching fre-
quency, but this approach can negatively impact the output
performance in lower-level systems [9]. For a 2-level inverter
used in an adjustable speed drive application, a switching
frequency reduction strategy based on the junction tem-
perature variation was proposed in [10]. The fundamental
idea behind the well-known discontinuous pulse-width-
modulation (DPWM) [11], [12], [13] strategy is to clamp
the reference voltage to upper or lower dc-rail for a spe-
cific duration. By doing so, the corresponding power switch
will not change its state, effectively reducing switching loss
during that period. During clamping period, reduced power
loss of device leads to a decrease in both the mean value and
variance of junction temperature. In [ 14], a hybrid modulation
controller selects between SVPWM and DPWM and reduces
switching frequency according to the device degradation
level to reduce the thermal stress of converter. Other output
power-based thermal control techniques were investigated in
[15] and [16]. These techniques lessen power loss by adjust-
ing the output power in each power system cell in accordance
with the state of aging. Although the goal of thermal control
methods, such as reducing switching frequency, modifying
the modulation strategies, and adjusting output power, is to
increase the lifetime of power devices and corresponding
systems, these methods should account for the associated
costs and achieve a balance between them.

Potential failure sources for power semiconductor devices
have been identified, including manufacturing methods [17].
It causes a typical distortion in the components’ quality,
which causes various aging situations. Additionally, this may
be impacted by unequal stress or previous failures in one
of them, such as the replacement of a defective compo-
nent. Nevertheless, the previously mentioned active thermal
control methods fail to consider the possibility that the con-
verter’s phase legs might experience different aging states,
thus not fully enhancing the overall reliability of the con-
verter. Another technique for controlling switching loss at the
device level is existing gate control. Loss is influenced by gate
voltage and driving resistance; the link between gate voltage,
resistor, and power device lifetime has been determined based
on a precise field mission profile [18]. The output current
ripple of the converter is unaffected by gate control; however,
gate control does necessitate an extra circuit. This increases
the complexity of the system. Saturation voltage and
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switching loss are both influenced by the gate drive voltage.
As a result, the loss of power devices can be regulated. The
on-state resistance and power losses of power transistors tend
to rise when their operating temperature rises. Hence, it is
advised to compensate for this by increasing the amplitude of
the applied driving level [19]. However, this technique’s need
for exact control of the voltage level makes it impractical.
Additionally, the author in [20] proposed a control scheme
for a 3-phase 4-wire converter. The objective of this approach
is to regulate the output power of each phase leg based on its
individual aging condition. However, that method is limited
due to the converter structure. Recently, a DPWM technique
using hybrid offset voltage to lower switching loss in the
phase leg having the worst aging condition is proposed in
[21]. In this DPWM hybrid offset method, the load output cur-
rents are used to determine the non-clamping and clamping
regions, where both generated offset voltage of space vector
PWM (SVPWM) and generalized DPWM (GDPWM) are
respectively injected. However, due to using output currents
to determine the non-clamping and clamping regions without
considering the reference voltages, this method is not effec-
tive at large load angle conditions (low power factor). Another
attempt in [22] develops a model predictive control (MPC)
scheme with offset voltage injection in predicted reference
voltage to generate a non-switching interval for the phase leg
having the worst aging state. Although this per-phase MPC
scheme can attain minimum switching loss for the phase
leg having the worst aging state by generating a total of
240° clamping region, it increases switching frequency in
remaining phases results in higher switching loss.

It can be seen that only limited research has been car-
ried out to increase the reliability of converters with active
thermal control, which aims at reducing the power loss and
corresponding junction temperature of specific phase leg
or semiconductor devices during operation while limiting
the additional losses using a modified modulation control
strategy. A per-phase DPWM strategy for precise control of
individual phase switching frequency to reduce correspond-
ing switching loss, which can be achieved as the proper
zero-sequence voltage (ZSV) is added to the modulation
signal while maintaining good output performance for 2-level
3-phase voltage source inverter (VSI). To address the reliabil-
ity of the VSIs, each phase of the converter is expected to have
adifferent aging state. This method reduces the switching loss
of the phase leg having the worst aging state in the 2-level
3-phase VSI, which increases the corresponding lifetime in
phase leg and entire VSI. The differences and advantages of
the proposed method include:

(1) Control switching loss of the most aged leg instead of
entire converter.

(2) Achieving minimum switching loss in the most aged
leg by generating a total of 240° clamping interval (equal to
a two-third fundamental cycle) instead of only 120° clamp-
ing interval as in conventional DPWM methods. Hence,
the switching frequency reduction obtained by the proposed
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FIGURE 1. 2-level 3-phase VSI with RL load circuit diagram.

per-phase DPWM method in a particular phase leg can reach
to about 67% instead of 33% in conventional DPWM meth-
ods. Additionally, this is effective at any load conditions.

(3) The proposed method guarantees the output per-
formance of 2-level 3-phase VSI not too much degraded
(i.e., total harmonic distortion (THD)) by combining both
SVPWM and DPWM in ZSV generation. Meanwhile, the
conventional 3-phase DPWM notably reduces the output per-
formance of VSI.

(4) The proposed method does not require additional hard-
ware and is straightforward to implement in a practical
system.

The proposed per-phase DPWM approach is validated for
its precision and effectiveness through both simulation and
experimental tests. The evaluation and comparison of pro-
posed per-phase DPWM method compared to conventional
SVPWM, 3-phase GDPWM, and DPWM hybrid offset [21]
techniques are included to verify the corresponding advan-
tages of proposed approach.

Il. CONVENTIONAL CBPWM FOR VSI

Fig. 1 depicts a 2-level 3-phase VSI in which the neutral
point n is isolated, preventing the presence of a neutral current
route. The inverter voltage, vy, (x = a, b, ¢), is the voltage at
the phase x terminal with respect to the negative dc bus n.
When the upper switch S,;; is ON, and the lower switch is
OFF, leading to vy, = V. On the other hand, when the upper
switch S,1 is OFF, and the lower switch is ON, leading to
vin = 0. Hence, the inverter voltage can be described as

Vin = Sx1 X Ve ey

where Sy equals to 1 or 0, which corresponds to ON-state
and OFF-state of upper switch, respectively.

In terms of common-mode voltage, the common-mode
voltage vemy is defined as the voltage v, between the neutral
point o of load and the middle-point g of the dc-link voltage
in VSI. The common-mode voltage can be written with the
terminal voltages with respect to the mid-point of the dc-link
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FIGURE 2. Block diagram of CBPWM.

FIGURE 3. Waveforms of a normalized reference voltage, ZSV, and
generated modulation signals of SVPWM.

voltage as

Vag + Vbg + Veg
3

As aresult, in the case of CBPWM implementation, differ-
ent types of ZSVs can be injected to the reference modulation
waves, as shown in Fig. 2.

In the CBPWM methods, the non-sinusoidal modulation
signal (viyoax (x = a, b, ¢)) can be expressed as follows:

@

vemy =

Vmoda = Vrefa + VZSV
Vmodb = Vrefa + VZSV (3)
Vimode = Vrefa + VZSV

where Vyefa, Viefp, and vz are the sinusoidal reference signals
and vzyg is the ZSV signal. The sinusoidal reference voltage
signal can be expressed as follows:

Vrefa = VrefCOS(ZJTfI)
Vrefy = Vyercos2mft — 2n/3) 4)
Vrefe = VierCOSQmft + 27[/3)

where Vs is the magnitude of the reference voltage signal, f
is the fundamental frequency.

Sinusoidal PWM (SPWM) is the oldest and most popu-
lar PWM scheme for 3-phase VSIs. The SPWM approach
compares three pure sinusoidal modulation signals with a
triangular carrier waveform, and the result is a null ZSV
signal.

vZsVispwyy = O 5

However, a number of PWM techniques have been pro-
posed in an effort to improve the under-utilization of dc-link
voltage as a result of the issue. In this instance, the ZSV signal
is altered to improve the voltage linearity of modulator.
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The SVPWM approach is another popular modulation
method [23]. As illustrated in Fig. 3, it is well known that for
carrier-based modulation, the addition of ZSV, vzsy selected
as (6) to the sinusoidal reference signals places the nonzero
voltage vector (effective voltage vector) in the middle of a
sampling period. When compared to the SPWM approach,
it offers an optimal switching sequence, which has several
benefits, including lower harmonic currents and a higher
available modulation index.

Vinax + Vi
VZSVisvewag = _M (6)
Vinax = max (Vrefu: Vrefbs Vrefc) @)
Vinin = min (Vrefav Vrefb, Vrefc) (®)

To reduce the switching loss of VSI, a carrier-based mod-
ulation named DPWM is widely used [11]. Only two phases
are modulated in discontinuous modulation, while the third
phase is clamped to either the positive Vg, / 2 or negative
—Vae / 2 rails. It is preferable to have the most current flowing
through since the phase that is clamped has no switching
losses. Thus, the GDPWM [12], [13] is based on both inverter
reference voltage Viefa, Vrefs» Vrefe and the inverter output
current iyg, ipp, ipe to achieve optimal clamping intervals cor-
responding to the highest load current. Depending on whether
the leg conducts a greater output current, the GDPWM will
specify the maximum reference voltage V4 and minimum
reference voltage Vi, which being clamped to positive or
negative dc-rail. To avoid changing the state in the phase
leg conducts the largest output current, modified modulation
waves are generated by the reference voltage signal with
injected ZSV. The ZSV is calculated as follows:

Ve oy .
VZSV[GDPWM] = 7 - Vmaxlf |lmax| > |lmin|

2 ©

VZSV[GDPWM] = ) - lel’llf‘ |lmax| < |lmm|

where i, and i,,;, are the maximum and minimum values
of reference output currents or measured output currents,
respectively. As depicted in Fig. 4, the clamping region of
modulation signal v;,,4, is corresponding to the highest value
of phase a current.

lll. PROPOSED PER-PHASE DPWM FOR INDEPENDENT
SWITCHING LOSS REDUCTION METHOD

The previous sections show how various CBPWMs could
be implemented through the addition of a ZSV signal in a
VSI. Although the DPWM strategies significantly decrease
the switching loss in converters, the output performance
would be degraded because of switching frequency reduction.
As indicated earlier, the producing techniques, uneven stress,
and prior replacement might lead to different aging states
among the legs of 3-phase VSIs. On the other hand, the
useful lifetime of the VSI is detected based on the lifetime
of most aged semiconductor devices. It means that when a
semiconductor device is broken, the VSI will stop working.
Therefore, in order to increase the lifetime of VSI or avoid
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FIGURE 4. Waveforms of normalized reference voltage, ZSV, generated
modulation signals, and output currents in GDPWM.
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FIGURE 5. Possible clamping intervals in case phase a is phase leg having
the worst aging state.

as much as failure in the most aged semiconductor devices,
a modified CBPWM method based on DPWM for per-phase
switching frequency control is proposed whereby the phase
leg having the worst aging state is operated under lower
switching frequency to improve its lifetime.

The basic idea of the proposed per-phase DPWM method
is only generating non-switching intervals for the phase leg
having the worst aging state, whereas the two remaining ones
keep switching normally. This allows both to lower switching
frequency of the phase leg having the worst aging state and
not affect the output performance too much. To implement the
proposed scheme, in the non-switching interval of the phase
leg having the worst aging state, the ZSV signal related to
the DPWM is injected into the reference voltages of both
3-phase legs of VSI. Meanwhile, in the switching interval,
the ZSV signal calculated as in SVPWM is added to guar-
antee the output performance. It should be noted that the
ZSV is injected during the non-switching interval of positive
and negative dc-rail to ensure even loss distribution in the
phase leg.

Assuming that phase a is phase leg having the worst
aging state, Fig. 5 depicts the possible clamping intervals
for phase a. Fig. 5 illustrates the phase a output current and
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normalized reference voltages of 3-phase legs. The red parts
indicate the possible clamping interval where the semicon-
ductor devices are not switching or keeping the previous state
of phase a, while the remaining parts indicate the impossi-
ble clamping intervals. As shown in Fig. 5, the maximum
possible non-switching angle 6, 4, is 120°(27w / 3). During
each clamping (non-switching) interval, the upper (lower)
switch is clamped to the ON state. It results in the reduc-
tion of the corresponding switching frequency. Additionally,
due to the clamping interval of 120° includes the time that
phase a current with the largest magnitude is conducted,
the corresponding switching loss of phase a is significantly
reduced. The non-switching angle can be varied from 0° to
120°, where 0° is equivalent to continuous modulation. In this
study, continuous modulation is considered as SVPWM. The
variable clamping (non-switching) intervals can be calculated
and determined by using the instantaneous value of phase
reference voltage as follows:

0,
Vrefa = VryefCOS ( nzsw)

5 (10)
n_sw
—Vyercos ( > )

By varying the value of the non-switching angle from 0°
to 120°, the corresponding width of the non-switching inter-
val will be changed consequently. Apparently, the highest
On_sw at 120° will decrease the most switching loss. This
makes a critical difference between the proposed method and
previous conventional 3-phase DPWM and recent per-phase
DPWM methods, where the clamping interval is limited to
60°. From (8), the ZSV can be generated for per-phase control
as follows:

\Y

IA

Vrefa

_ Vdc . >V en_sw
vZSV[perphaxeDPWM] - 2 - Vrefxlfvrf;fx - refCOS 2

Ve R On_sw
vZSV[perphaseDPWM] = 2 _Vrefxlfvrefx S_Vrefcos 2

_ Vmax + Vmin

vZSV[perphaseDPWM] - 2 Othercases

(11)

At the clamping (non-switching) interval, the ZSV is pro-
duced according to (11), whereas at the switching interval, the
ZSV is calculated using SVPWM. For example, 6, 5, = 60°,
the phase a reference voltage vy, the generated ZSV vzgy,
and the resulting modulation signal of phase av;;p4, are shown
in Fig. 6. The red parts indicate the 60° clamping interval,
whereas the white parts indicate the non-clamping interval.

Fig. 7 illustrates the flow diagram detailing the generation
of the ZSV in the proposed approach. First, the maximum
reference voltage and minimum voltage are determined at
every sampling instant. The magnitude of the reference volt-
age is calculated for the determination of the non-switching
interval by comparing the instantaneous value of reference
voltage and the predefined value based on the desired non-
switching angle. The determined conditions will specify the
particular value of the ZSV. As indicated in (11), during the
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FIGURE 7. Flow chart of ZSV generation of the proposed method.

non-switching interval, the ZSV takes values of (Ve /2—Vyef:)
or (—=V4ce/2 — vyef). On the other hand, during the switching
interval, the ZSV is determined using SVPWM and is calcu-
lated as —0.5(Vyax + Vinin)-

Fig. 8 illustrates the block diagram of the proposed
per-phase DPWM with ZSV generation. The differences
between measured phase currents and corresponding refer-
ence currents are sent to proportional-integral (PI) controllers
to produce the reference voltage. The generated ZSV vzgy is
injected to reference voltages to produce modulation voltage
signals, which will be compared with the carrier signal to
produce a switching pattern for each phase.

IV. VERIFICATION RESULTS

A. SIMULATION RESULTS

Simulations were conducted in PSIM software to validate the
proposed technique. As depicted in the previous section, the
2-level 3-phase VSI is connected to R — L load, which is
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TABLE 1. 2-level 3-phase VSI parameters.

Parameters Value
dc input voltage V. (V) 200
dc-link capacitance (uF) 680
Load inductor Ly (mH) 10
Load resistor R (Q) 10
Carrier frequency (kHz) 20

modeled in PSIM software. The parameters of 2-level 3-phase
VSI are listed in Table 1.

Fig. 9(a) — (d) shows the simulated waveforms obtained by
proposed approach at various non-switching angles, where
the output currents, generated ZSV signal and modulation
signals, and corresponding switching pattern waveforms in
phase a are shown. Output current waveforms at various
non-switching angles exhibit sinusoidal characteristics and
accurately maintain the appropriate magnitude and phase.
It can be seen from the switching signal in phase a, the
proposed per-phase DPWM scheme prevents upper and lower
switches of phase a from switching at different non-switching
intervals thanks to the clamping period of modulation signal.
Meanwhile, in phases b and ¢, the modulation signals do not
contain clamping period. At switching intervals, switches are
operated normally as in SVPWM scheme. The magnitude of
the non-switching interval increases when the non-switching
angle rises. Fig. 9(d) shows that the highest non-switching
angle at 120° can keep the switches of phase a from
switching for the longest time, resulting in a significant reduc-
tion of switching frequency and switching loss.

Fig. 10 shows the change in output performance follow-
ing the increase of non-switching angle, ranging from 0°
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to 120°. The non-switching angle at 0° is equivalent to
the continuous modulation, which is SVPWM in this case.
In Fig. 10(a), the change in phase a load current THD and
average THD of VSI are shown as the non-switching angle
increases. Regarding phase a load current THD, it increases
from 0.37% at continuous modulation to 0.61% at 120°
non-switching angle. The percentage increase is about 64%.
In terms of average THD, at 0° non-switching angle or contin-
uous modulation, both 3-phase legs are operated at the same
switching frequency, which results in the same load current
THD among three phases and average value. The average
THD also increases following the rise of the non-switching
angle but with a smaller amount due to the two remaining
phases being operated with the same switching frequency as
continuous modulation. It allows for reducing the degradation
of VSI output performance. At 120° non-switching angle,
the average THD increases by about 40% compared with
continuous modulation. Fig. 10(b) and (c) show the change of
power loss as the non-switching angle rises. Fig. 10(b) shows
the conduction and switching losses in phase a. It can be seen
that the conduction loss of phase a slightly increases when the
non-switching angle increases. At 120° non-switching angle,
the conduction loss of phase a is 7.42W, which is equivalent to
about a 5% increase. Meanwhile, the switching loss sharply
decreases as the non-switching angle increases. In continu-
ous modulation, phase a switching loss is extremely high at
20.54W. However, at 120° non-switching angle, it decreases
by approximately 80% at 4.24W. The total loss of VSI,
as shown in Fig. 10(c), decreases by about 20% at 120° non-
switching angle compared with the continuous modulation.
To evaluate the correct operation of the proposed per-phase
DPWM approach, it will be compared to conventional
SVPWM method and DPWM hybrid offset method [21]
in terms of output performance and switching loss reduc-
tion capability. Fig. 11 shows the simulation result of the
SVPWM method, DPWM hybrid offset method, and the
proposed method. For comparison purposes, the proposed
approach will be applied with a maximum non-switching
angle of 120° while it is 60° for DPWM hybrid offset scheme.
Additionally, phase a is assumed to have the worst aging
condition. The waveforms of output currents, modulation
signal and ZSV, and corresponding switching patterns of
both three phases are presented. In Fig. 11(a), the simulation
waveforms of the continuous modulation scheme SVPWM
method are presented. The output currents exhibit sinu-
soidal characteristics and accurately maintain the appropriate
magnitude and phase. It can be seen that the switches of
both 3-phase legs are continuously switching without a non-
switching interval. Fig. 11(b) presents the simulation results
of the DPWM hybrid offset method. The output currents
exhibit sinusoidal characteristics and accurately maintain the
appropriate magnitude and phase, as in the SVPWM method.
As presented in Fig. 11(b), the modulation signal of phase
a includes the clamping region because of the ZSV signal
injection. It leads to the switches in phase a not changing
its state during the non-switching interval. In Fig. 11(c), the
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FIGURE 9. Simulation waveforms of output currents, reference voltage, modulation signal, ZSV signal, and switching
pattern acquired by the proposed per-phase DPWM approach with different non-switching angles (a) 05_sw = 30°,

(b) 6n_sw = 60°, (c) On_sw = 90°, (d) 0p_sw = 120°.

simulation waveforms obtained by the proposed method are
presented. The output currents exhibit sinusoidal characteris-
tics and accurately maintain the appropriate magnitude and
phase, which is similar to the two previous control schemes.
Differently, thanks to using 120° non-switching angle, the
proposed approach maintains phase a switching state for
a longer time than the DPWM hybrid offset method. The
switching signal of phase a matches the clamping region of
the corresponding modulation signal. Meanwhile, the two
remaining phases have continuous switching patterns, as in
the SVPWM method. It can be seen that the proposed method
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is working properly by generating the desired non-switching
interval.

Fig. 12 shows the simulation waveforms of inverter volt-
ages and line-to-line voltages. The obtained inverter voltages
from both three control schemes have two levels correctly,
Vic and 0. However, due to the different switching pat-
terns in phase a, the waveform of corresponding inverter
voltage acquired by DPWM hybrid offset and proposed
per-phase DPWM methods contains clamping regions, where
the inverter voltage level is unchanged for a period of time.
Regarding the line-to-line voltage, the obtained line-to-line
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FIGURE 10. (a) Load current THD, (b) Phase a conduction and switching
losses, (c) Total loss acquired by proposed per-phase DPWM approach at
various non-switching angles.

voltages from both three control schemes correctly have three
levels, V4, 0, and —V 4.

The waveforms of common-mode voltage and correspond-
ing spectrum obtained by three control schemes are given
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in Fig. 13. As in Fig. 13(a), (b), and (c), the common-mode
voltages obtained by three approaches have the same peak-to-
peak magnitude, which equals to V.. As can be seen in the
spectrums, the common-mode voltages from all these three
methods contain both low-frequency and high-frequency
harmonic components. The high-frequency components are
centered around the integer multiples of the carrier frequency,
whereas three methods have certain third harmonic compo-
nents in the common-mode voltage waveforms.

B. EXPERIMENT RESULTS

The experiment was implemented to validate the proposed
method in comparison with the SVPWM and DPWM hybrid
offset methods. The picture of the experimental setup is
shown in Fig. 14. The setup is realized with the same param-
eters as in the simulation section. The control algorithm
is implemented and executed using a Texas Instrument
TMS320F28335 digital signal processor (DSP).

The experiment results of output currents and modulation
signal of phase a obtained by SVPWM, DPWM hybrid offset,
and proposed per-phase DPWM method are presented in
Fig. 15(a) — (c). The 120° non-switching angle is used to
implement the proposed method. It can be seen that the exper-
imental results are compatible with the simulation waveforms
in the previous section. The output currents achieved through
all three control schemes exhibit sinusoidal characteristics
and accurately maintain the appropriate phase and magnitude.

Fig. 16 presents the output current, the modulation sig-
nal, and the corresponding switching pattern of phase a
acquired by both three approaches. Similar to the simulation
results, the switches of phase a are continuously switch-
ing in SVPWM method. The switching pattern of phase
a is matched to the modulation signal in both DPWM
hybrid offset and proposed per-phase DPWM method,
as shown in Fig. 16(b) and (c), respectively. As observed, the
non-switching interval generated by the proposed per-phase
DPWM method is larger than that of the DPWM hybrid offset
method, thanks to the use of 120° non-switching angle.

The experiment results validate the accuracy of the pro-
posed per-phase DPWM technique, demonstrating its effec-
tive ability to lower switching frequency of a particular phase
leg while maintaining the output performance not degraded.

C. PERFORMANCE EVALUATION
To verify the performance of the proposed per-phase DPWM
method, this section compares and evaluates the calcu-
lated data from simulation by conduction SVPWM, 3-phase
GDPWM, DPWM hybrid offset schemes along with the pro-
posed per-phase DPWM approach.

The total harmonic distortion (THD) percentage is defined
as

Zx:a,b,c \/lax2 + Lox3 +...t Lox

Zx:a,b,c lox1

%THD = " %100 (12)
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FIGURE 11. Simulation results of output currents, reference voltage, modulation signal, ZSV signal, and switching pattern obtained by

(a) SVPWM, (b) DPWM hybrid offset, (c) proposed per-phase DPWM.

where i, and i,y are the fundamental and n™-harmonic
components of the output current in phase x, respectively. The
number 7 is set to 10000 in the simulation.

In terms of power losses of switching devices, the calcula-
tion of the losses in this study is based on previous work in
[24]. The conduction loss, averaged over a switching period,
can be calculated by

Piond,IGBT = Vee (i) X i X diGBT (13)
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Pcond,Diode = Vf (i) X 1 X dpiode (14)

where v, and vy are the on-state voltage that is a function of

the current and is estimated on the basis of datasheet curves,

i is the current through the component, and d is the duty cycle.
The switching loss can be calculated by

(15)
(16)

Pow 1GBT = (Eon1GBT + Eoft.IGBT) X fow
Py Diode = (Eon,Diode + Eoff,Diode) X fow
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FIGURE 12. Simulation results of inverter voltages and line-to-line voltage obtained by (a) SYPWM, (b) DPWM hybrid offset, (c) proposed per-phase
DPWM.

where Eo, and Eyf are the switching energies for the compo- and the switched voltage and are estimated using datasheet
nents that are a function of the current through the component curves, and f;,, is the switching frequency of the component.
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hybrid offset, (c) proposed per-phase DPWM.
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FIGURE 14. Experimental laboratory setup of 2-level 3-phase VSI.

-

A constant junction temperature 7; = 25°C is used for the
loss performance calculation.
The efficiency of the inverter is defined as

Pout

P a7
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where P,,; and Pj, are the output and input power of the
inverter, respectively.

Fig. 17 shows the output performance comparison among
four control schemes. As for the load current THD, the
SVPWM has the lowest current THD due to continuous mod-
ulation. Meanwhile, the current THD of phase a increases
following the rise of the non-switching interval. In Fig. 17(a),
the proposed per-phase DPWM method produces the 120°
non-switching interval, it results in the highest current THD
in phase a. When comparing the 3-phase GDPWM method
to the proposed per-phase DPWM control scheme, the latter
shows approximately 16% reduction in the average current
THD. In comparison with the DPWM hybrid offset method,
the proposed per-phase DPWM control scheme has a higher
average current THD by about 10%. As can be seen in
Fig. 17(b), as assumed that phase a is the phase leg hav-
ing the worst aging state, the switching frequency in phase
a acquired by 3-phase GDPWM and DPWM hybrid off-
set method is lowered by approximately 33%. The 3-phase
GDPWM method decreases the same amount of switching
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hybrid offset, (c) Proposed per-phase DPWM method.

frequency in 3-phase legs by approximately 33%. Mean-
while, the proposed per-phase DPWM approach lowers the
switching frequency in phase a by approximately 67%, and
the remaining phase legs are operated with a similar switching
frequency in SVPWM. Regarding power loss performance,
Fig. 17(c) and (d) show the comparison of conduction and
switching losses between four control schemes. As shown in
Fig. 17(c), the conduction loss of phase a has a minor increase
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as a result of the generated non-switching interval by 3-phase
GDPWM, DPWM hybrid offset, and proposed per-phase
DPWM methods. Meanwhile, the switching loss decreases
significantly, as shown in Fig. 17(d). 3-phase GDPWM and
DPWM hybrid offset schemes lower the switching loss of
phase a leg by approximately 47% reduction compared to
SVPWM. The 3-phase GDPWM method decreases the same
amount of switching loss in 3-phase legs by 47%. The
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FIGURE 16. Experiment results of phase a output current, modulation
signal, and corresponding switching pattern obtained by (a) SVPWM,
(b) DPWM hybrid offset, (c) Proposed per-phase DPWM method.

proposed approach significantly lowers the switching loss of
phase a by approximately 80%. Due to the reduction of the
switching loss in 3-phase legs acquired by 3-phase GDPWM
method, its total loss is the lowest, as shown in Fig. 17(e).
The proposed per-phase DPWM method has lower total loss
compared to SVPWM and DPWM hybrid offset by 20% and
10%, respectively. The calculated simulation results verify
that the proposed method is working correctly.

To provide more apparent understanding of the per-
formance of the proposed method, a detailed comparison
is conducted among SVPWM, 3-phase GDPWM, DPWM
hybrid offset [21], and proposed per-phase DPWM methods.
This comparison is conducted under different conditions.
Fig. 18 illustrates the behavior of load current THD following
the variation of carrier frequency as analyzed using four
approaches. As observed, the THD decreases as the carrier
frequency is raised. Due to being the continuous PWM,
SVPWM scheme has the lowest THD. The 3-phase GDPWM
has the highest output current THD due to the reduction
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of switching frequency in 3-phase legs. The DPWM hybrid
offset and proposed per-phase DPWM approaches reduce the
switching frequency of only phase a, so the phase and average
current THD are still lower than that of 3-phase GDPWM by
about 15 to 20% following the change of carrier frequency.

Switching frequency results acquired by SVPWM, 3-phase
GDPWM, DPWM hybrid offset, and proposed per-phase
DPWM methods under various carrier frequency conditions
are presented in Fig. 19. As carrier frequency rises, the
3-phase GDPWM approach leads to a reduction of approx-
imately 33% in the switching frequency of 3-phase legs
compared to SVPWM, while DPWM hybrid offset method
decreases the switching frequency of only phase a with the
same amount. The proposed per-phase DPWM approach low-
ers switching frequency of phase a by approximately 67% in
comparison to SVPWM approach while maintaining similar
switching frequencies for phases b and ¢ as in SVPWM. The
3-phase GDPWM scheme has the lowest average switching
frequency due to its reduced switching frequency in 3-phase
legs compared to remaining approaches. Meanwhile, the
average switching frequency of the proposed method is less
than that of SVPWM and DPWM hybrid offset approaches.

The phase conduction loss obtained by SVPWM, 3-phase
GDPWM, DPWM hybrid offset, and proposed per-phase
DPWM approaches in Fig. 20(a) are similar following the
change of carrier frequency. Due to the reduction of switching
frequency, the conduction loss of 3-phase GDPWM, DPWM
hybrid offset, and proposed per-phase DPWM methods is
slightly higher than that of SVPWM. As for switching loss in
Fig. 20(b), proposed approach has the lowest switching loss in
phase a. The proposed approach lowers the switching loss of
phase a by approximately 80% at all carrier frequency condi-
tions. The two remaining phase legs have similar switching
loss as in SVPWM because they are operated with the
same switching frequency. The 3-phase GDPWM method
decreases the switching frequency in 3-phase legs, so the
corresponding phase switching loss is decreased by about
50% compared to SVPWM. As for the DPWM hybrid offset
method, the switching loss in phase a is decreased by about
50% compared to SVPWM, while two remaining phase legs
have similar switching loss as in SVPWM and proposed
per-phase DPWM schemes. Thus, 3-phase GDPWM has
the lowest total switching loss and total loss, as shown in
Fig. 20(c), whereas SVPWM has the highest ones. As can be
seen in Fig. 20(d), the efficiency obtained by four techniques
decreases when the carrier frequency increases. It is due to
the increase of switching loss generated by the commutation
in power devices. The SVPWM has the lowest efficiency,
whereas the 3-phase GDPWM has the highest efficiency due
to the reduction of switching loss in both three phase legs. The
efficiency of VSI obtained by the proposed per-phase DPWM
method is higher than that of SVPWM and DPWM hybrid
offset approaches.

Fig. 21 depicts the behavior of THD following the variation
of output power as analyzed using four approaches. Due to
being the continuous PWM, SVPWM scheme has the lowest
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load current THD. In this comparison, the load current THD
obtained by both 3-phase GDPWM, DPWM hybrid offset,
and proposed per-phase DPWM methods is significantly
higher than that of SVPWM. The 3-phase GDPWM has the
highest output current THD due to the reduction of switching
frequency in 3-phase legs. The proposed per-phase DPWM
approach decreases the switching frequency of only phase a,
so the phase and average current THD are still lower than that
of 3-phase GDPWM under different output power conditions.
Meanwhile, the proposed per-phase DPWM method’s aver-
age THD is slightly higher than DPWM hybrid offset.

Fig. 22 illustrates a comparison of phase switching fre-
quencies among the SVPWM, 3-phase GDPWM, DPWM
hybrid offset, and proposed per-phase DPWM methods at
different output powers. Under different output powers, the
phase and average switching frequency of SVPWM are kept
at 10 kHz as the carrier frequency. Similar to previous results,
3-phase GDPWM decreases the same amount of switch-
ing frequency by about 33% under different output powers,
while the DPWM hybrid offset decreases the same amount
of switching frequency by approximately 33% in phase a
under different output powers. Simultaneously, the proposed
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DPWM technique decreases the switching frequency of phase
a by 67% across all output power variations.

The phase conduction loss obtained by SVPWM, 3-phase
GDPWM, DPWM hybrid offset, and proposed per-phase
DPWM in Fig. 23(a) increases with the rise in output
power. The conduction loss in phase a of the 3-phase
GDPWM, DPWM hybrid offset, and proposed per-phase
DPWM methods is marginally greater than that of SVPWM
as a result of the decrease in switching frequency. Mean-
while, the conduction loss of 3-phase GDPWM in the
remaining phases is the highest. As shown in Fig. 23(b),
the proposed per-phase DPWM approach exhibits the low-
est switching loss in phase a. The switching loss of
phase a is lowered by approximately 80% across all out-
put power conditions. The remaining phase legs have
similar switching loss as in SVPWM because they are
operated with the same switching frequency. The 3-phase
GDPWM method decreases the switching frequency in
3-phase legs, so the corresponding phase switching loss is
decreased by about 48% compared to SVPWM. The DPWM
hybrid offset method also decreases the switching frequency
in only phase a, so the switching loss is decreased by about
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48% compared to SVPWM. As aresult, the 3-phase GDPWM
approach achieves the lowest total switching and total losses,
as shown in Fig. 23(c), while SVPWM has the highest
ones. Regarding the change of output power, the efficiency
obtained by four techniques increases when the output power
rises, as shown in Fig. 23(d). In this case, the efficiency of VSI
obtained by the proposed per-phase DPWM method is higher
than that of SVPWM and DPWM hybrid offset approaches
but lower than 3-phase GDPWM method.

Fig. 24 displays the behavior of load current THD fol-
lowing the variation of load conditions as analyzed using
four control schemes. In this case, the load phase angle is
altered by increasing load inductance. The increased phase
angle causes the load current THD to decrease. Due to the
continuous PWM, SVPWM scheme has the lowest load cur-
rent THD. Meanwhile, the 3-phase GDPWM, DPWM hybrid
offset, and proposed per-phase DPWM methods have higher
load current THD than SVPWM because of the switching
frequency reduction. Because of switching frequency reduc-
tion in 3-phase legs, the 3-phase GDPWM method has the
highest output current THD. The phase and average current
THD of proposed per-phase DPWM approach are still lower
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than that of 3-phase GDPWM under different load conditions
and slightly higher than that of DPWM hybrid offset scheme.

Fig. 25 displays a comparison of phase switching frequen-
cies among the SVPWM, 3-phase GDPWM, DPWM hybrid
offset, and proposed per-phase DPWM approaches under
various load conditions. Under different load conditions, the
phase and average switching frequency of SVPWM are kept
at 10 kHz as the carrier frequency. The 3-phase GDPWM
decreases the same amount of switching frequency by about
33% under different output powers. The switching frequency
of phase a is lowered by approximately 67% across all
load conditions when conducting proposed per-phase DPWM
approach. In Fig. 25, the switching frequency of phase a
acquired by the DPWM hybrid offset is well reduced by about
30% at low load angle conditions. However, when the load
phase angle is large, the efficiency of DPWM hybrid offset
in reducing the switching frequency of phase a is lowered
due to the use of output currents to locate the clamping
regions without considering the load phase angle, as indicated
earlier. Additionally, the generated offset voltage following
output currents at large load phase angle results in unexpected
clamping regions in other phases. As a result, the switching
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FIGURE 20. (a) Conduction loss, (b) switching loss, (c) total loss, and (d) efficiency comparison among SVPWM, 3-phase GDPWM,
DPWM hybrid offset, and proposed per-phase DPWM approaches under the variation of carrier (V4. = 200V, phase angle
6 =20° and I'* = 5A).

frequency of phase b decreases with the rise in the load phase

angle when using the DPWM hybrid offset method.
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The phase conduction loss depicted in Fig. 26(a) decreases
with the increase in the load angle for both the 3-phase
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FIGURE 20. (Continued.) (a) Conduction loss, (b) switching loss, (c) total loss, and (d) efficiency comparison among

SVPWM, 3-phase GDPWM, DPWM hybrid offset, and proposed per-phase DPWM approaches under the variation of
carrier (Vg = 200V, phase angle 6 = 20° and /* = 5A).

GDPWM, DPWM hybrid offset, and proposed per-phase the conduction and switching loss of SVPWM is maintained
DPWM methods. Due to the unchanged switching frequency, following the change of load conditions. The conduction
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FIGURE 21. Phase load current THD comparison among SVPWM, 3-phase
GDPWM, DPWM hybrid offset, and proposed per-phase DPWM
approaches under the variation of output power (V4. = 720V, phase

angle 6 = 20° and carrier frequency f¢, = 10kHz).
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FIGURE 23. (a) Conduction loss, (b) switching loss, (c) total loss, and (d) efficiency comparison among SVPWM, 3-phase GDPWM,
DPWM hybrid offset, and proposed per-phase DPWM methods under the variation of output power (V4. = 720V, phase angle

6 = 20° and carrier frequency f¢r = 10kHz).
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FIGURE 23. (Continued.) (a) Conduction loss, (b) switching loss, (c) total loss, and (d) efficiency comparison among SVPWM,

3-phase GDPWM, DPWM hybrid offset, and proposed per-phase DPWM methods under the variation of output power
(Vgc = 720V, phase angle ¢ = 20° and carrier frequency for = 10kHz).

loss acquired by 3-phase GDPWM scheme is the highest, legs. Regarding the switching loss shown in Fig. 26(b), the
attributed to the reduced switching frequency in 3-phase proposed per-phase DPWM scheme achieves the lowest loss
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FIGURE 24. Phase load current THD comparison among SVPWM, 3-phase GDPWM, DPWM hybrid offset, and proposed
per-phase DPWM approaches under the variation of load condition (V4. = 720V, P, = 1kW and carrier frequency

for = 10kHz).

in phase a. However, it is noticeable that the rate of reduction
in switching loss for phase a decreases as the load phase
angle increases. It is similar to in 3-phase GDPWM where
its rate of reduction in switching loss slightly reduces as
the load phase angle increases. This can be attributed to the
fact that the increase in load phase angle causes a phase
difference between the output converter voltage and output
current. The two remaining phase legs in proposed per-phase
DPWM approach have similar switching loss as in SVPWM
because they are operated with the same switching frequency.
At a large load phase angles of 50° and 75°, the reduction
rate of switching loss obtained by the DPWM hybrid off-
set significantly decreases. However, thanks to the clamping
region of 120°, the proposed per-phase DPWM method still
has a higher reduction rate of switching loss in phase a
than 3-phase GDPWM and DPWM hybrid offset schemes.
The 3-phase GDPWM has the lowest total switching loss
and total loss, as shown in Fig. 26(c), and SVPWM has
the highest ones. In terms of variation of load conditions in
Fig. 26(d), where the load phase angle increases, the effi-
ciency of SVPWM method does not change. The efficiency
obtained by 3-phase GDPWM, DPWM hybrid offset, and

115550

TABLE 2. Junction temperature calculation following predefined mission
profile.

T} high Tilow T; mean AT;
SVPWM 83.6°C 58.6 °C 71.1°C 25°C
é'glf,ivseM 76°C 57.2°C 66.6 °C 18.8°C
hD;mffset 76.1 °C 57.3°C 66.7 °C 18.8°C
ge}f;fflﬁse 75.6°C 57.6°C 66.6°C 18°C

proposed per-phase DPWM method slightly decreases when
the load phase angle rises. Here, the efficiency obtained by
the proposed per-phase DPWM method is slightly lower than
that of 3-phase GDPWM method but higher than SVPWM
and DPWM hybrid offset approaches.

As mentioned previously, thermal stress serves as the
main factor leading to the failure of power semiconductor
devices, thereby lowering the lifetime of power switches
and entire converter. Therefore, it is required to assess the
impact of implementing the proposed per-phase DPWM con-
trol scheme on the power semiconductor devices’ lifetime.
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FIGURE 25. Phase switching frequency comparison among SVPWM, 3-phase GDPWM, DPWM hybrid offset, and proposed perphase DPWM
approaches under the variation of load condition (V4. = 720 V, P,,; = 1kW and carrier frequency fr = 10kHz).

To estimate the lifetime of power switches, empirical mod-
els that describe the relationship between the number of
cycles to failure Nrand temperature cycles will be employed.
SKiM63 model in [25] will be applied to estimate lifetime
of switching devices of the phase leg having the worst aging
state after conducting the proposed control techniques in this
study. It should be noted that the lifetime estimation models
require knowledge of junction temperature. By employing
thermal models and using calculated loss, it can determine
the junction temperature of power switches. The switching
device’s losses can be computed by the thermal module in
PSIM simulation program and the corresponding thermal
characteristics of the selected device (IGBT from Semikron
SKM75GBO07E3). Therefore, the Foster-type thermal net-
work shown in Fig. 27 is used to calculate the junction

VOLUME 11, 2023

temperature of power switches. In this context, 7; represents
the junction temperature while T, represents the case tem-
perature, which is set as 50°C in this study. The thermal
resistance and time constant values are obtained from the
datasheet.

To assess the lifetime of power switches in VSI, a periodic
mission profile is employed, with output power ranging from
2.5kW to 9kW. Fig. 28 depicts the junction temperature of
phase a leg, which is assumed to be the phase leg having
the worst aging state and magnitude of reference current
following predefined mission profile, which has been calcu-
lated based on the variations in the output power within the
mission profile obtained by four control schemes: SVPWM,
3-phase GDPWM, DPWM hybrid offset, and proposed per-
phase DPWM. In Fig. 28(a), the temperature variation A7}
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FIGURE 26. (a) Conduction loss, (b) switching loss, (c) total loss, and (d) efficiency comparison among SVPWM, 3-phase GDPWM,
DPWM hybrid offset, and proposed per-phase DPWM approaches under the variation of load condition (V4. = 720V, P, = 1kW

and carrier frequency for = 10kHz).
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FIGURE 26. (Continued.) (a) Conduction loss, (b) switching loss, (c) total loss, and (d) efficiency
comparison among SVPWM, 3-phase GDPWM, DPWM hybrid offset, and proposed per-phase DPWM
approaches under the variation of load condition (V4. = 720V, P,,; = 1kW and carrier frequency

fcr = IOkHz).

Foster model

FIGURE 27. Model of junction temperature calculation using Foster-type
thermal network.

amplitude of 25°C is acquired with SVPWM. The impact
of 3-phase GDPWM and DPWM hybrid offset approaches
is similar in the decrease of AT; in phase a to 18.8°C,

VOLUME 11, 2023

as depicted in Fig. 28(b) and (c), respectively. Meanwhile,
the proposed per-phase DPWM achieves the lowest tem-
perature variation AT; of 18°C, as shown in Fig. 28(d).
Table 2 presents the estimated junction temperature obtained
by SVPWM, 3-phase GDPWM, DPWM hybrid offset, and
proposed per-phase DPWM methods.

Following the calculated junction temperature, the esti-
mated number of cycles to failure Ny and the corresponding
lifetime of the phase leg having the worst aging state cal-
culated following different analytical lifetime models are
shown in Fig. 29. The estimated lifetime obtained by SKiM63
models indicates that the proposed per-phase DPWM scheme
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FIGURE 28. Junction temperature of power switches in phase a and magnitude of reference current (a) SYPWM, (b) 3-phase GDPWM,

(c) DPWM hybrid offset, (d) Per-phase DPWM.
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FIGURE 29. Estimated lifetime obtained by four control approaches.

increases the lifetime by about 4.8 times, compared to the
SVPWM method. The proposed control scheme results in a
lifetime that is approximately 20% longer than that of the
3-phase GDPWM and DPWM hybrid offset.
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V. CONCLUSION

This paper proposed a modified CBPWM for independently
reducing the switching loss of specific phases in 2-level
3-phase VSI. By injecting the proper ZSV signal to the
reference voltage at both non-switching and switching inter-
vals, this proposed per-phase DPWM significantly decreases
the switching frequency of the phase leg having the worst
aging state in the 2-level 3-phase VSI, which decreases
corresponding power loss and increases the corresponding
useful lifetime of that leg and VSI. Additionally, the output
performance of the VSI is not degraded too much compared
to the SVPWM, 3-phase GDPWM, and DPWM hybrid offset
approaches. The slight increase of load current THD is a
trade-off to the significant decrease of switching frequency
and loss. The various non-switching angles can be used to
achieve the desired non-switching interval and ease the rise
of load current THD. The effectiveness and correctness of the
proposed method were validated through the simulation and
experimental results.
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