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Abstract-- This paper introduces a combinational modulation
method to be used in classic full-bridge single phase inverters.
The proposed method eliminates even-order harmonics at PWM
stage in control section unlike the conventional method of even
order harmonic cancelation in power stage and offers a cost
effective design by switching one leg at high frequency. Using a
low cost Digital Signal Controller (DSC) platform, regular
sampling technique based on real time calculation was employed
to verify the feasibility of the proposed method on a 500W single
phase Voltage Source Inverter. Performance characteristics such
as switching losses and harmonic distortions are presented for
the new approach and compared with a classic inverter
modulation method.

Index Terms-- Combinational logic circuits, Harmonic
distortion, Inverters, Pulse Width Modulation, Silicon Carbide,
Switching frequency

I. NOMENCLATURE
Fo Fundamental frequency (Hz)
Fs Sampling frequency (Hz)
Fsw Switching frequency across the load (Hz)
i The instantaneous load current (A)
Ps Switching power losses (W)
APs Change in switching power losses (W)
THD, Total Harmonic Distortion for load current (%)
Ve Input DC voltage to inverter (V)
\A Voltages across load inductor (V)
Vg Voltages across load resistor (V)
Vyy Inverter output voltage across the load (V)
C Efficiency of the inverter (%)
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I1. INTRODUCTION

INGLE phase inverters have numerous applications in

industry. Various topologies and modulation methods have
been proposed for single phase inverters [1]-[9]. Among the
most common of these topologies is H-bridge. Over the past

few decades, a number of modulation methods have been
proposed, each with a set of objectives in mind [10]-[11].

Classic two high frequency leg operation method of even-
order harmonic cancelation has been implemented in [12]
where, both legs of the H-bridge are required to switch at %2
Fsw (i.e. half output load switching frequency), and even-order
harmonic cancelation is applied at power stage. However, as
explained in section 1V, this method fails to fully remove the
even-order harmonics. Moreover, this method requires four
expensive high frequency switching devices.

In order to address the need for a cost effective solution,
Three Level Discontinuous PWM (3-LDPWM) method was
proposed [12]. In this modulation scheme the sinusoidal
reference is modulated at high frequency in one leg of the H-
bridge and the other leg switches at the fundamental sine wave
frequency (i.e. 50Hz or 60Hz). As a result, switching losses
are mainly generated in two of the four switching
components [13]-[16]. Hence, by using high switching power
components in one leg and low switching power components
in the other leg, an economical design could be achieved.
Despite cost effectiveness of 3-LDPWM method, the method
was later abandoned due to its poor harmonic distortions,
complexity of implementation and uneven switching loss
distribution. Although nowadays transistors are capable of
tolerating high switching loss dissipations and the issue of
asymmetrical heat distribution is not as detrimental as it used
to be, it seems that the inferior harmonic distortions of 3-
LDPWM method results in the financial benefits of this
method to be often overlooked in industry [17]-[21].

This paper aims to propose a novel modulation method
which offers both the benefit of even-order harmonic
cancelation of the Classic two leg high frequency operation
method as well as cost effectiveness of 3-LDPWM method.

The novel feature of the proposed method is the use of
combinational logic in the PWM control stage in order to
achieve even order harmonic cancelation in single high-



frequency leg operation.

The presented method also benefits from low a component
count compared to topologies such as multi-level inverters and
interlaced inverters[22],[23].

In what follows, we aim to demonstrate that the proposed
method is cost effective and can offer performance
improvements over the 3-LDPWM method. Hence, we will
compare the performance of the proposed method with the 3-
LDPWM method. The classical two leg operation offers good
performance but lacks cost effectiveness hence it will not be
compared with proposed method.

Section 1l reviews principles and assesses harmonic
distortions and  switching losses of 3-LDPWM
method [12], [24] and the proposed method. Section IV
presents the mathematical principles of operation of the
proposed modulation technique and its distinct benefits.
Section V covers the detailed principle of operation of the
proposed method. Section VI contains MATLAB simulations.
Section VII includes the experimental setup and results. In
section VIII the losses occurred in devices are calculated in
details. Section 1X discusses the issue of uneven switching
loss distribution, and examines the sources of low order
harmonic distortions. This section also compares and contrasts
the cost of bill of material for classic, 3-LDPWM and the
proposed methods.

I1l. BRIEF OPERATION OVERVIEW OF 3-LDPWM AND
PROPOSED METHODS

3-LDPWM method involves applying discontinuous half
sine wave reference based PWM to the high frequency
switching leg as shown in Fig. 2 and a square wave at the
fundamental frequency to the low frequency switching
leg [24]. Effectively only two of the four switching devices
need to deliver high frequency switching, which means cost
effective alternative switching devices can be deployed for the
low frequency switching leg. However, the very nature of this
modulation method suffers from poor harmonic distortions
particularly at low sampling frequencies. This will be
discussed in section IV.

Similar to 3-LDPWM method, the proposed method has a
low frequency square wave leg and a high frequency PWM
leg. However, the proposed approach subtracts two pure
sinusoidal reference signals, which are out of phase by =
radian, at Pulse Width Modulation (PWM) stage using a
combinational logic circuit hence removing the even order
harmonics. The proposed method presents two salient benefits
which are discussed in the following section.

IV. BENEFITS OF THE PROPOSED METHOD COMPARED TO
3-LDPWM METHOD

A. Even-order harmonic cancelation

Even-order harmonic cancelation has been implemented
before [12] where, both legs of the H-bridge are required to
switch at % Fgw and even-order harmonic cancelation is
applied at power stage but this method fails to fully remove
the even-order harmonics [12].

The most salient feature of the proposed method is its
capability of achieving better harmonic distortion and a lower
THD through even-order harmonic cancelation using only one
leg of the H-bridge at high frequency as well as offering a
better cancelation compared to classical two high frequency
leg operation method[12].

The proposed method achieves even-order harmonic
cancelation by subtracting two PWM signals whose references
are anti-phase sine waves. If a signal is shifted by n radian and
subtracted from the original value, the odd order harmonics of
the Fourier Transform describing the signal sustains and the
even part cancels out. This can be demonstrated
mathematically as follows:

Consider the general function for discrete Fourier Transform
as givenin (1).
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As shown in (7) after subtracting the shifted by = radian
version of a signal from the original signal, the even order
harmonics are canceled and the odd order harmonics are
sustained.

However, in practice it is very difficult to achieve exactly ©
radian phase shift for all the frequency components of a signal
and maintain that throughout the drive circuit and apply it to
the switching devices. This is due to a non-zero group delay
on the signal path which results in phase distortions and
consequently some of the even-order harmonic components
have a phase delay slightly greater or smaller than & radian. As
a result, full cancelation cannot be achieved in practice if
subtraction is performed at power stage which is suggested
in [12]. On the other hand, the proposed method alleviates this
inevitable effect by performing harmonic cancelation at logic
level using a fast combinational logic circuit which compared
to cancelation at power stage considerably reduces the group
delay of the two reference signals hence enhancing the
cancelation capability of the inverter. As a result, compared to
previous harmonic cancelation methods in H-bridge
inverters [12], the proposed method can achieve better even-
order harmonic cancelation as well as operating one leg at
high frequency, which allows the transistors in the other leg to
be low switching frequency components.

B. Narrow reference signal bandwidth

The harmonic distortion of the inverter at low sampling
frequencies heavily depends on the bandwidth of the sampled
reference signal. The proposed method uses two pure sine
waves as the reference signals of the PWM pulses which have
very narrow bandwidth. However, in the 3-LDPWM method,
the reference signal consists of two discontinued half-sine
waves between 0 to 7 radian and = to 2z radians and there are
abrupt changes in the reference signal at 0 and = radian as
shown in Fig. 10b which introduce high frequency
components to frequency spectrum of the PWM reference
signal hence increasing its bandwidth.

The harmonic spectra of the reference signals of 3-
LDPWM method and the proposed method can be compared
by studying the Discrete-Time Fourier Transform (DTFT) of
their references. The reference signal in 3-LDPWM method is
constructed as the sum of a sine wave with a square wave at
fundamental frequency (50Hz) as shown in (8)

f(@®) = sin(wt) + g(wt) (8)
Where g(wt) is a square wave which can be written as the
sum of two Heaviside step functions as:
g(wt) = H(wt) — H(wt — 1) 9)
Hence, the DTFT of the reference can be calculated as:
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Hence, the expression at (12) can be evaluated as two DTFTs
of a sine function and a square wave function as follows [12]:
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Fig. 1. Harmonic distortion of reference signals of the proposed and
3-LDPWM methods. Higher harmonics distortions are visible for 3-
LDPWM method
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It can be seen that the frequency contents of the reference
signal for the 3-LDPWM method comprise of the frequency
contents of a sine wave and a square wave. At the baseband, it
contains two Dirac spikes at the positive frequency and the
negative frequency for the sinusoidal component and all the
odd order harmonics which are the results of the square
waveform part of the signal.

The reference signal for the proposed method is sinusoidal
and hence the frequency components can be described as
(14) [12]:

F[ejw] =
T Y pe—oo|0(w — wy — 2mk) — §(w + wy + 21k)] (14)

This is identical to the first part of (13). Hence, the baseband
harmonic contents of the 3-LDPWM method are wider than
those of the proposed method due to the square wave
component of the reference signal in the 3-LDPWM method.
This is shown in Fig. 1 where the frequency domain
representation of the reference signals for the proposed and 3-
LDPWM methods are plotted adjacent to each other to allow
for comparison.

When sampling at low frequencies, due to the wide
bandwidth of the reference signal of 3-LDPWM method, it is
impossible to satisfy the Nyquist sampling criterion for perfect
reconstruction. As a result, aliasing noise is introduced to the
sampled reference signal [25]. On the other hand, in the
proposed method, the reference signals are pure sine waves
and have narrow bandwidths; hence perfect reconstruction can
be achieved even at low sampling frequencies. As a result, the
proposed method has a considerably better harmonic distortion
at low sampling frequencies compared to 3-LDPWM method
as will be demonstrated by simulation and experimental
results in sections VI and VII.

V. OPERATION OF PROPOSED METHOD

A. Principle of operation of the control section

Similar to 3-LDPWM method, the proposed method applies
a square wave signal at the fundamental frequency to the low
switching frequency leg and a high frequency PWM is applied
to the high switching frequency leg. Contrary to 3-LDPWM
method, the proposed method reduces harmonic distortions
through even-order harmonic cancellation at PWM stage at



Fig. 2. H-bridge single phase inverter
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Fig. 3. Control curcuit for the proposed method with gate signals to four
transistors in H-bridge from logic circuit and DSC
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Fig. 4. Detailed proposed logic circuit

logic control section. To achieve this, two antiphase regularly
sampled sinusoidal reference signals Ref, and Refg are
generated and are compared internally with triangular
waveform carriers using the PWM channels of the DSC to
generate PWM, and PWMg as shown in Fig. 3. Using a
combinational logic control circuit which comprises of three
AND gates and one OR gate, PWMp is subtracted from
PWM, to generate gate pulses to Q1 as shown in Fig. 4. The
two pulse trains which drive Q1 and Q2 in high frequency leg
are formulated in (15) and (16). In low frequency leg, Q3 and
Q4 are driven directly from the square wave signals as shown

in Fig. 3.
Q1 = PWM,PWMj + PWM,C + PWM5C (15)
Q2 = PWM,PWMg + PWM, C + PWM;C (16)

Where PWM, and PWMg are the PWM pulses and C is the
square wave all of which are generated by the DSC and fed
into a logic circuitry as shown in Fig. 4.

By comparing (15) and (16) it can be seen that expression
for (16) can be achieved by inverting (15). However, in order
to avoid cross conduction, it is a common practice to allow for
deadbands in the switching patterns of the complementary
switches in inverter legs [12]. The DSC used in this paper is
equipped with deadband facility in its complementary PWM
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Fig. 5. Current loops in various states in positive half cycle (a) state 1: current
flows through D1 and D4 (b) state 2: current flows through D4 and Q2 (c)
state 3: current flows through Q1 and Q4 (d) state 4: current passes through D2
and Q4

TABLE . PWM AND CORRESPONDING VOLTAGES ACROSS THE LOAD
@ PWMa | PWMg | Vxy Q1 Q2 Q3 Q4
1 1 1 0 0 1 0 1
1 1 0 +Vbe 1 0 0 1
1 0 1 0 0 1 0 1
1 0 0 0 0 1 0 1
0 1 1 0 1 0 1 0
0 1 0 0 1 0 1 0
0 0 1 -Voc 0 1 1 0
0 0 0 0 1 0 1 0




TABLE Il PROPOSED CIRCUIT OPERATION STATES FOR ONE CYCLE

One Complete Cycle Operation

Positive half cycle Negative half cycle

Q3 =OFF, Q4=0ON Q3=ON, Q4= OFF

Region 1 Region 2 Region 3 Region 4
V= +Vope, -iL V= +Voc , +iL Vi=-Vope, +iL Vi =-Vope, -iL
Statel | State2 | State3 | State4 | State5 | State6 | State7 | State8
Ql=H | Q1=L | Q1=H | Q1=L | Q1=H | Q1=L | Q1=H | Q1=L
Q2=L | Q2=H | Q2=L | Q2=H | Q2=L | Q2=H | Q2=L | Q2=H

channels [31]. By using the DSC’s complementary channel of
PWM, for PWM, and the complementary channel of PW My
as PWMjg in expressions for Q1 and Q2, the appropriate
deadbands can be generated. Subtraction of reference signals
at PWM stage can be perceived through the observation that
the instantaneous voltage across the load can have one of the
three values: +Vpc, -Vpc Or zero, where zero represents the
freewheeling operation of the circuit. Table | shows all the
possible combinations and the resulting voltages across the
load i.e. Vxy in Fig. 2.

If Q1 and Q3 or Q2 and Q4 are both turned on or both
turned off, the voltage across the load will be zero. If Q1 and
Q4 are turned on, the voltage across the load will be +Vpc and
it will be —Vp¢ if Q2 and Q3 are turned on. At no instance
should the transistors of one leg be turned on simultaneously.
The signal C is high during the positive half cycle and low
during the negative half cycle. The expression for Q1
comprises of three terms. The first term implements the pulse
trains for Q1 for its positive half-cycle interval and the other
two terms constitute the pulse trains to Q1 for its negative
half-cycle interval. The same explanation is valid for Q2.

B. Principle of operation of power section

The operation of the proposed method is divided into two
half cycles and each half cycle comprises of two stages of
operation. The positive half cycle is characterized with Q3
turned off and Q4 turned on and the voltage across the load
pulsating to +Vpc. Tables I and 1l summarize the operation for
various regions and states for the proposed method for one
cycle of operation.

In regions 1 and 3, current through the load (i) has the
opposite direction with respect to the direction of the switched
DC voltage across the load. In regions 2 and 4, the current and
the switched DC voltage have the same directions. During
region 1 with the switched DC voltage across the load in its
positive half cycle, and the load current still in its negative
half cycle, state 1 takes place with Q1 turned on and Q2 turned
off, the load current takes the path shown in Fig. 5(a). State 2
takes place with Q1 turned off and Q2 turned on hence current
loop shown in Fig. 5(b) is developed. During the whole region
1, states 1 and 2 occur continuously and by doing so, the
sinusoidal waveform nature of the load current is maintained.
At the end of region 1, the value of load current reaches zero
and region 2 starts. At the start of region 2, the positive
switched DC voltage still exists across the load with a positive
current flowing through the load in the direction from node X
to node Y. State 3 occurs when Q1 is turned on and Q2 is

turned off as shown in Fig. 5(c). State 4 takes place with Q1
turned off and Q2 turned on as shown in Fig. 5(d). At the end
of region 2, the direction of the switched DC voltage changes
from positive half cycle to negative half cycle with Q3 turned
on and Q4 turned off. States 5 and 6 in region 3 and states 7
and 8 in region 4, follow the similar analysis as for states 1
and 2 in region 1 and states 3 and 4 in region 2 respectively
but with current and the switched DC voltage being in the
reverse directions.

During states 1, 2 and 4, the energy stored in the magnetic
field of inductor section of the load is responsible for the
current path formed in Fig. 5(a) which has a regenerative
nature and in Fig. 5(b) and Fig. 5(d) which constitute to
freewheeling paths. Fig. 5(c) shows the current path that stores
magnetic energy in the inductor L which corresponds to state
3in Table Il

VI. SIMULINK SIMULATION RESULTS

The proposed and 3-LDPWM methods were simulated in
MATLAB Simulink in order to observe and contrast their
practical performance with the ideal case. Fig. 6 shows the
output voltage and current for the inverter using the proposed
method for a load switching frequency of 3kHz, where regions
1to 4 in Table 1l are marked. In the simulation setup the load
consisted of a 37mH inductor in series with a 27Q resistor.
All components were assumed ideal and IGBTs and SiC
MOSFETs with anti-parallel diodes were used as switching
devices. Input dc voltage was 185V and Fs = Fsy was varied
from 1kHz to 6kHz while keeping Fq= 50Hz.

Fig. 7 depicts simulation results for the harmonic spectra
for various switching frequencies across the load for both 3-
LDPWM method and the proposed method. The THD, of the
output current is shown in parentheses for each method. It is
apparent that the load current harmonic spectra for the
proposed method present better harmonic distortion compared
to 3-LDPWM method. This is due to even order harmonic
cancelation in the proposed method.

As observed in Fig. 7 (b) the harmonic distortions of both
3-LDPWM method and the proposed method are relatively
low. This is due to higher sampling rate of the reference
signal. The parameters affecting the harmonic distortions of
the inverter will be further discussed in section IX.

Waveforms (a)-(d) in Fig. 8 show the simulation pulse
trains for PWM,, PWMg, square wave C and the resultant
gate pulses to Q1 according to (15) respectively. PWMj4 and
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Fig. 6. Simulated inverter output voltage and load current versus time
(Power Factor = 0.91)



PWMg are constructed based on sinusoidal references Refp
and Refg and are scaled such that their duty cycles approach to
100% at 7/2 radians and 0% at 37/2 radians. At multiples of @
radian, the duty cycles for PWM, and PWMg equate to 50%
and they effectively cancel out one another when subtracted
resulting in a no-pulse area which is shaded in Fig. 8. This
quiet time is not to be confused with the blanking time
compensation method [26] where blanking time error is
compensated in PWM reference signals to improve the
harmonic distortion of the inverter. The proposed method in
this paper uses harmonic cancelation through subtraction of
antiphase references and the quiet times are the mere effect of
the subtraction. Although it is possible to further improve the
harmonic distortion of the inverter by using blanking time
compensation method in addition to the proposed method, the
performance of the proposed method was intended to be
studied on its own merits independent of any other classic
improvements.

VII. EXPERIMENTAL RESULTS
A 500W single phase H-bridge inverter setup shown in Fig.
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Fig. 7. Simulation results for load current harmonic spectra for 3-
LDPWM vs Proposed method for switching frequency across the load of
(a) Fs=Fsw = 1kHz and (b) Fs = Fsw = 6kHz
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Fig. 8. Simulation waveform patterns for (a) PWMa (b) PWM;g (c) C
square wave (d) the Q1 drive signals according to (1)

9 was built to test the feasibility of the proposed method.
Experiments were conducted on both 3-LDPWM and the
proposed methods and the results were compared.

Experiment setup description:;

Output Load: 27Q in series with 37mH
Input Voltage (Vi): 185V DC

Load Current (1,): ~4A Sinusoidal

Output Measured Power (Po): 500W

Load Switching Frequency (F,): Varied from 1kHz to 20 kHz
Modulation Index (M): 0.9
Harmonics Measured Up to 50" order harmonic

A. Reference signal construction

For simplicity, symmetric regular sampling was chosen for
all experiments as only one sample per carrier triangular
interval is required. It has been shown in [13] that for high
switching frequencies there is barely any difference between
symmetric and asymmetric regular sampling methods
regarding harmonic distortions [27] - [30].

Figs. 10(a) and 11(a) show the experimental modulating
reference signals construction. The upper traces shown by
channel CH1 in Figs. 10(a) and 10(b) show the modulating
reference signals for 3-LDPWM method which were obtained
by regularly sampling technique at Fs = Fgy = 1kHz and 6kHz
respectively. The reference signals were compared with
center-aligned triangular carriers within the DSC and the
outputs were trains of PWM pulses to Q1 shown by the lower
traces in channel CH2. It is evident that with increasing
sampling frequency Fs, the modulating reference signal
becomes more symmetrical for 3-LDPWM method which will
be further discussed in section IX.

CH1 in Fig. 11(a) represents the modulating reference
signal Ref, for the proposed method which was constructed
by the application of regular sampling method at Fs = Fgy =
1kHz. This modulating reference signal is then compared
with a center-aligned triangular waveform within the DSC.
The output is a train of pulses, PWM, as shown by channel
CH2 in Fig. 11(a). During experimental tests, in order to
illustrate how the gate pulses to Q1 in (15) were constructed,
Fig. 11(b) was used to show PWM,, PWMg, the square pulse
C signals and the gate pulses in (15) for Q1 for the proposed
method by channels CH1, CH2, CH3 and CH4 respectively.




(a)

(b)
Fig.10. CH1 shows the reference signal for 3-LDPWM method and CH2
shows the corresponding gate pulses (a) at Fs = Fsw = 1kHz (b) at Fs =
Fsw = 6kHz
CH4 in Fig. 11(b) contains no-pulse regions that correspond to
the shaded areas in Fig. 8, which are responsible for the zero
voltage periods in Vxy in Fig. 12 shown by CH3 at the vicinity
of zero crossing point. The subtraction function of two PWM
pulses with gradually incrementing and decrementing duty
cycles ensures a smooth cross over from the negative half
cycle to the positive half cycle and results in a smoother
sinusoidal current waveform for the proposed method
compared to the 3-LDPWM method as shown by channel CH1
in Figs. 13 and 14 in the vicinity of zero crossing for Vyy.

B. Testing and extracting results for the proposed method

Since the objective of this paper is to propose a cost
effective modulation method to improve the THD figure,
independent from increasing the load switching frequency, the
study of effects of increasing Fsy above Fs is beyond the
scope of this paper. Therefore, throughout the experiments,
sampling frequency (Fs) was kept equal to the load current
switching frequency (Fsw) for both methods. The experiments
were conducted between 1kHz and 20kHz as shown in Fig.
16.

Construction of the output voltage of the inverter Vyy, is
shown by Fig. 12 where CH1 shows the voltage at node X and
CH2 shows the voltage at node Y relative to the negative
supply rail of the input DC bus respectively and CH3 shows

(b)
Fig. 11. Construction of the modulating reference signal for the proposed
method (a) CH1 and CH2 show the reference signal Refs sampled at
1kHz and the corresponding PWMa pulse train respectively (b) CH1 and
CH2 show PWM, and PWMg at 500Hz respectively and CH4 shows the
resultant PWM after combinational logic at 1kHz.

Fig. 12. CH1 and CH2 show the voltages between node X and node Y
relative to the negative rail bus respectivly. CH3 shows the voltage across
the load (i.e. Vxy) at full output load for the proposed method

the voltage Vy across the load for the proposed method.

Figs. 13 and 14 demonstrate the effect of increase in Fg and
Fsw on the output load current quality where CH1 shows the
switched output voltage Vxy and CH2 shows the output load
current and the four channels of logic analyzer, Ch0, Ch1, Ch2
and Ch3 show gate pulses to Q4, Q1, Q3 and Q2, in H-bridge



inverter in Fig. 2, respectively for both the proposed and the 3-
LDPWM methods. The quantitative comparison of harmonic

perform real time calculations to construct a sinusoidal
reference, based on which PWM signals were generated.

(C)

@

(b)

(b)

©
Fig. 13. CH1 shows switched voltage across load (Vxy) and CH2
shows load current iL for Discontinious method. Digital channels Ch0,
Ch1, Ch2 and Ch3 show gate pulses to Q4, Q1, Q3 and Q2 respectively.
(a) FS=Fsw=1 kHz (b) Fs=Fsw =6 kHz (C) Fs=Fsw=10 kHz.
distortions is presented in Fig. 15.

For illustrative purposes, Figs. 13 (a) and 14 (a) were taken
at 1 kHz switching frequency to show in details the correlation
of the switched output voltage across the load in CH1 and the
load current in CH2 and the gate drive signals for both
methods. A low cost, dsPIC30F3010 [31] DSC was used to

©
Fig. 14. CH1 shows switched voltage across load (Vxy) and CH2
shows load current i, for Proposed method. Digital channels ChO, Ch1,
Ch2 and Ch3 show gate pulses to Q4, Q1, Q3 and Q2 respectively.
(a) Fs=Fsw=1 kHz (b) Fs=Fsw= 6 kHz (C) Fs=Fsw= 10 kHz.

The logic circuitry was implemented using low cost fast
logic gates. For safe operation of the circuit, an interface
between the DSC and power switching devices was employed
using opto-isolators HCPL2631V [32]. High switching
frequency commercialized Silicon Carbide (SiC) MOSFETSs
C2M0080120D [33] for high frequency leg and low frequency



IGBTs STGW12NB60HD for low frequency leg were
used [34]. To drive the switching devices efficiently, IC drive
IR2110 was used [35]. The load connected to the inverter was
a 27Q resistor in series with a 37mH inductor. The input
voltage of the inverter was 185V supplied by a regulated
linear DC power supply. The modulating index M for all the
tests was kept at M = 0.9. The harmonic spectra were
extracted up to the 50" order harmonic using a PM1000+
Power Analyzer. The load current was measured using a LEM
LA-55P current transducer with transformation ratio of
1:1000. The ratio was changed to 1:250 as four turns through
the current transducer were used in order to increase the
accuracy of the measurement. A 150€ resistor was connected
to the output of the current transducer. The voltage developed
across this resistor represents the load current and is shown by
CH2 in Figs. 13 and 14 where every volt division represents
1.67 amperes.

Fig. 15 shows harmonic spectra of the output currents for
the proposed and 3-LDPWM methods up to the 50
fundamental harmonic on the same bar chart for Fg = Fgy at
frequencies equal to 1kHz, 3kHz, 6kHz, 10kHz and 20 kHz.
The sidebands were created as a result of regular sampling
PWM at Fs = 1kHz which can be seen in Fig. 15(a). These
sidebands are not shown in the spectra in higher sampling and
switching frequencies as the power analyzer can only display
up to the 50" harmonic (i.e. up to 2.5kHz). The inferior
harmonic performance of 3-LDPWM method stems from
discontinuity in its PWM reference signal which will be
discussed in section IX.

Table 1l shows that for the proposed and 3-LDPWM
methods, the efficiency is reduced by almost 0.5% as
switching frequencies increases from 10kHz to 20kHz across
the load. The amount of increase in power loss (APg) is 2.6W
which is an indication of the switching losses associated with
10kHz switching frequency increase
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Fig. 15.  Experimental load current harmonic spectra for 3-LDPWM
method vs the proposed method at (a) Fs = Fsw = 1kHz, (b) Fs = Fsw = 3kHz,
(C) Fs = FSW = 6kHZ, (d) Fs = st = 10kHZ, (e) FS = FSW =20 kHz

From comparing Figs. 7 and 15, it is evident that
experiment results have richer harmonic contents compared to
simulations. Non-ideal natures of both switching devices and
input voltage source are the main causes of these

TABLE III. INVERTER PERFORMANCE CHARACTERISTICS
Parameter Proposed 3-LDPWM
Fsw (kHz) 10 20 10 20
THD (%) 2.07 | 149 2.25 1.59
Power Input (W) 493.5 | 496.1 494 | 496.65
Power Output (W) 460 | 460 460 460
Power loss (W) 335 | 36.1 34 36.65
(%) 93.2 | 92.7 93.1 92.6
APg(W)" 2.6 2.65
Total switching loss (W) | 2.6 | 5.2 2.65 | 5.3
Total conduction loss™ (W) 6.2 6.2
Miscellaneous Loss (W) 24.7 25.15

*
Indicates switching loss increase for 10kHz load switching frequency increase
Kk
Calculated from datasheet

discrepancies. In addition, the drive circuitry inherently
introduces unequal turn-on and turn-off delays, which further
deteriorates the harmonic distortions. It is therefore important
to ensure that the combinational logic employed in the
proposed method introduces minimal delays. To this end, fast
logic gates were used to reduce logic propagation delay.

The effect of increasing sampling frequency of the
modulating reference signal on the THD of the load current
for the proposed and the 3-LDPWM methods is shown in Fig.
16, where the THD is plotted against the sampling frequency.
It is evident that the proposed method offers better harmonic
distortion especially at low sampling frequencies; this issue
will be further discussed in section IX.

VIIl. Loss CALCULATION

In order to analyze the sources of losses in the devices used
in the H-bridge, mathematical expressions for conduction
losses and datasheet information for switching losses were
used. The results were compared with the experimental results
shown in Table IlI.

The expression for the total losses in the switching devices
is shown in (17):

Protas = Ps + P 17

Where, P is the switching loss and P, is the conduction
loss. The total bridge losses can be further broken into the
losses incurred in the high frequency leg (HF) and losses in
the low frequency leg (LF) as shown in (18).

\
O\
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Load Current THD (%)

0 2 lll tli é 1I0 1I2 1I4 1I6 1I8 2I0
Fsand Fgy, (kHz)
—=—3-LDPWM  ——Proposed

Fig. 16. Experimental load current THD at verious Fsw = Fs for proposed
method and 3-LDPWM method



Peotar = [Ps + Pclur + [Ps + Pclir (18)
Since the switching frequency of low frequency leg is
negligible the formula can be approximated to (19).
Protar = [Ps + Pclur + [Pclir (19)

[Ps]yr can be calculated by referring to the datasheet
in [33], it can be found that for the SiC MOSFET employed in
H-bridge in Fig. 2, the total switching energy loss Ero, iS
120pJ at drain rms current Ip(rms) = 5A. The switching losses
can be calculated using (20).

Ps = Eroe X f (20)
Hence for a switching frequency equal to 20kHz, the
switching losses (P) for each SiC MOSFET will be 2.4W and
for the two SiC MOSFETSs this value will sum up to 4.8W. In
Table Il the switching losses for both proposed and 3-
LDPWM were measured to be 2.6 W for 10kHz increase in
load frequency for the two SiC MOSFETSs therefore we can
conclude that if the output load is subjected to a frequency of
20kHz, the total switching loss for two SiC MOSFETs will be
5.2W. This is evident by observing the values in the last row
of Table Il1.

Total conduction loss Pc..) can be calculated using the
approximated algebraic function for regularly sampled PWM
in [36]. The conduction losses incurred comprise the transistor
losses and anti-parallel diode losses for each device [36]:

= [Pcwro) + Pearp] + [Pewpo) + Pearpy] — (21)

p C(tot)
Where:
P (vpo)-LOSS due to constant voltage drop (Vro)across transistor
Pc(rpy- Loss due to conduction resistance () of transistor

P (vpe):L0ss due to constant voltage drop (Vp,) across diode

Pc(rp)- Loss due to conduction resistance () of diode
Py =24 [1+2Mcos ¢ | 22)
Peerp) = TTIM [ + —cos ] (23)
Pewpe) = VDOIM [1 - —M cos ¢ ] (24)
Perpy = M % - —cos o) ] (25)
Where:
M: The modulation index
cos ¢: The power factor of output power
In: The transistor peak current
rr: Transistor On resistance [37]
Vro:  Constant term of transistor voltage drop [37]

From datasheets [33],[34] , the following specifications for the
switching devices used in this paper were extracted:

M: 0.9

cos¢: 0.87

Iv: 5.34A

ITyos-  128m€ for SiC MOSFET

Vboyes: 1-5V for anti-parallel diode in SiC MOSFET
140mQ for anti-parallel diode in SiC MOSFET
T opp. 00mQ for IGBT

Vro,gr: 0-8V constant term for IGBT

: 40mQ for anti-parallel diode in IGBT

I'Digr-

Vpo,pr-0-6V for anti-parallel diode in IGBT

IDyos*

The Pcy,,) term in the expression for the losses in SiC
MOSFET is negligible as MOSFETs are majority carrier
devices and when operating in saturation mode present a linear
output current characteristic [36].

Using the equations for the conduction losses, the following
results are calculated for the particular devices used in the
experiments.

For two IGBTSs we have:

From (22):
= 08x534[1 ><09><087] 219W
C(VTOIGBT) -
From (23):
0.06x5.342[7r+2><0.9 087] 07 W
= X — X 0. = U.
C(rTIGBT) 2m 4 3
From (24):
P = —06XS34 0.9 x 0.87 039 W
C(VDOIGBT) [ 4 X % ] h
From (25):
5 % 0.04 x534%r 2x0.9 087] 0.09W
= X 0. = V.
C(TDIGBT) 21 4 3

From (21) the total conduction losses of two IGBTS are:

Pcctot)ger = [2-19 4 0.7] + [0.39 + 0.09] = 3.37 W
Similarly, for the two SiC MOSFETs from (22) to (25) we
have: Py wos) = O W, PC( =152W,P

0.98 Wand P,y = 0.33W.
The total conduction losses for two SiC MOSFETSs are:
[0+ 1.52] + [0.98 + 0.33] = 2.83 W

TMOS) c(Vbomos) —

PC(fOt)SiCMOSFET -

Total conduction losses for the bridge in Fig. 2 are:

Pc(eory = Petotyigar T Pettod)sic mosrer
Pc(tor) = 3.37 + 2.83 = 6.2W

The above calculated conduction losses are the same for both
the 3-LDPWM and the proposed methods. Table 111 shows the
conduction and switching losses occurred in devices in details.
It also shows miscellaneous losses for both 3-LDPWM and the
proposed methods. Miscellaneous losses include snubber
losses for the devices in the bridge and losses incurred within



the auxiliary power supply for control and drive sections. It
also includes the losses of the output filter.

The efficiencies for both 3-LDPWM and proposed
methods are almost the same. However, Table V shows
superiority of the proposed method to the 3-LDPWM method
from a performance point of view.

IX. DISCUSSION

A. Switching loss distribution

Concerns regarding the issue of uneven switching loss
distribution have been the predominant barrier for
developments of modulation methods involving one high
frequency leg and one fundamental frequency leg operation in
single phase inverters. These concerns should be discussed
and addressed to justify developments in this field. Contrary to
the common belief, with the development of new switching
devices such as high frequency IGBTs and MOSFETS, uneven
heat loss distribution has negligible effect on the safe
operation of devices located in the high frequency leg in Fig.
2.

What follows addresses the question whether it is possible,
for the same output power, to change the modulation type
from the case where four transistors in Fig. 2 operate at half
the load switching frequency (Y2Fsw) [12], to the proposed
method where transistors in the high frequency leg operate at
the load switching frequency (Fsw) without exceeding the
specifications of the transistors. If the answer is positive then
the main benefit that is gained by this trade would be the
possibility of substituting the two high frequency and
expensive transistors in one leg in H-bridge single phase
inverter in Fig. 2 with two low frequency inexpensive
transistors which will operate at low frequency and keep using
the same high frequency transistors located in the high
frequency leg, hence effectively reducing the overall cost of
components. To address this, question the following argument
is pursued.

By referring to the datasheet in [33], it can be found that for
the SiC MOSFET employed in H-bridge in Fig. 2, the total
switching energy loss Eto, is 120uJ at drain rms current
Io(rms) = 5A. Hence for a switching frequency equal to
10kHz, the switching losses (Ps) for each transistor will be
1.2W.

By altering the modulation method from the type
mentioned in the above paragraph where four transistors in H-
bridge single phase inverter operate at ¥%Fsy, (assuming Fsy =
20kHz) to the proposed method, the switching frequency of
transistors in the high frequency leg increases from 10 kHz to
20 kHz which consequently increases Ps from 1.2W to 2.4W
for each transistor. This amount of increase in power loss i.e.
APg= 1.2W for each transistor in the high frequency leg due to
the application of the proposed method, constitutes to less than
2% of the total power loss capability of the SiC MOSFET
which is 65W at device case temperature Tc = 100°C with a
Power De-rating Factor = 1.7 W/°C [33].

The above calculation is further supported by the
experimental results in Table 111 from where it can be deduced
that for the proposed method, an increase in switching loss

(APs) of 2.6W occurred due to the load switching frequency
change from 10 kHz to 20 kHz. This increase in switching
frequency, caused an increase of switching losses which

amounted to Azﬁ = 1.3W for each SiC MOSFET located in the

high frequency leg which corresponds to 2% of 65W total
device power loss handling capability for each SiC MOSFET
as indicated in [33]. This test reveals that if the switching
frequency in the proposed method is changed from 10kHz to
20kHz it is equivalent to the case where the load switching
frequency is kept constant at Fgy = 20kHz but the modulation
method is changed from the commonly used type in which
four transistors in Fig. 2 operate at 10kHz for Fgy = 20kHz,
into the proposed method in which two transistors in the high
frequency leg operate at 20kHz for Fsy = 20kHz. This would
result in an extra 1.3W power loss increase per transistor in
high frequency leg in the proposed method compared to the
aforementioned commonly used method for the same output
power.

The above argument can be extended to the situation where
the switching devices employed in the experiments in section
VII, were to be used in their full rating capacities i.e. Ipgms) =
20A, then the total switching loss (Ery) would be equal to
420uJ [33]. Therefore, by employing the proposed modulation
method, an extra power loss of 4.2W is exerted to each
transistor located in the high frequency leg for an increase of
10kHz in switching frequency, which would be less than 6.4%
of 65W of total power loss handling capability of each SiC
MOSFET device used in the experiments in section VII.

The analytical values for power loss from SiC MOSFET
datasheet and the experimental results in Table 111 suggest that
even though the switching frequency of the SiC MOSFETSs
located in the high frequency leg is doubled by the application
of the proposed method, the devices and the circuit
arrangement can remain unchanged as the small percentage of
power loss increase in the high frequency leg in Fig. 2 can be
accommodated without any major engineering challenge. This
argument is equally valid for any switching devices such as
any high frequency IGBTs or MOSFETSs if they were to be
used in the high frequency leg in Fig. 2.



Hence, uneven power loss distribution is no longer a major
concern as the switching loss increase in the high frequency
leg, constitutes to a small portion of total power dissipation
ability for the SiC MOSFET in question. Therefore, it can be
deduced that by employing the proposed method not only do
we not exert a significant extra power loss burden on the
existing transistors in the high frequency leg but also we make
it possible to use cost effective low frequency IGBT
transistors in the low frequency leg which will considerably
reduce the production cost of the single phase inverters. This
is shown in Table IV.

B. Base band harmonic distortion

Harmonic distortion of an inverter is often assessed through
inspection of output current harmonic spectrum as the output
voltage spectrum is usually dependent on the output filter
characteristics [29]. In the case of the proposed method, a set
of low order harmonic distortions near the fundamental
frequency can be observed in Figs. 7 and 15. This is not a
direct consequence of the application of the proposed method
but is a side effect of regular sampling of the reference signal.
As suggested in [12], regular sampling inherently results in
low order harmonic distortions. This is further proved by the
simulation results in Fig. 7 where low order harmonics can be
observed for both 3-LDPWM and proposed methods. By

applying other ways of implementation for reference signal,
such as naturally sampled technique [2], [10], the low order
harmonic distortion near the fundamental frequency can be
removed. Since regularly sampled technique is a
straightforward method for the construction of the reference
signal in microcontrollers and DSCs, the issue of low order
distortions is often considered a fair compromise between ease
of implementation and low-order harmonic distortion[12].
Crucially, as shown in Fig. 16 for the proposed method,
increasing the sampling frequency beyond 3kHz has negligible
effect on the THD, figure. This is due to the narrow bandwidth
of the reference signal in the proposed method which was
mathematically studied in section IV. Fig. 16 also
demonstrates the fact that with sampling frequency at 1kHz,
the THD, figure for the proposed method is lower than that of
3-LDPWM method but as sampling frequency increases to
20kHz, the THD, figures for 3-LDPWM reduce and
approximate to those of the proposed method, which further
supports the above analytical argument in section 1V regarding
the origin of poor harmonic distortions of 3-LDPWM at low
sampling frequencies compared to the proposed method.

C. Low production cost

Use of discrete fast logic gates for PWM subtraction is an
inexpensive solution which offers a small propagation delay in
the order of nano-seconds.

TABLE IV. INVERTER PROTOTYPE PRODUCTION COST ANALYSIS [31]-[35], [38] - [43]
Component Classic 3-LDPWM Proposed
Description Part No. U?S SP[;;ce Qty. (L(gg; Qty. ('[Jostgl) Qty. (chgl)
Control
1 DSC dsPIC30F3010 4.50 1 4.50 1 4.50 1 4.50
2 Logic AND gate NC7SZ08M5X 0.08 - - - - 6 0.48
3 Logic OR gate SN74LVC1G332DCKR 0.21 - - - - 2 0.42
Switching Devices
4 High Frequency SiC MOSFET C2M0080120D 17.00 4 68.00 | 2 34.00 2 | 34.00
5 Low Frequency IGBT STGWI12NB60HD 3.00 - - 2 6.00 2 6.00
Miscellaneous
6 Auxiliary Power Supply MTU1S1215MC 2.76 3 8.28 3 8.28 3 8.28
7 Gate Drive Components IR2110 2.71 2 5.42 2 5.42 2 5.42
8 Gate Opto-isolator HCPL2631V 2.10 2 4.20 2 4.20 2 4.20
9 Heat-sink SK 61/100 SA 16.54 1 16.54 1 16.54 1 | 16.54
10 | Input and Output Filtering SMV40 5.88 2 11.76 2 11.76 2 | 11.76
11 | Other Components - 10.00 - 10.00 - 10.00 - 10.00
12 | PCB 2-layer 30cm x 20cm 30.00 1 | 30.00 1 30.00 1 | 30.00
Total Cost (USD) 158.70 130.70 131.60
TABLE V. INVERTER PROTOTYPE PRODUCTION COST ANALYSIS
Parameters involved in decision making Classic 3-LDPWM Proposed
1 | Production Cost Good Good
2 | Even-order Harmonic Cancelation Moderate™
3 | Harmonic Distortion at Low Fg Good
4 | Reference Bandwidth Good

Refer to section 111 for further information



Table IV shows a summary of major components' cost
breakdown comparison of the classic inverter, 3-LDPWM and
the proposed methods based on a prototype production cost for
a 500W with 200V DC input and 110V AC output, single
phase inverter. The classical method, where four transistors in
Fig. 2 operate at high frequency shares most of its bill of
material with the other two methods. In contrast both the
proposed and the 3-LDPWM methods offer a cost saving of
about 17.6% compared to the classical design thanks to
application of low switching frequency transistors in one leg
of the inverter. By comparing the total cost of the proposed
method with the 3-LDPWM method, it is seen that the extra
logic circuitry in the proposed method increases the
production cost by less than 1 USD which constitutes to only
0.76% increase in the total production cost of the
inverter [31]-[34]. In return the proposed method offers a
significantly better harmonic distortion compared to 3-
LDPWM method as was discussed in the previous sections
and is summarized in Table V.

X. CONCLUSION

A cost effective modulating method for single phase H-
bridge inverters was proposed. The proposed method subtracts
two antiphase sinusoidal based regular sampled PWMs using a
combinational logic circuit to create a new continuous PWM
signal with even-order harmonics cancelation capability. The
performance of the proposed method was evaluated and
compared with 3-LDPWM method using commercialized SiC
MOSFETs and IGBTSs in a 500W single phase inverter on the
bases of switching losses, harmonic distortions production
cost and sampling rate. Similar to 3-LDPWM method, the
proposed method offers low production cost benefit. In
addition, the comparison showed that the proposed method
also offers the ability of removing even-order harmonics and
provides a considerably better THD figure compared to 3-
LDPWM especially at low sampling frequencies due to the
narrow bandwidth of its reference signal. The combinational
control cancels the even-order harmonics and significantly
improves the harmonic distortion of the output current in the
proposed method whilst the additional logic circuitry only
increases the production cost by less than 1 USD. Table 1V
and Table V, indicate that from the efficiency and cost
reduction point of views, both proposed and 3-LDPWM
methods present almost identical merits however, as shown in
Table V it is clear that the proposed method can offer a
significantly better harmonic distortion hence making the
proposed method an attractive solution in industry.

REFERENCES

[1] S.V. Araujo, P. Zacharias, R. Mallwitz, "Highly Efficient Single-Phase
Transformerless Inverters for Grid-Connected Photovoltaic Systems,"
IEEE Trans. Ind. Electronics, vol.57, no.9, pp.3118,3128, Sept. 2010

[2] F. Edwin, Xiao Weidong, V. Khadkikar, "Topology review of single
phase grid-connected module integrated converters for PV applications,"”
IEEE Ind. Electronics Society IECON '12 Conf., vol., no., pp.821,827,
25-28 Oct. 2012

[3] Tarisciotti, L.; Zanchetta, P.; Watson, A.; Bifaretti, S.; Clare, J.C,;
Wheeler, P.W., "Active DC Voltage Balancing PWM Technique for

(41

(5]

(6]

[71

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

High-Power Cascaded Multilevel Converters,” IEEE Trans. Ind.

Electronics , vol.61, no.11, pp.6157,6167, Nov. 2014

Bodo, N.; Jones, M.; Levi, E., "A Space Vector PWM With Common-
Mode Voltage Elimination for Open-End Winding Five-Phase Drives
With a Single DC Supply," IEEE Trans. Ind. Electronics , vol.61, no.5,
pp.2197,2207, May 2014

Perez, M.A.; Bernet, S.; Rodriguez, J.; Kouro, S.; Lizana, R., "Circuit
Topologies, Modeling, Control Schemes, and Applications of Modular
Multilevel Converters," IEEE Trans. Power Electronics , vol.30, no.1,
pp.4,17, Jan. 2015

Basu, K.; Mohan, N., "A High-Frequency Link Single-Stage PWM
Inverter With Common-Mode Voltage Suppression and Source-Based
Commutation of Leakage Energy," IEEE Trans. Power Electronics ,
vol.29, no.8, pp.3907,3918, Aug. 2014

Y. Gu, Y. Wang, X. Xiang, W. Li and X. He, "Improved Virtual Vector
Control of Single-Phase Inverter Based on Unified Model," in IEEE
Transactions on Energy Conversion, vol. 29, no. 3, pp. 611-618, Sept.
2014.

H. Han, X. Hou, J. Yang, J. Wu, M. Su and J. M. Guerrero, "Review of
Power Sharing Control Strategies for Islanding Operation of AC
Microgrids," in IEEE Transactions on Smart Grid, vol. 7, no. 1, pp. 200-
215, Jan. 2016.

Nag, S.S.; Mishra, S., "Current-Fed Switched Inverter," IEEE Trans.
Ind. Electronics, vol.61, no.9, pp.4680,4690, Sept. 2014

Lai Jih-Sheng, "Power conditioning circuit topologies,” IEEE Ind.
Electronics Magazine, vol.3, no.2, pp.24,34, June 2009

A.C. dos Reis, V.J. Farias, L.C. De Freitas, J.B.Vieira, "A full-bridge
three-level single phase inverter with stressless commutation cell and
special PWM technique,” in Proc. APEC '98 Conf., vol.2, no.,
pp.551,557 vol.2, 15-19

D. Grahame Holmes, Thomas A.Lipo: " Pulse Width Modulation for
Power Converters: Principles and Practice books" USA: Wiley, 2003,
pp.155 - 215

S.R. Bowes, S. Grewal, D. Holliday, "High frequency PWM technique
for two and three level single-phase inverters,” in Proc. IEE Electric
Power Applications, vol.147, no.3, pp.181,191, May 2000

S.R. Bowes, D. Holliday, S. Grewal, "Regular-sampled harmonic
elimination PWM control of single-phase two-level inverters," in Proc.
IEE Electric Power Applications, vol.148, no.4, pp.309,314, Jul 2001

Babaei, E.; Laali, S.; Bayat, Z., "A Single-Phase Cascaded Multilevel
Inverter Based on a New Basic Unit With Reduced Number of Power
Switches," IEEE Trans. Ind. Electronics , vol.62, no.2, pp.922,929, Feb.
2015

Mao Xiaolin, R. Ayyanar, H.K. Krishnamurthy, "Optimal Variable
Switching Frequency Scheme for Reducing Switching Loss in Single-
Phase Inverters Based on Time-Domain Ripple Analysis," IEEE Trans.
Power Electronics, vol.24, no.4, pp.991,1001, April 2009

Jahdi, S.; Alatise, O.; Alexakis, P.; Li Ran; Mawby, P., “The Impact of
Temperature and Switching Rate on the Dynamic Characteristics of
Silicon Carbide Schottky Barrier Diodes and MOSFETSs," IEEE Trans.
Ind. Electronics, vol.62, no.1, pp.163-171, Jan. 2015

Esteve, V.; Jordan, J.; Sanchis-Kilders, E.; Dede, E.J.; Maset, E.; Ejea,
J.B.; Ferreres, A., "Comparative Study of a Single Inverter Bridge for
Dual-Frequency Induction Heating Using Si and SiC MOSFETSs," IEEE
Trans. Ind. Electronics , vol.62, no.3, pp.1440-1450, March 2015

Jordan, J.; Esteve, V.; Sanchis-Kilders, E.; Dede, E.J.; Maset, E.; Ejea,
J.B.; Ferreres, A., "A Comparative Performance Study of a 1200 V Si
and SiC MOSFET Intrinsic Diode on an Induction Heating Inverter,"
IEEE Trans. Power Electronics , vol.29, no.5, pp.2550,2562, May 2014

Hazra, S.; De, A.; Cheng, L.; Palmour, J.; Schupbach, M.; Hull, B,;
Allen, S.; Bhattacharya, S., "High Switching Performance of 1700V,
50A SiC Power MOSFET over Si IGBT/BIMOSFET for Advanced
Power Conversion Applications," IEEE Trans. Power Electronics ,
vol.PP, n0.99, pp.1,1, May 2015

N. Oswald, P. Anthony, N. McNeill, B.H. Stark, "An Experimental
Investigation of the Tradeoff between Switching Losses and EMI
Generation With Hard-Switched All-Si, Si-SiC, and All-SiC Device
Combinations," IEEE Trans. Power Electronics, vol.29, no.5,
pp.2393,2407, May 2014

Feel-Soon Kang, Sung-Jun Park, Su Eog Cho, Cheul-U Kim and T. Ise,
"Multilevel PWM inverters suitable for the use of stand-alone



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

photovoltaic power systems,” in IEEE Transactions on Energy
Conversion, vol. 20, no. 4, pp. 906-915, Dec. 2005.

A. Shukla, A. Ghosh and A. Joshi, "Control Schemes for DC Capacitor
Voltages Equalization in Diode-Clamped Multilevel Inverter-Based
DSTATCOM," in IEEE Transactions on Power Delivery, vol. 23, no. 2,
pp. 1139-1149, April 2008.

Lu Zhiguo, Wu Chunjun, Zhao Lili, Zhu Wanping, "A new three-phase
inverter built by a low-frequency three-phase inverter in series with
three high-frequency single-phase inverters," In Proc. (IPEMC), Conf.
2012

John G. Proakis, Dimitris K. Manolakis: "Digital Signal Processing"
USA: Pearson, 2006, pp. 45- 140

Futo, A.; Varjasi, |.; Suto, Z., "Current ripple calculation for dead time
compensation in three phase PWM inverters," in Energy Conference
(ENERGYCON), 2014 IEEE International , vol., no., pp.195-201, 13-16
May 2014

Cho Kyu-Min, Oh Won Seok, Kim Young-Tae, Kim Hee-Jun, "A New
Switching Strategy for Pulse Width Modulation (PWM) Power
Converters," IEEE Trans. Ind. Electronics, vol.54, no.1, pp.330,337,
Feb. 2007

R.-S. Lai, K.D.T. Ngo, "A PWM method for reduction of switching loss
in a full-bridge inverter," IEEE Trans. Power Electronics, vol.10, no.3,
pp.326,332, May 1995

Ruderman, A., "About Voltage Total Harmonic Distortion for Single-
and Three-Phase Multilevel Inverters,” IEEE Trans. Ind. Electronics,
vol.62, no.3, pp.1548,1551, March 2015

S.R. Bowes, D. Holliday, "Optimal Regular-Sampled PWM Inverter
Control Techniques,” IEEE Trans. Ind. Electronics, vol.54, no.3,
pp.1547,1559, June 2007

Uk.farnell.com, 'DSPIC30F3012-301/SO - MICROCHIP - MCU-DSP
16BIT 30MIPS 24K FLSH, SMD | Farnell element14', 2015. [Online].
Available:  http://uk.farnell.com/microchip/dspic30f3012-30i-so/mcu-
dsp-16bit-30mips-24k-flsh/dp/1439597. [Accessed: 14- Sep- 2015].

Uk.farnell.com, 'HCPL2631V - FAIRCHILD SEMICONDUCTOR -
OPTOCOUPLER, DUAL, LOGIC O/P | Farnell elementl4', 2015.
[Online]. Auvailable: http://uk.farnell.com/fairchild-
semiconductor/hcpl2631v/optocoupler-dual-logic-o-
p/dp/1495386?0st=HCPL2631V. [Accessed: 14- Sep- 2015].

I. Cree, 'C2M0080120D Cree, Inc. | Mouser', Mouser Electronics, 2015.
[Online]. Available: http://uk.mouser.com/ProductDetail/Cree-
Inc/C2M0080120D/?qs=sGAEpiMZZMv4z0HnGdrLjoio6kmi5S5eamfv
a03Zm2w%3d. [Accessed: 13- Sep- 2015].

Transistormosfet.com, 'STGW12NB60HD price list, STGW12NB60HD
photoltransistor mosfet|transistormosfet.com’, 2015. [Online]. Available:
http://www.transistormosfet.com/index.php?route=product/search&sear
ch=STGW12NB60HD. [Accessed: 13- Sep- 2015].

Uk.farnell.com, 'IR2110STRPBF - INTERNATIONAL RECTIFIER -
HIGH AND LOW-SIDE DRIVER, FULL REEL | Farnell element14',
2015. [Online].  Available:  http://uk.farnell.com/international-
rectifier/ir2110strpbf/highlow-side-driver-full-reel/dp/2370417.
[Accessed: 14- Sep- 2015].

Mestha, L.K.; Evans, P.D., "Analysis of on-state losses in PWM
inverters," in Electric Power Applications, IEE Proceedings B , vol.136,
no.4, pp.189-195, July 1989

Infineon.com,2016.[Online].Available:
http://www.infineon.com/dgdl/Infineon-
AN2010_09_Automotive_IGBT_Modules_Explanations-AN-v1.0-
en.pdf?fileld=db3a30432c59a87e012c5ee8648e355e

Uk.farnell.com, 'NC7SZ08M5X - FAIRCHILD SEMICONDUCTOR -
SINGLE AND GATE, 2I/P, SOT-23-5 | Farnell element14', 2015.
[Online]. Auvailable: http://uk.farnell.com/fairchild-
semiconductor/nc7sz08mb5x/singlegate-2i-p-sot-23-5/dp/1613980.
[Accessed: 14- Sep- 2015].

Uk.farnell.com, 'SN74LVC1G332DCKR - TEXAS INSTRUMENTS -
SINGLE OR GATE, 31/P, SC-70-6 | Farnell element14', 2015. [Online].
Available: http://uk.farnell.com/texas-
instruments/sn74lvc1g332dckr/single-or-gate-3i-p-sc-70-6/dp/2131952.
[Accessed: 14- Sep- 2015].

Uk.farnell.com, 'MTU1S1215MC - MURATA POWER SOLUTIONS -
Isolated Board Mount DC/DC Converter, Fixed, SMD, 1 W, 15 V, 67
mA | Farnell  elementl4’,  2015. [Online].  Available:

http://uk.farnell.com/murata-power-solutions/mtuls1215mc/dc-dc-
1kvdc-isolation-smd-1w-12/dp/1867142. [Accessed: 14- Sep- 2015].

Pcbtrain.co.uk, 'PCB Supplier UK | Prototype Printed Circuit Boards |
PCB Train', 2015. [Online]. Available: http://www.pcbtrain.co.uk/.
[Accessed: 14- Sep- 2015].

Uk.farnell.com, 'SK 61/100 SA - FISCHER ELEKTRONIK - HEAT
SINK CASE | Farnell elementl4’, 2015. [Online]. Available:
http://uk.farnell.com/fischer-elektronik/sk-61-100-sa/heat-sink-
case/dp/4622030. [Accessed: 14- Sep- 2015].

Uk.farnell.com, 'SMV40 - ROXBURGH - CHOKE, DIFFERENTIAL
MODE, 0.21MH, 4A | Farnell element14', 2015. [Online]. Available:
http://uk.farnell.com/roxburgh/smv40/choke-differential-mode-0-
21mh/dp/1187671. [Accessed: 14- Sep- 2015].

[41]

[42]

[43]

Alireza Harrasi received the B.SC.(Hons), M.Sc.
degrees  from Loughborough University,
Loughborough UK. in 1985, 1986 respectivly.
From 1987 to 2012 he worked as a design engineer
in industry in the field of DC-DC converters, AC-
DC rectifiers and DC-AC inverters. Since 2012, he
has been working twoards the PhD degree in
electrical engineering at Brunel university UK. His
research interests include various control strategies
for grid-tie inverters.

Ahmed Faheem Zobaa (M’02-SM’04)

received the B.Sc.(Hons), M.Sc., and Ph.D. degrees
in electrical power and machines from Cairo
University, Egypt, in 1992, 1997, and 2002,
respectively. From 2007 to 2010, he was a Senior
Lecturer in renewable energy at University of
Exeter, U.K. He was also an Instructor from 1992 to
1997, a Teaching Assistant from 1997 to 2002, an
Assistant Professor from 2003 to 2008, an Associate
Professor from 2008 to 2013 at Cairo University
where he has also been a Professor (on leave) since
December 2013. Currently, he is a Senior Lecturer in power systems, an MSc
Course Director and a Full Member of the Institute of Energy Futures at
Brunel University London, U.K. His main areas of expertise are power
quality, (marine) renewable energy, smart grids, energy efficiency, and
lighting applications.

Dr. Zobaa is an Editor-in-Chief for the International Journal of Renewable
Energy Technology and Technology and Economics of Smart Grids and
Sustainable Energy. He is also an Editorial Board member, Editor, Associate
Editor, and Editorial Advisory Board member for many international journals.
He is a registered Chartered Engineer, Chartered Energy Engineer, European
Engineer, and International Professional Engineer. He is also a registered
member of the Engineering Council U.K., Egypt Syndicate of Engineers, and
the Egyptian Society of Engineers. He is a Senior Fellow of the Higher
Education Academy of U.K. He is a Fellow of the Institution of Engineering
and Technology, the Energy Institute of U.K., the Chartered Institution of
Building Services Engineers, the Institution of Mechanical Engineers, the
Royal Society of Arts, the African Academy of Science, and the Chartered
Institute of Educational Assessors. He is a senior member of the Institute of
Electrical and Electronics Engineers. Also, He is a member of the
International Solar Energy Society, the European Power Electronics and
Drives Association, and the IEEE Standards Association.



