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a Compact S1P Implementation
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Abstract—This article presents a selective harmonic elimination
pulsewidth modulation (PWM) (SHEPWM) full-bridge inverter
featuring real-time on-the-fly reconfigurability of output waveform
amplitude and frequency using a field-programmable gate array
(FPGA). The inverter is integrated on a compact three-dimensional
(3-D) system-in-package using low-temperature cofired ceramics
as a substrate, reducing the printed circuit board (PCB) area.
Validated through simulations and measurements at 0.12 W and
1.2 W peak output power, the inverter cancels harmonics up to the
34th order at switching nodes. With an LC filter having a 20 kHz
cut-off frequency, total harmonic distortion at the load is below
5.1% for alternating current output signals, varying in modulation
index from 0.2 to 0.9 and output frequencies from 5 to 10 kHz.
The results also showed that for the same inverter conditions and
output THD, the SHEPWM inverter with 0.12 W output power
has an average of 17.3% and 4.2% better efficiency than a natural
PWM (NPWM) inverter with an output frequency of 4 kHz and
10 kHz, respectively. For the inverter of 1.2 W output power, the
SHEPWM inverter maintains better efficiency than the NPWM
counterpart, by an average of 2.3% and 6.9 %, respectively.

Index Terms—TFull bridge, gallium nitride (GaN), harmonic
cancelation, inverter, low-power inverter, low-temperature cofired
ceramics (LTCC), selective harmonic elimination pulsewidth
modulation (SHEPWM), system-in-package (SiP).

I. INTRODUCTION

ECENT advances in power transistors enable smaller and
lighter power electronics boards. Among them, gallium
nitride (GaN) devices are one of the best candidates for switch-
mode operated converters thanks to their capability of fast
switching and small size [1], [2], [3], [4], [5], [6]. However,
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the system volume and bulky power electronic parts need to be
replaced by a reconfigurable power electronics unit to further
reduce the overall size and distribute the power to different
loads operating under different conditions. A heterogeneously
integrated system-in-package (SiP) on a low-temperature cofired
ceramics (LTCC) substrate is a promising candidate for this
purpose since it has a good three-dimensional (3-D) integration
density, thermal, and electrical performance [7], [8].

Low-power loads, such as electropneumatic servo valves, hall
effect sensors, and low-power actuators, find common usage
in a wide range of industries, including aerospace, automotive,
industrial automation, and power systems. These applications
necessitate precise control, sensing, and measurement of di-
verse parameters. In such scenarios, the switching losses of
power devices in the inverter play a dominant role compared
to conduction losses due to their operation at extremely low
alternating current (ac) load currents. The operation frequency
of these loads is usually in the range of several kHz to 10 kHz.
A natural pulsewidth modulated (NPWM) inverter, where a
reference sinewave is compared with a carrier signal to generate
the pulsewidth modulated (PWM) signal, needs to operate with a
high switching frequency to reduce the total harmonic distortion
(THD) at the cost of high-switching losses [9]. This reduces the
overall efficiency of the converter.

A selective harmonic elimination PWM (SHEPWM) tech-
nique can reduce switching losses. SHEPWM predetermines the
switching angles of the PWM signal so that lower order harmon-
ics are absent, enabling low THD without necessarily increasing
the switching frequency of the power transistors. SHEPWM
was first introduced in [10] and [11]. Since then numerous
papers have been published on SHEPWM theory, especially on
solving the nonlinear transcendental equations to get the optimal
switching angles [12], [13], [14],[15],[16], [17], [18], [19], [20],
[21]. Previous experimental works on the SHEPWM technique
were mostly conducted in mid-to-high power and fixed low-
frequency applications, and detailed hardware implementations
were not given, or were described very briefly. For example,
works in [19], [22], [23], [24], [25], [26], [27], [28] focused on
50 Hz fundamental output frequency (fr) with direct current
(dc) supply voltages ranging from 60 to 200 V, and the output
frequency in [29] is 60 Hz with the dc supply voltage of 127 V.
Chengetal. [30] presented and analyzed the dynamic response of
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the SHEPWM technique under a step in the output voltage from
0 to 200 V. Ahmed et al.[31] proposed a method for real-time
calculation of switching angles, and presented a cascaded full
H-bridge inverter with the step change of modulation index (MI).
To the authors’ best knowledge, no works have presented the
SHEPWM inverter with a variable output frequency, which is
required in some applications. The common hardware solution
for the SHEPWM technique is using a field programmable gate
array (FPGA) or digital signal processor to generate the PWM
signals. The aforementioned works have a very limited descrip-
tion of hardware design, making it challenging for the reader
to understand and/or replica the hardware implementation. In
this study, an FPGA is selected to implement the SHEPWM
technique owing to its advantages in mathematical operations
optimization, increased interface capability, and higher clock
frequency.

This article demonstrates a low-power full-bridge SHEPWM
inverter with on-the-fly reconfigurable ac outputs in a compact
3-D SiP, with an emphasis on high-frequency applications to
address the shortcomings of the aforementioned works. As
no low-power SHEPWM inverter along with its output THD
relationship with MI and the fundamental output frequency
is reported in the literature, this article investigates these key
aspects with a full range of MI and a wider range of output fre-
quencies (several kHz to 10 kHz). Furthermore, a detailed FPGA
hardware implementation in MATLAB SIMULINK is described
in this article, which is simple and can be replicated easily. The
method of FPGA hardware implementation is straightforward
and does not require any knowledge of a hardware description
language (HDL).

This work is a significant extension of [32], including on-
the-fly configuration of both inverter output amplitude and fre-
quency, in-depth treatment of the design and implementation,
and experimental validation. The rest of this article is organized
as follows. The review of the SHEPWM theory, architecture of
SHEPWM hardware, and FPGA simulations are described in
detail in Section II. In Section III, the inverter system imple-
mentation is described. The inverter simulations, experimental
results, and discussions are provided in Section IV. Finally,
Section V concludes this article.

II. SHEPWM THEORY AND PROPOSED FPGA ARCHITECTURE

Unlike an NPWM inverter, the SHEPWM’s switching angles
are precalculated. Lower order harmonics at the switching node
can be canceled without necessarily increasing the switching
frequency of SHEPWM. A three-level differential SHEPWM
signal can be generated at the differential switching nodes
(+Vsw— in Fig. 1) where PWMI1 and PWM2 are driven by two
gate drivers (GDs). Lower order harmonics at Vsy are canceled,
while higher order harmonics are suppressed by an LC filter so
that a single-tone ac output signal (+Vour—) is delivered to the
load.

The architecture of the FPGA for SHEPWM is designed using
Xilinx System Generator (SysGen) for digital signal process-
ing, which is fully integrated into MATLAB Simulink. HDL
codes are generated automatically using SysGen after validating
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Fig. 1. Schematic of a full-bridge inverter output stage.
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Fig. 2. Three-level odd-symmetrical SHEPWM waveform.

the SHEPWM block’s function using Simulink. The proposed
method is simple, cost-effective, and has the capability of on-
the-fly configuration of both output amplitude and frequency.
The detailed hardware implementation along with Simulink
simulations are described in detail in this section.

A. Review of SHEPWM Theory

A three-level PWM is depicted in Fig. 2 with N switching
angles per quarter cycle. Vsw can be represented by a Fourier
Series as follows:

(o}
Vsw (wt) ?0 z::

where ag is the dc component, n is the harmonic order, w is the
angular frequency in rad/second, ¢ is time, a,, are the coefficients
of the cosine terms, and b,, are the coefficients of sine terms.
With odd quarter-wave symmetry, the dc component (a ), cosine
coefficients (a,,), and even order sine terms (bs, by4,..., ba,) are
inherently equal to zero. Thus, (1) can be simplified to

n cos(nwt) + Z by sin(nwt) (1)

n=1

Yoo bysin(nwt)  for odd ns
Vsw(wt) = (2
0 for even ns
where
1 2
by = = Vsw (wt) sin(nwt)d(wt). 3)

If the inverter input voltage is Vin, then b,, can be expressed
as

s
I
S
\s
zZ
] =

(—1)**1 cos(nag) 4)
k=1

where k is an integer number (1 < k < N) and ay, is the kth
switching angle in Fig. 2. Equation (4) can be expanded to the
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TABLE I
INITIAL GUESSED AND CALCULATED OPTIMAL SWITCHING ANGLES IN DEGREES FOR DIFFERENT MIS

Ml oq 1* ol  azt ay | as T ag | ar T asg | ag? ool ot aipl a3t audl a5t aisl  airt
‘ 10.03¢ 11.00¢ 20.00¢ 21.94¢ 29.97¢ 32.83¢ 39.94¢ 43.60¢  49.90¢ 54.26¢ 59.87¢ 64.74¢  69.84¢ 75.06¢ 79.81¢ 85.14¢ 89.67¢ ‘
0.2 9.81 10.16 19.63 20.31 29.46 30.46 39.31 40.60 49.19 50.72 59.10 60.83 69.03 70.91 79.00 80.97 89.00
0.3 9.71 10.22 19.43 20.45 29.17 30.66 38.94 40.86 48.75 51.05 58.61 61.21 68.52 71.35 78.48 81.45 88.49
0.4 9.60 10.28 19.21 20.56 28.85 30.83 38.54 41.10 48.29 51.34 58.10 61.57 67.99 71.76 77.95 81.92 87.99
0.5 9.48 10.33 18.97 20.65 28.51 30.98 38.11 41.30 47.79 51.61 57.56 61.90 67.43 72.16 77.40 82.38 87.47
0.6 9.35 10.36 18.73 20.72 28.15 31.09 37.65 41.45 47.25 51.82 56.97 62.19 66.83 72.53 76.82 82.83 86.94
0.7 9.21 10.38 18.46 20.76 27.76 31.15 37.15 41.55 46.66 51.97 56.33 62.41 66.16 72.85 76.19 83.27 86.39
0.8 9.07 10.37 18.16 20.75 27.33 31.15 36.59 41.56 45.99 52.01 55.58 62.52 65.39 73.08 75.47 83.67 85.81
0.9 8.90 10.33 17.83 20.67 26.82 31.03 35.92 41.41 45.17 51.84 54.63 62.36 64.36 73.05 74.49 83.96 85.09

@ 7 indicates the rising edge of the switching angle,

following equations:

cos(ay) — cos(ag) + - - - £ cos(an) = 7=h
cos(3a1) — cos(3az) + - - £ cos(3ay) = 43‘;:N b
cos(5a1) — cos(5as) + - £ cos(bay) = gp=bs  (5)
cos(nay) — cos(nag) + -+ £ cos(nay) = gy-bn
which must satisfy the following condition:
041<052<...<04N<z_ 6)

2

To cancel lower odd harmonics, b3 to b,, in (5) are set to equal
to zero. by is the amplitude of the fundamental output signal and
b1/Vin is defined as the MI. To solve for N unknown switching
angles, /N equations are needed, and N —1 odd harmonics can be
canceled. More switching angles mean more harmonic cance-
lation, however, solving the nonlinear transcendental equations
becomes more complicated and hardware resources for imple-
mentation increase as well. In addition, for small MI PWM
signals, the pulses get narrow near 0° and 180°, therefore, a
higher FPGA clock frequency (fcrk) is needed for a better
timing resolution for the switching angles, especially for an
increased number of switching angles.

The example used in this article targets 17 switching angles
per quarter-cycle, which eliminates 16 odd harmonics. That
means third to 33rd odd harmonics are canceled and even
harmonics do not exist in the odd symmetric SHEPWM signal.
Therefore, the 35th harmonic is the first tone following the
canceled harmonics. The equations are solved in MATLAB
by guessing the initial switching angles. The resulting optimal
switching angles in degrees for different MI are given in Table I
and plotted in Fig. 3. In Table I, the odd index switching angles
(a1, g, ..., a1 7) are the rising edges and the even index switching
angles (ae, ay, ..., a1g) are the falling edges of the SHEPWM
signal. The second row is the set of initial (guessed) switching
angles common for all the modulation indices (MIs). Subsequent
rows show the solutions for optimal switching angles for each MI
from 0.2t0 0.9. As seen in the table, the solved optimal switching
angles for all MI are in the vicinity of initial switching angles.

B. Proposed SHEPWM FPGA Architecture

In this work, the precomputed optimal switching angles are
stored in a look-up table (LUT), implemented using a block
random access memory (BRAM) in the FPGA. To avoid re-
programming the FPGA when generating different ac output

b | indicates the falling edge of the switching angle, ¢ Initial guessed switching angles.
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Fig. 3. 17 optimal switching angles per quarter-cycle for different MIs.
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Fig. 4. Generating the SHEPWM pulses using a counter-based methodology.

signals at the load, the switching angles (first half period) of
different amplitude and frequency output signals can be stored
in the LUT so that configuring outputs on-the-fly is achieved by
simply sending a command signal to the FPGA.

A counter-based methodology is used to generate the pulses
according to the computed switching angles, as shown in Fig. 4.
In this work, 17 (N = 17) optimal switching angles per quarter-
cycle are used. When the counter (ramp signal in Fig. 4) equals
each switching angle (horizontal line), PWM signals change
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Fig. 5.

their logic levels. Switching angles in the first half-period (a; to
agy) are used to generate the PWMI signal and ao 41 to gy
are used to generate the PWM?2 signal. PWM1 and PWM2 drive
the full-bridge GaN devices from two sides and a three-level
differential PWM signal is obtained at the switching nodes as
shown in Fig. 1.

The architecture of the FPGA for the proposed SHEPWM
algorithm is shown in Fig. 5. The architecture can be divided
into two major blocks, namely the configuration block and the
computing block. Each block is further divided into sub-blocks.
The bit length of each signal is indicated in Fig. 5. The descrip-
tion of the two major blocks is as follows.

The configuration block: This block reads the input “data”
that the user sends to the FPGA, setting a particular MI and
inverter fundamental output frequency. The field Data [3:0] and
[7:4] specify different output frequencies and MIs. The reserved
Data [13:8] can be used if more output waveform is needed.
Enable/disable function of PWMs generation is controlled by
Data [14]. Data [15] loads the “Address Counters” through the
finite state machine (FSM) so that the first switching angle of a
specific Ml is indexed in “LUT_NCnt.” This mechanism allows
real-time user-specific MI selection when a new “data” is sent
to the FPGA.

The computing block: This block consists of logic for generat-
ing the switching signals PWM1 and PWM2. All calculations in
the FPGA are based on fixed-point unsigned arithmetic. The cal-
culated optimal switching angles () of the first half-cycle (g
to o) for different Mls are normalized (NCntA/B= fcrx X
ay/360°) to FPGA clock frequency (fcrk) and prestored in a
dual port LUT, “LUT_NCnt.” Up to 16 periods (T' = 1/ fr) of
different inverter ac output signals are stored in another LUT,
“LUT_T.” The counters AddrA and AddrB are initialized with
the first switching angle of a specific MI when “LoadAddr”
or “Reset” is asserted then count when their respective enable
signals “EnAddrA” and “EnAddrB” are asserted. The “Period”
of the inverter output signal from “LUT_T” is multiplied by
normalized switching angles to generate the absolute switch-
ing angles: ACntA=T x NCntA, ACntB’=T x NCntB. As

SHEPWM architecture on the FPGA with M/ = 16 MIs and N; = 16 frequencies, employing N = 17 switching angles.

PWM2 is phase shifted by 180° with respect to PWMI, the final
absolute switching angles for the second half-cycle (ACntB)
are achieved by adding a period-dependent offset to ACntB’,
which is performed by the sub-block “Offset.” This “Offset”
block reduces the memory size of “LUT_NCnt” since switching
angles from aon41 to ayn are not stored in the LUT. As
the switching angles are normalized to fc x (200 MHz in this
work), the largest number in “LUT_NCnt” is 2-108. The outputs
of this 2-port LUT require NCntA/B = ceil(loga(fcLk)) bits,
totaling 28 bits, to represent the normalized switching angles.
As a result of the structure in Fig. 5, the size of LUT_AddrMI,
the 2-port LUT_NChnt, and the LUT_T are ceil(log,(M-2N)),
M-2N -ceil(logy(fcrk)), and Ne-ceil(log, (foLk)) bits, respec-
tively, where M is the number of MIs and Nt is the number of
fundamental output frequencies. The total LUT size in Fig. 5 is
1.98 kB, while the implementation described in Section III for
our experiments, with M = 8, Ny = 7,and N = 17,is0.985kB.

In Table I, the switching angles have been precomputed using
MATLAB and the floor method, with deliberate inclusion of
an extensive number of decimal points to ensure the precision
of the angles, followed by truncation. For simplicity, only two
decimal points are shown in the table. The SHEPWM signal
with the lower switching frequency gets more switching angle
resolution than the higher switching frequency since fcik is
fixed in the FPGA. The switching angle resolution in degrees
can be calculated as

~360° X fr

A«
fork

(N
where fr is the fundamental output frequency. With fcrx =
200 MHz, the switching angle resolution of the different funda-
mental output frequencies is given by Table II.

Simulink (SysGen) simulation results of important signals in
the computing block are shown in Fig. 6. A periodic counter’s
(“Ramp Counter” sub-block) output signal “CntRamp” is com-
pared with the final absolute switching angles “ACntA” and “AC-
ntB” (first-row in Fig. 6). When they are equal, the comparator
triggers “EnAddrA” and “EnAddrB,” respectively (second-row
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TABLE II
SWITCHING ANGLE RESOLUTION IN DEGREES FOR DIFFERENT FUNDAMENTAL
OUTPUT FREQUENCY

fr (kHz) 4 5 6 7 8 9 10

Resolution
(103 degree) 72 9.0 108 126 144 162 18

x10*
g 21 —CntRamp|
1 —ACntA
3 —ACntB
S
1 T

Il i

EnAddr

100 150 200 250 300
Time (us)
Fig. 6. SHEPWM simulation showing critical FPGA signals in Fig. 5.

in Fig. 6), so that address of the next switching angle is indexed
in “LUT_NCnt” (third-row in Fig. 6). The signal CntRamp is
then compared with the next absolute switching angle. This
continues until all the switching angles within the same MI are
compared with CntRamp. When the “Ramp Counter” counts
to one full inverter output period, which is given by “LUT_T,”
the comparator output resets the “Ramp Counter” to zero, and
loads the “Address Counters” so that the first switching angle
of the same MI is indexed in “LUT_NCnt.” For example, the
first half-period of switching angles of MI=0.1 occupies the
first 34 addresses in “LUT_NCnt,” and all the corresponding
switching angles of MIs from 0.1 to 0.9 with a step of 0.1 are
prestored in “LUT_NCnt.” If the user sends a new input “Data”
to the FPGA with an MI = 0.9, then “Address Counters” point
to the address index (AI) of 272 [(9 — 1) x 34] in “LUT_NCnt.”
For MI = 0.9, the switching angles occupy the Al from 272 to
306 (see Fig. 6).

Finally, the two PWM signals are obtained from the least-
significant bit of signals AddrA and AddrB (third to fourth-row
in Fig. 6).

C. On-the-Fly Configuration of AC Output Signals

The proposed SHEPWM architecture can configure the PWM
output signals on-the-fly, directly from the personal computer
commands without reprogramming the FPGA. As a result, a
variable output frequency and/or amplitude can be generated at
the inverter output. Fig. 7 shows relevant FPGA signals dur-
ing on-the-fly configuration. Fig. 8 shows Vs, extracted from
PWMI1 and PWM2. An analog filter with a cut-off frequency of
20 kHz filters Vsw to give the differential output signal Vour.

From¢=0.1 mstot=0.87 ms, a waveform with MI =0.9 and
fr=>5kHzis generated. At t=0.9ms, the waveform parameters
are updated to MI=0.5 and fr=10kHz. Finally at t=1.7 ms,
a waveform with MI=0.7 and fp =7kHz is generated. It can
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Fig. 7. FPGA signals during on-the-fly configuration.
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Fig. 8.  Effect of on-the-fly configuration on the amplitude and frequency of
the inverter output waveform.
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Fig. 9.  Architecture of the SHEPWM inverter.

be seen in Fig. 7 (Top) that the higher frequency PWM signal’s
ramp counter peak is lower than in the case of a lower frequency
PWM signal. The third row within Fig. 7 shows that smaller
MI signals occupy lower Al The discontinuity in the waveform
between different MI and output frequency in Fig. 8 is due to
uploading new “data” information from the MATLAB graphical
user interface (GUI) and resetting the FSM in the SHEPWM
block. Nevertheless, the results show that the on-the-fly config-
uration of different ac output signals in real time is achievable
with this architecture.

III. INVERTER SYSTEM IMPLEMENTATION

The overall SHEPWM inverter system implementation is
described in this section. Fig. 9 shows the architecture of the
inverter. The system includes the MATLAB GUI, Nexys Video
Artix-7 FPGA board, and a custom host printed circuit board
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Fig. 10.
reference.

LTCC SiP with a Canadian two-dollar coin (diameter = 28 mm) as a

(PCB). The input “data” and GD configuration bits are sent
from the MATLAB GUI through a universal asynchronous
receiver/transmitter interface. The SHEPWM block generates
two PWMs using a 200 MHz clock signal that gives 5ns tim-
ing resolution of the switching angles. Faster clock frequency
means better timing resolution of the switching angles but at
the cost of more severe FPGA timing constraints and higher
power dissipation. The host PCB includes the auxiliary power
systems (not shown in Fig. 9), an LTCC SiP which consists of
digital isolators, two custom-designed reconfigurable GDs [1]
and GaN field effective transistors (FETs) (EPC2012C), and
a hybrid second-order LC low-pass filter (LPF). The digital
isolators protect the FPGA from any voltage/current spikes
from the host PCB that circulates back to the FPGA. They
also convert 3.3V logic signals from the FPGA to 5V logic
for the GDs. Two GDs drive an H-bridge of GaN FETs and
generate a three-level differential PWM signal at the switching
nodes.

The highest fundamental output frequency achieved in this
work is 10 kHz. Consequently, it is essential for the LC filter’s
cutoff frequency to exceed this value to prevent attenuation of the
output voltage. To ensure robust performance, a cutoff frequency
of approximately 20kHz is selected. While higher order LC
filters, such as a fourth order, are available, they come at the cost
of doubling the size of the current second-order LC filter. Since
one of the primary objectives of this work is to minimize the
inverter’s size, opting for higher order filters is not favourable.
Lower order filters exhibit a gentler attenuation slope at high
frequencies, which, in the context of SHEPWM modulation,
exacerbates the issue of uncanceled harmonic power at high
frequencies, resulting in increased THD at the output. Therefore,
considering both filter size and THD performance, we choose a
second-order LC filter with a cutoff frequency of approximately
20 kHz as the most suitable option.

Fig. 10 shows the LTCC SiP in which digital isolators, GDs,
and GaN FETs are integrated with its size referenced to a Cana-
dian two-dollar coin. The two GD ICs and some digital isolators
on the bottom of the LTCC substrate are located in cavities
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TABLE III
SHEPWM INVERTER TEST CONDITIONS

Parameters Values

DC input voltage (ViN) 12V

Supply voltage for GD IC 5V

MI 0.2-0.9
Fundamental output frequency (fr) 4-10kHz
Bridge tied loads (RpTr,) 50 /500 Q
Bridge tied capacitors (Cprr,) 0.1 puF/0.01 uF
GD dead time 35ns
Inductors L1, L2 270 uH/2.2 mH
DC resistance of L1, L2 0.248 Q/3.1 Q
Capacitors C1, C2 47 nF/2 nF
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Fig. 11.  Singled-ended switching node voltages (Vsw and Vsw»2), differential
switching node (Vsw), and output voltage (Vout) waveforms from LTspice
simulations.

to reduce the thickness of the SiP. More information about
designing the LTCC SiP, its specifications and implementation
can be found in [7] and [33].

IV. SIMULATION AND EXPERIMENTAL RESULTS

In this section, the simulation and experimental results of
the SHEPWM inverter system are presented. The generated
SHEPWM waveform from MATLAB is imported into the LT-
spice environment in which real component values and models
are used. The SHEPWM waveform drives the inputs of the GD
and the amplified SHEPWM signal at the power stage is filtered
out by the LC filter. The SHEPWM inverter was simulated
using the conditions given in Table III with two different loads.
The simulated singled-ended switching node voltages (Vsw; and
Vswa), differential switching node voltage (Vsw), and differen-
tial output voltage (Voyr) for MI=0.9, fr =10kHz are shown
inFig. 11.Itcanbe seen that a sinusoidal ac output signal with the
correct MI and fundamental output frequency (fr) is extracted
from the three-level SHEPWM signal.

The experimental test setup of the SHEPWM inverter is shown
in Fig. 12. Single probes are used to probe the single-ended
switching node voltages (Vsw; and Vsw») and output voltages
(Vour: and Vpurs). Differential probes are used to probe the
differential switching node voltage (Vsw) and output voltage
(Vour). Figs. 13 and 14 show the measured output waveforms
for these signals. It can seen in Fig. 13 that there are 17 switching
angles per quarter cycle in the measured differential switching
node voltage (Vsw). In other words, 17 rectangle pulses are



5948

Voltage
= Supply b0
Digital
Oscilloscope

"" )

Y Digital
i | Multimeter SSSSRSS
|/

- MATLAB

SHEPWM

Inverter -
Differential

Probes

Fig. 12.  SHEPWM inverter experimental test setup.
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generated in both positive and negative half-periods in Vsw
with a peak-to-peak value of 24 V. The measured differential
output voltage (Vour) has amplitude of approximately 21.3V
and frequency of 10 kHz, which matches the simulation results
in Fig. 11.

The frequency spectrum of the measured switching node
voltage (Vsw) is given in Fig. 15, where each harmonic’s power
is normalized to the fundamental harmonic’s power. The funda-
mental output frequency (first harmonic) in this measurement is
10 kHz. It can be seen from the figure that lower order harmonics
up to 34 are suppressed as expected. Some lower order harmon-
ics are not fully eliminated due to timing errors introduced in
the SHEPWM signal by the GD and power transistors, however,
their power is very low compared to the fundamental’s power as
shown in Table IV, in which the first 50 harmonics’ normalized
power is given.

The SHEPWM inverter’s output THD is measured according
to the equation below:

VVE+VE+VE+ -+ V7
Vi

THD =

®)

where V; is the root mean squared (RMS) value of the ith
harmonic voltage. The output THD and its relationship between
MIs and fundamental output frequencies are shown in Fig. 16(a).
The results show that the THD is low for high MI and output
frequencies, and it increases gradually with decreasing MI and
output frequency. This can be explained by the high power of the
harmonic immediately after the canceled harmonics (35th har-
monic in Fig. 15), which is suppressed by the LPF more for
higher output frequencies since the filter’s cut-off frequency
is fixed at 20kHz. For small MI SHEPWM, more power is
concentrated in the harmonics after the canceled harmonics.
With a faster FPGA clock frequency (7), the angle resolution
gets better at smaller MI and THD at the output can be further
reduced but at the cost of more hardware resources and accurate
digital logic timing control. Overall, THD is equal or lower
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TABLE IV
POWER OF THE HARMONICS OF THE DIFFERENTIAL SWITCHING NODE VOLTAGE (Vsw)

. Normalized . Normalized . Normalized . Normalized . Normalized
Harmonic Harmonic Harmonic Harmonic Harmonic

power power power power power
1 100 11 0.25 21 0.09 31 0.39 41 13.32
2 0.07 12 0.01 22 0.03 32 0.05 42 0.03
3 0.32 13 0.26 23 0.22 33 0.41 43 2.49
4 0.02 14 0.01 24 0.01 34 0.08 44 0.04
5 0.24 15 0.07 25 0.42 35 39.06 45 0.23
6 0.05 16 0.05 26 0.04 36 0.08 46 0.04
7 0.12 17 0.15 27 0.16 37 2.57 47 0.03
8 0.01 18 0.03 28 0.01 38 0.13 48 0.01
9 0.16 19 0.36 29 0.08 39 25.67 49 0.14
10 0.02 20 0.02 30 0.03 40 0.03 50 0.05

*Fundamental frequency is 10kHz; Each harmonic’s power is normalized to the first harmonic. The dc harmonic’s normalized power is 1.07.
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Fig. 16. (a) Measured THD versus different MIs and output frequencies. (b)

THD difference between simulation and measurement.

than 5.1% for MI 0.2 to 0.9 and output frequency from 5 to
10kHz (THD =5.08% for MI=0.2 and fr =>5kHz). The THD
difference at the inverter output between simulation and mea-
surement for different MI and the fundamental output frequency

is given in Fig. 16(b) in which the simulated THD is lower than
the measured one. The THD difference is larger in the regions
of smaller MI and larger output frequencies. This is because
short pulses with a fast-switching frequency at the switching
node are more sensitive to timing errors. From the figure, it can
be seen that the THD difference is less than 1% for most of
the region, and MI degrades the measured THD more than the
output frequency.

Although the higher switching frequency SHEPWM signal
exhibits a lower switching angle resolution (see Table II), its
output THD is lower compared to the lower switching frequency
SHEPWM signals. Consequently, the degradation in THD for
lower frequency output signals cannot be attributed primarily to
the switching angle resolution. Even when adopting SHEPWM
in a closed-loop control to achieve the ideal switching angles, the
enhancement in THD output is almost insignificant. The THD
degradation is primarily due to the fixed LC cutoff frequency,
where higher switching frequency SHEPWM signals attenuate
high-order harmonics more compared to lower switching fre-
quency SHEPWM signals.

The power efficiency of the SHEPWM inverter is measured
according to the equation as follows:

_ Vourmrums) X Tour(rums) ©)
ViINn X I1n(aVE)

where Vour®ums) and Iour(rus) are the rms values of the

differential output voltage and current, Vin is the inverter dc

input voltage, and I1n(avE) is the average input current of the

inverter. The inverter’s efficiency is simulated and compared to

an NPWM inverter.

Fig. 17 shows the power efficiency of the inverter for different
output power, where dashed lines are for simulated efficiency
and solid lines are for measured efficiency. For the same inverter
conditions and output THD, the SHEPWM inverter has better
efficiency than NPWM. The results showed that at fundamental
output frequencies of 4 kHz, 7kHz, and 10 kHz, the SHEPWM
inverter, with an output power of 0.12 W, exhibited an aver-
age efficiency improvement of 17.3%, 11.7%, and 4.2% over
the NPWM inverter, respectively. Conversely, when the output
power was increased to 1.2 W, the efficiency advantage of
SHEPWM, while slightly reduced, remained notable, with an
average improvement of 2.3%, 6.2%, and 6.9%, respectively.
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Fig. 17. Power efficiency comparisons of the SHEPWM and NPWM inverters
for the same output THD. (a) FPoy=0.12 W. (b) Poyr=1.2 W.

For the SHEPWM inverter, the switching frequency at the
switching node is scaled with the fundamental output frequency
since there are fixed 34 rising/falling edges per one sine-wave
cycle. However, there is no fixed switching period for the
SHEPWM signal, and the switching frequency is instead a
quasi-switching frequency. That is, for a 10kHz fundamen-
tal output frequency, the switching node has a 340 kHz quasi
switching frequency, and for the 7kHz and 4 kHz fundamental
output frequency, the quasi switching frequency is 238 kHz and
136 kHz, respectively. One thing is clear that the switching losses
happen during the finite rising/falling time (where GaN FETSs’
drain—source voltage and current overlap), and the rising/falling
edges count can be compared with NPWM. For the same inverter
conditions and output THD, the NPWM inverter has a switching
frequency of 370 kHz, 256 kHz, and 148 kHz for the fundamen-
tal output frequency of 10 kHz, 7kHz, and 4 kHz, respectively.
This implies that the SHEPWM exhibits lower switching activity
compared to the NPWM, resulting in reduced switching losses
dissipated in the SHEPWM.

For the same output power (Vourrwms) X louT(RMS))»
SHEPWM and NPWM have the same conduction loss (P.o, =
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I E)UT(RMS) X Rparn), where Rpary is the path resistance from
input supply to output voltage, including the GaN FET’s turn on
resistor (Rpg(on)), inductor series resistance, and any parasitic
resistance in the path. The rest of the power losses come from
the switching losses, which are proportional to the switching
frequency of the inverter. These switching losses include but
are not limited to switching loss due to the finite turning
ON/OFF time of the power transistors, gate charge loss due to
charging and discharging of the gate capacitance of the power
transistors, dead-time loss due to the freewheeling conduction
loss of the body diode of the power transistors, and some
power loss due to the ripple current on the inductor. Therefore,
to achieve lower THD than SHEPWM, NPWM would need
to operate at an even higher switching frequency, incurring
more switching losses that could degrade the overall inverter
efficiency.

For the SHEPWM inverter, the efficiency is higher for the
lower output frequency since the switching frequency at the
switching node is scaled with the fundamental output frequency.
The measured efficiency is less than the simulated efficiency, and
the difference in efficiency is obvious for small output power
but decreases for large output power. This can be attributed to
the predominant switching losses at lower output power levels,
and it is possible that the model accuracy of the GD and GaN
FETSs may not be optimal. Also, calculating the exact switching
losses is almost impossible because the effect of the parasitic
inductive components significantly alters the current and voltage
waveform, as well as the switching times during the switching
process. In addition, variables such as GaN FET capacitor val-
ues, gate threshold voltage, driver output impedance, and others
introduce uncertainty in the calculation of switching losses in
the GaN FET.

Another observation from Fig. 17 is the efficiency advantage
of SHEPWM over NPWM is large for the low-power inverter but
reduced for the high-power inverter. There are two reasons for
this. One is as the power increases, the conduction loss increases.
Hence, the switching losses from less switching activity from
SHEPWM are insignificant. Second, SHEPWM consistently
operates in hard-switching mode, whereas NPWM incorporates
a partial soft-switching mechanism. Soft-switching is known
for its higher efficiency compared to hard-switching. As the
load current increases, the dominance of soft-switching becomes
more pronounced in NPWM. In SHEPWM, the switching node
has a switching activity when there is only a current going out
of the switching node, and there is no switching activity when
there is a current going into the switching node (see Fig. 13).
On the other hand, in NPWM, there is continuous switching
activity on both switching nodes. For half of the sine-wave
cycle, the current flows out of the switching node, indicating
hard-switching. During the other half-cycle, the current flows
into the switching node, charging the output capacitance of the
GaN FET. This contributes to the rising of the switching node
during dead-time. After the dead-time concludes, the remain-
ing rise of the switching node is attributed to the GD pulling
up, which consumes power. With increasing load current, the
output capacitor charges more rapidly, leading to reduced power
consumption from the GD [34].
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TABLE V
COMPARISON TO OTHER WORKS

Power stage Voltage DC bus MI Fundamental Transitions per ~ On-the-fly config
structure levels voltage output frequency (fr)  quarter period of ac outputs
[17] Cascaded H-Bridge 13 18x15v . 0—34 50Hz 9 No
(discontinous)
[19] H-Bridge 3 100V 0-0383 50Hz 8 No
(continous)
. 0—1.15
[23] Hybrid-clamped 4 150V (discontinous) 50Hz 7 No
[24] Module Multilevel - 200V 0. 1.7 ! 50Hz 17 No
(continous)
[29] Cascaded H-Bridge 7 3x50V ! '65 —2 60 Hz 3 No
(continous)
. 0.1—-1.04
[31] Cascaded H-Bridge 7 3x40V (continous) 50Hz 3 Yes (MI only)
. . 02-09
This work H-Bridge 3 12V (continous) 4 — 10kHz 17 Yes (MI and fr)

This work is compared with other recent works based on the
power stage structure, the number of switching node voltage
levels, dc-bus voltage(s), MI range, fundamental output fre-
quency, transitions per quarter period, and capability of con-
figuring the ac outputs on-the-fly, as shown in Table V. For a
multilevel cascaded H-Bridge topology, more than one isolated
dc source is required. Depending on the topology, voltage level,
and switching angle numbers, multilevel inverters’ MIs may or
may not be continuous in the full range of MI. For discontinuous
MI, there is no solution for the optimal switching angles in
some regions of MI, therefore, the inverter cannot generate
an output voltage with the specific amplitude. Works in [17]
and [23] have discontinuous MI ranges and only minimum and
maximum MIs are given in Table V. In [31], an on-the-fly
configuration of output amplitude is presented but at the cost
of complex online computation of real-time switching angles.
The proposed method in this article is simple, cost-effective,
and has the capability of on-the-fly configuration of both in-
verter output amplitude and frequency. It is worth noting that
the fundamental SHEPWM technique detailed in our work
can be readily extended to high-power converters operating
within the kilowatt range. This extension primarily involves
increasing the input voltage for power transistors and adjusting
the LC filter component values (ensuring that the power rating of
the power transistors and LC filter components are suitable for
the kilowatt range) to meet the specific requirements of higher
power levels.

V. CONCLUSION

In this article, a low-power SHEPWM inverter is presented.
The inverter is designed on a 3D-integrated compact LTCC SiP
to save PCB area. The SHEPWM hardware design in MATLAB
Simulink (SysGen) was described in detail and the proposed
FPGA architecture has the capability of configuring the ac
outputs on-the-fly with different MI and frequencies.

The theory of SHEPWM is validated experimentally in this
article for low output power with MI ranges from 0.2 to 0.9,
and output frequencies from 4kHz to 10kHz. Results show
an example where lower order harmonics are canceled up to
the 34th harmonic at the differential three-level PWM. The
THD is very low for large MI and high output frequencies but
degrades modestly for lower MI and output frequencies. The

THD difference between simulation and measurement becomes
more significant for smaller MI and larger output frequencies,
and MI affects the THD more than the output frequency. For the
same output THD, SHEPWM exhibits higher efficiency than
NPWM due to its lower switching activity. This characteristic
makes the SHEPWM inverter well-suited for driving low-power
loads that require sinusoidal outputs.
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