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Abstract—The efficiency of wide-bandgap (WBG) power con-
verters can be greatly improved using high-frequency modu-
lation techniques. This paper proposes using single-loop and
double-loop hexagonal sigma-delta modulation (H->A and DH-
YA respectively) for voltage source converters (VSC) that use
silicon carbide (SiC) semiconductors. These allow high switching
frequencies to operate more efficiently than silicon devices. Thus,
YA modulations are excellent candidates for taking advantage
of WBG devices. The proposed modulation techniques allow
working with a variable switching frequency, thus producing
an extreme reduction in switching losses and mitigating the
low-order harmonics in comparison with the classical space
vector pulse width modulation (SVPWM) technique, and with the
innovative variable switching frequency pulse width modulation
(VSFPWM). The performance and losses of both XA techniques
are analysed here using Matlab/Simulink and PLECS, and
then compared with SVPWM and VSFPWM. Furthermore, the
frequency spectrum and the total harmonic distortion (THD) are
evaluated. Experimental results performed on a VSC converter
that uses SiC MOSFETs show how H-XA and DH-XA greatly
improve efficiency and generate fewer low-order harmonics than
the SVPWM and VSFPWM strategies do.

Index Terms—Losses, Modulation Techniques, Voltage Source
Converter (VSC), PLECS, Wide-bandgap Semiconductors,
Sigma-Delta Modulation, Vector Quantization, Power Electron-
ics, Hexagonal Quantizer.

I. INTRODUCTION

IDE-BANDGAP (WBG) semiconductors display ma-

terial properties that are superior to those of silicon
devices. These new materials surpass silicon in every aspect:
they can withstand higher voltages and temperatures while
working at extremely high switching frequencies [1], [2]. The
most mature WBG semiconductors are silicon carbide (SiC)
and gallium nitride (GaN), but recent advances have been
made through research into other materials [3]. In general,
GaN technology exhibits better features than SiC, but this
is currently in its first development stages [4]. Thus, GaN
devices are limited to low-voltage applications (<650 V)
while SiC devices are preferred for high-voltage operations
[2]. WBG devices have already been successfully used on
several power electronics applications, such as: wireless charg-
ers [5], [6], onboard EV chargers [7], [8], energy storage
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systems [9], shipboard electrification [10], and AC electric
drives [11]. Furthermore, two-level SiC converters such as
voltage source converters (Fig. 1) are becoming the preferred
topology in electric vehicles [12]. SiC-based voltage source
converters have also been proposed for uninterruptible power
supplies [13], and even to connect an aircraft’s generator to
its electrical grid [14]. Nevertheless, the industry is not fully
taking advantage of WBG properties. In order to exploit the
capability of switching at high frequencies with minor losses,
WBG power converters should use modulation techniques that
provide better results at those frequencies, such as through
spread spectrum modulations [15].

There are four types of spread-spectrum-based pulse width
modulation techniques: random modulations, periodic mod-
ulations, programmed modulations, and chaotic modulations
[15]. Some works proposed a variable switching frequency
pulse width modulation (VSFPWM) as an alternative to the
classic spread-spectrum techniques [16], [17]. This technique
has been adapted to work with AC drives [18], [19], three-
level converters, and T-type converters [20]. The VSFPWM
technique has proved its effectiveness at low switching fre-
quencies. Compared with a space vector pulse width modu-
lation (SVPWM), the VSFPWM reduces the conducted EMIs
and the switching losses [16], [17]. However, this technique
has not been tested at high frequencies, so its applicability for
WBG power converters has not been studied.

Another interesting modulation technique is sigma-delta
modulation (X A), which first appeared in the early 1960s [21],
[22]. Nowadays, it is used in audio applications, digital-to-
analog converters, sample-rate converters, and digital power
amplifiers [23]. The basis of XA is the following [21]: an
analog signal is sampled and compared with the current digital
output. The integral of the error is quantized into a digital
signal, which is the next output of the modulator. An error
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Fig. 1. Voltage source converter with SiC MOSFETs.
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usually occurs between the output signal and the quantifier
input, but the resolution is easily improved by oversampling
the signal, specifically by sampling the analog input at a
frequency higher than the Nyquist frequency [21]-[23]. Other
popular methods for improving the resolution of XA are
increasing the integrators, which may destabilize the system
[24], and using cascade modulators, which are more complex
to implement and limited to low-voltage applications [21],
[25].

Power converters are like analog-to-digital converters be-
cause they receive analog signals as reference voltages and
modulate them by means of discrete switching states [26].
In power electronics, it is usual to sample the signals at the
switching frequency, which is much higher than the Nyquist
frequency. Hence, applying XA in power converters guaran-
tees a high oversampling ratio and, therefore, good resolution
[26].

Sigma-delta modulation first appeared in power electronics
in [27] as an application for resonant power converters. The
performance of this technique was studied in [28] for single-
phase and three-phase resonant converters. Later, some authors
applied XA to voltage source converters and also studied
its frequency spectrum [29], [30]. Luckjiff et al. improved
the modulation by using a hexagonal quantizer [26], when
they invented and patented hexagonal sigma-delta modula-
tion (H-XA) [31]. The same authors analysed the spectrum
and switching rate of their new modulation in [32], [33].
Furthermore, these authors studied the effects of the double-
loop hexagonal sigma-delta modulation (DH-XA) for power
electronics applications in [26], [34]. Other works extended
the study of H-XA by comparing this technique with space
vector modulation (SVM) [35]. Finally,a variation of (H-XA)
known as space vector sigma-delta modulation (SVXA) was
presented recently in [36]. This last technique has been applied
in three-level converters [37] and multilevel converters [38],
[39]. Nevertheless, all these previous works apply XA and
their variants using insulated-gate bipolar transistors (IGBT)
at low sampling frequencies of 20 kHz, at maximum. Only
in [40] the authors study the effect of another XA variant at
high switching frequencies, the dynamic hysteresis sigma-delta
modulation (DHSDM). The DHSDM is simulated in a voltage
source converter (VSC) based on GaN transistors switching at
2 MHz.

Applying XA at such low sampling frequencies has some
important drawbacks. As we mentioned before, a high over-
sampling ratio improves the resolution of the modulations.
Thus, at low sampling frequencies, the error of synthesized
voltages may be significant. Moreover, the variable switching
frequency of ¥ A modulations spreads the switching harmon-
ics over a broad frequency range. A low sampling frequency
generates low-order harmonics in the output voltages, but
the harmonics are displaced to higher frequencies as the
oversampling ratio increases [22], [23]. To filter out these low-
order harmonics, power converters should have bulky output
inductances, which limits the applicability of XA converters
for energy injection into the grid.

Although XA modulations are usually used in audio appli-
cations, its use is scarce in power electronics. Thus, there are

no complete studies about the efficiency of these techniques,
their losses, nor about the produced total harmonic distortion
(THD). Since the few previous studies are performed at low
frequencies, the studies about the voltage frequency spectrum
are also limited.

This paper studies and proposes the use of H-XA and DH-
3 A with a high oversampling ratio for a VSC based on WBG
semiconductors (see Fig. 1). The proposed modulations allow:

1) Working with a variable switching frequency and, con-
sequently, reducing the switching losses.
2) Mitigating the low-order harmonics.

Moreover, we perform a theoretical study of H-XA and
DH-XA with stability, efficiency and spectral analyses. The
stability analysis studies how to tune the parameters of H-
A and DH-XA techniques to keep the system stable and
minimize the output noise. The efficiency analysis includes
a study of the commutations and converter losses. The spec-
tral analysis studies the frequency spectrum and THD. The
impact of both XA strategies is evaluated on the basis of
simulation studies using the software Matlab/Simulink and
PLECS. Finally, the results are experimentally validated by
implementing the proposed techniques on a VSC converter. To
show the benefits of the proposed XA techniques over other
modulations techniques, at high frequency operation, the paper
compares these techniques with the conventional SVPWM and
also with the VSFPWM.

The rest of this paper is organized as follows. Section II
introduces H-XA and DH-XA modulation and analyses their
basis. Section III compares the behaviour of the proposed
techniques with that of SVPWM and VSFPWM. Section
IV validates the above results that showed the impact of
the modulation techniques on real power converters. Finally,
Section V summarizes the conclusions of this paper.

II. BASIS OF THE METHOD

The scheme of the proposed XA techniques is shown in
Fig. 2. H-XA is drawn using solid black lines, while the
dashed red lines mark the extra elements present in DH-XA.
Both techniques have the same structure, but DH-XA has an
additional feedback loop and integrator.

The proposed modulation techniques work in «f coordi-
nates; the inputs of both modulations are the reference voltages
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Fig. 2. Hexagonal sigma-delta modulator loop. The second integrator loop is
drawn with dashed red lines. The nominal value of all gains is unity.
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in abc frame, so it is necessary to express them in af
coordinates using Clarke’s transformation (1).

Va(t) 2 1 _% _% Va(t)
Va(t)| =3 |0 ? — 31 Va(1) (1
Vi(t) Lo v

These techniques compare the references (V,,, V) to the
outputs of the quantizer (V,;, V) and integrate the resulting
errors (e, €g). There are gains before each integration, whose
value may be adjusted for guaranteeing low output noise
and system stability [24]. This is further studied in Section
II-A. The integrated errors are the inputs of the hexagonal
quantizer, whose outputs are compared to the next reference
vector. The equation that describes a single-loop XA is:

Vi(z) =Va(2)z ' Hea(z)(1—271), )

where © = {«, 8}. Notice that the quantifier type does not
affect the formula.

Increasing the number of integrators is a common practice
for improving XA modulations. DH-3A has two integrators,
and the input of the second loop is the integrated error. Thus,
a double-loop XA is defined using (3).

VIz2) = Vi(2)z ™t +en(2)(1 — 2271 4+ 272) 3)

The number of integrators can be extended to any number,
but in practice the modulation may become noisy when using
three or more integrators [24]. For any number of integrators,
(2) is rewritten as:

Vi(2) = Va(2)z " Hea(z)(1 — 27 DY 0))

where N is the number of integrators.

The hexagonal quantizer is the core of the proposed mod-
ulation techniques. The quantizer divides the «f plane into
7 hexagonal sectors, which are the Voronoi cells of a VSC’s
eight switching vectors [33]. The switching states are repre-
sented by -1 and 1, which indicate, respectively, the output
voltage levels of *‘2/‘1“ and V;C that correspond to the midpoint
of the DC bus. Fig. 3 depicts the division of the a8 plane
according to H-XA.

The quantizer input (i.e., the integrated error) is a random
vector in o3 coordinates that follows the reference vector [36].

Sector 2

Fig. 3. Two-level vector diagram divided into sectors according to a hexagonal
quantizer.

At every sampling instant, the hexagonal quantizer determines
the position of the input and synthesizes it by applying the
nearest switching vector. Since the af plane is a Euclidean
space, the switching vector that is closest to the input is found
with (5).

D} = (V3 —Ua)* + (Vi — Us)® (5)

where D? is the Euclidean distance squared from the in-
tegrated error (U,,Up) to the switching state (V,;,Vj3;).
Calculating D? instead of simply D; allows an easier imple-
mentation of the quantizer since it avoids the complex square
root operation.

The point that is closest to the reference is the switching
vector with the minimum value of D?. There are two methods
for obtaining the nearest point. The first method is to calculate
the distance from the reference to all switching vectors, and
the nearest vector is the point with the minimum distance.
The second method uses a branch and bound algorithm [41],
which allows reducing the number of calculations for finding
the closest point. Fig. 4 illustrates the implemented branch and
bound algorithm.

Finally, the switching state of the inverter is determined
from the output of the quantizer. This procedure is direct,
except when the integrated error is within Sector 0. In this
case, the converter has to apply one of the two zero vectors
(-1-1-1 or 111). Both vectors produce the same output volt-
ages, but the selection affects the converter losses. The pro-
posed techniques aim to minimize losses; thus, they select the
vector that reduces the number of switchings in each case. The
flowchart of the proposed H-XA and DH-XA is depicted in
Fig. 4.

A. Stability analysis

To study the system stability, this paper uses the model
depicted in Fig. 5. The quantizer is represented as a source
of noise. For stability purposes, it is assumed that the noise
E(z) is zero.

The closed-loop transfer functions are obtained from this
model. The closed-loop transfer function of a H-¥A modu-
lation is (6), while (7) is the transfer function of a DH-XA

modulation.
G1 z

Gamxza) = o1+ G, (6)

G . G1G22’2
APHEA) T 2 L (14 G1)Ga — 2)2 — Gy + 1

)

The system stability is determined using the previous equa-
tions. The gains G; and G5 affect system stability and may
increase output noise. These gains are nominally unity, but
circuit imperfections can change these values. If the gains
are equal to 1, they do not generate additional noise. The
noise increases as the values of gains increase or decrease
[24]. Therefore, the gains must be as close to one as possible.
However, if the gains are exactly 1, there are pole-zero
cancellations which may cause problems.
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Fig. 5. Generic model of a digital ¥A modulation. The second integrator
loop is drawn with dashed red lines.

Fig. 6 illustrates the z-plane of the proposed modulations
using different gains. Fig. 6 (a) depicts the pole map of a H-
3 A. The value of G; affects to the poles and, thus, to the
stability. The system becomes unstable at G; = 2. Fig. 6 (b)
shows the poles of DH-XA. In this map, the two gains are
equal and vary from 0.9 to 1.25. The DH-XA always has two
zeros in 0, while the poles vary depending on G; and Gba.
The system becomes unstable at G; = G5 = 1.236. DH-XA
allows less gain variation than H-XA does.

III. SIMULATION RESULTS

This section evaluates the impact of the proposed H-X A and
DH-XA techniques on the VSC with SiC MOSFETS in Fig. 1.
To assess the effects of the proposed modulations, the results
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Fig. 6. Root locus analysis, using different gains, of: H-XA; and (b) DH-XA.

are compared with those of the SVPWM and the VSFPWM
strategies.

An important difference between SVPWM, VSFPWM and
3 A techniques is the switching frequency. Since this param-
eter is variable in VSFPWM, H-X A and DH-X A, this work
uses the maximum switching frequency as a comparison pa-
rameter. The maximum switching frequency (f,q.) is defined
as follows:

fsw for SVPWM
fmaz == fS for VSFPWM 5 (8)
fs/2 for H-XA, and DH-XA

where fs,, is the switching frequency and f; is the sampling
frequency.

The VSFPWM requires fixing other parameters: the mini-
mum frequency and the required current ripple. In this work,
the minimum frequency is set to half the maximum. The
required current ripple is fixed to be the same than those of
SVPWM in the same conditions.

The studied VSC is modelled using Matlab/Simulink
and PLECS Blockset. The rated power of the converter is
24.4 kVA; the DC bus voltage is 830 V; and the AC-side
currents are constant at their rated values (30 A). The SiC
MOSFET module CCS050M12CM?2 is used to simulate the
converter switches. This module features a maximum drain-
source voltage (Vy,) of 1.2 kV and a continuous drain current
(Ig) of 87 A. Each SiC MOSFET has an external gate resis-
tance of 10 €2, and their junction temperatures are 125 °C. The
PLECS software calculates the losses according to the thermal
datasheet and the equations provided by the manufacturer
[42].

A. Efficiency analysis

This section analyses the efficiency of the proposed tech-
niques under various operating conditions. To do this, we first
analysed the commutations. In a fixed-frequency modulation
technique such as SVPWM, the number of commutations
per transistor (Nogy, = 2fsw/ fo) depends on the switching
frequency and the fundamental frequency (f,). However, the
switching frequency is variable in VSFPWM, H-XA and DH-
3A as is the number of commutations.

Fig. 7 illustrates the number of switchings produced by
the H-XA and DH-XA techniques. Fig. 7 (a) compares
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the number of H-XA switchings to those of SVPWM and
VSFPWM. The modulation index (m) affects the number
of commutations when we apply H-XA, and the maximum
number of switchings is always between 0.5 and 0.6. The
number of commutations is also affected by the maximum
frequency; thus, these two parameters are proportional. In
general, the H-XA technique exhibits fewer commutations
than SVPWM and VSFPWM. For some operating conditions
at 200 kHz, H-XA switches slightly more than VSFPWM
does at 100 kHz, which means they produce equal losses. At
300 kHz, H-X A exhibits lower commutations than VSFPWM
at 200 kHz for all operating points. Furthermore, at high mod-
ulation indexes from 0.8 onwards, this technique shows fewer
switchings than the SVPWM at 100 kHz. Fig. 7 (b) compares
the commutations of DH-X.A at different frequencies with
SVPWM and VSFPWM at 100 kHz. In this case, the number
of switchings decreases as the modulation index increases.
This technique exhibits more commutations than H->A at low
modulation indexes. However, from m = 0.4 upward, only
minor differences exist between the numbers of switchings
for both XA techniques at all the studied frequencies.

Fig. 8 plots the ratio of the total losses of the converter,
specifically by comparing the H-XA and DH-XA strategies
to SVPWM and VSFPWM. Figs. 8 (a) and (b) illustrate
the comparison with the SVPWM technique. As shown in
Fig. 8 (a), the total losses of H-XA are smaller than those
produced by SVPWM under all operating conditions. Fig.
8 (b) shows equivalent results for the DH-XA technique.
In this scenario, the reduction in losses is similar to in the
previous one. However, DH-XA causes more switchings than
H-XA at low modulation indexes. Hence, H-XA exhibits
better performance at those operating points. Figs. 8 (c) and (d)
display the comparison with the VSFPWM modulation. For all
operating conditions, both modulations show fewer losses than
VSFPWM. Again, H-XA exhibits better performance than
DH-XA at low modulation indexes, since the first produces
fewer commutations. However, since the VSFPWM produces
fewer losses tan the SVPWM technique, these ratios are
overall higher.

Number of switchings per transistor during a period
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Fig. 7. Comparison of transistor switchings during a period using: (a) H-XA
and PWM techniques; (b) DH-XA and PWM modulations.
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Fig. 8. Ratio of total losses at finaz = 200 kHz: (a) and (b) ratios with
SVPWM; (¢) and (d) ratios with VSFPWM.

B. Spectral analysis

This section studies the frequency spectrum of the proposed
techniques, including the harmonic distribution and the voltage
THD. The results are given in relative units of either dB or %,
with the values having been measured from the fundamental
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voltage.

Fig. 9 illustrates the frequency spectrum of all the studied
modulations. These spectra contain three different parts. The
first part covers the first 40 harmonics ranging from 0 to
2 kHz. The standard EN 50160 limits the emissions inside
this range [43], which are usually harmonics. The second part
ranges from 2 to 150 kHz. No standards exist for limiting the
electromagnetic interferences (EMI) at these frequencies, but
this paper considers an attenuation of -40 dB to be acceptable.
The last range begins at 150 kHz and is covered by two in-
ternational standards: IEC 61000-6-3 and IEC 61000-6-4 [44],
[45]. EMIs within this range are normally conducted. Fig. 9 (a)
displays the frequency spectrum produced by SVPWM. This
modulation technique does not produce significant harmonics
at low frequencies, but it does do so at the switching frequency
and its multiples. Fig. 9 (b) depicts the frequency spectrum of
VSFPWM. The first 40 harmonics are similar than those of
SVPWM. From 1 kHz to 100 kHz, this modulation produces
the lowest distortion among the studied techniques. From
100 kHz onwards, the harmonics increase since the converter
switches between 100 and 200 kHz. From 150 kHz, there
are significant harmonics at the multiples of the switching
frequencies. Fig. 9 (c) plots the frequency spectrum of H-
3A. The first 40 harmonics are lower than those of SVPWM,
but after 40 kHz some harmonics are somewhat higher than
-40 dB. At high frequencies (>150 kHz), nearly all the har-
monics are properly mitigated. This behaviour originates from
the variable switching frequency that spreads the harmonics
over non-critical frequencies. Hence, H-XA is better than
SVPWM for complying with the abovementioned standards.
Finally, Fig. 9 (d) depicts the line voltage frequency spectrum
produced by DH-XA. This spectrum is similar to that of H-
3 A. However, this technique produces some differences in the
frequency domain: at up to 2 kHz, the harmonics are the lowest
among the studied techniques; at 35 kHz, harmonics greater
than -40 dB begin to appear; then from 150 kHz onward, this
modulation presents slightly lower harmonics than H-XA.

Fig. 10 compares the voltage THD produced by the
SVPWM, VSFPWM and YA techniques at different frequen-
cies. The voltage THD measurement considers only the first
40 harmonics, as detailed in the standard EN 50160 [43].
Fig. 10 (a) plots the results at 100 kHz. At 100 kHz, the
SVPWM always exhibits better THD than those of H-XA.
The VSFPWM technique shows THD similar than those of
SVPWM. Thus, this technique also produces less distortion
than H-XA. The H-XA modulation shows the worst THD
among all the studied techniques. However, DH-XA shows
better THD than SVPWM for all the operating points. From
m = 0.9 upward, the distortions of DH-XA are similar to
those of SVPWM. Fig. 10 (b) depicts the THD produced at
200 kHz. As the maximum frequency increases, the distortion
of PWM techniques grows due to their higher carrier sideband
harmonics [46], while the THD decreases using both XA
modulations. Increasing the oversampling frequency in 2 A
modulations enhances the effective number of bits; thus, the
resolution grows [23], and the distortion decreases. Hence,
the XA techniques show better THD at this frequency for
all operating points. Among YA techniques, DH-XA always
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Fig. 9. Frequency spectrum of line voltage (V) using: (a) SVPWM,

(b) VSFPWM, (c¢) H-XA, and (d) DH-XA. Modulation index: m = 0.8.
Maximum frequency: fynqae = 200 kHz. The dashed red line marks -40 dB.

produces less distortion than H-XA.

IV. EXPERIMENTAL RESULTS

To experimentally evaluate the proposed modulation tech-
niques for the VSC converter in Fig. 1, we used a scaled-
down prototype that incorporated the previously simulated
SiC MOSFETs (CCS050M12CM2). On the AC side, there
was a three-phase series-connected RL load with R = 68 )
and L = 1.55 mH. The DC side of the converter was
supplied by a constant 300 V DC source. The modulation
techniques were implemented on a dSPACE DS1006 platform
and a DS5203 FPGA board. Voltages and currents were mea-
sured with a high-resolution oscilloscope (Agilent InfiniiVi-
sion MSO7104A: 1 GHz bandwidth and 4 GS/s sample rate);
high voltage differential probes (PMK BumbleBee: 400MHz
bandwidth); and current probes (Keysight N2783B: 100 MHz
bandwidth). The obtained data are processed with Matlab
software to calculate the THD and the voltage frequency
spectrum. The converter efficiency was measured using a
digital power meter (Yokogawa WT1600: 1 MHz bandwidth).
Fig. 11 shows the experimental setup.

A. Experimental performance

To evaluate the power loss reduction in H-XA and DH-
YA, we measured the efficiency of the different techniques.
Fig. 12 shows the converter efficiency when using the four
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Fig. 10. Comparison of line voltage THD (V) at: (a) frmaz = 100 kHz;
and (b) frmaz = 200 kHz.

techniques at 20, 100 and 200 kHz. Fig. 12 (a) illustrates
the converter performance at 20 kHz. At this frequency, the
performance of SVPWM and VSFPWM increases along with
the modulation index, but the operating point barely affects
the XA techniques. The efficiency of both XA techniques
is similar and always greater than 93%. Fig. 12 (b) depicts
the efficiency at 100 kHz. Under this operating condition, the
efficiency of both PWM techniques considerably decreases,
especially at low modulation indexes. The same statement is
true for H-YA and DH-XA, but drop in efficiency is less
significant. At this frequency, the performance of the four
techniques increases with the modulation index. Both YA
techniques show similar performances for modulation indexes
greater than 0.4, but H-X A shows slightly better efficiency for
all the operating points. The efficiency difference among the
studied techniques reaches a minimum for high modulation
indexes. At these indexes, SVPWM shows a performance of
around 90% and VSFPWM exhibits an efficiency of 91%.
Both XA modulations have efficiencies greater than 95%.
Finally, Fig. 12 (c) plots the results at 200 kHz. At this

-

Fig. 11. View of the voltage source converter and the experimental setup.

frequency, the four techniques have the same behaviour as
at 100 kHz. All the modulations are less efficient at 200 kHz
because of their higher number of switchings. However, the
difference between the efficiency of the SVPWM, VSFPWM,
and 3 A techniques is more significant. In this scenario, the
maximum efficiency of SVPWM is around 80%, while both
3A modulations have a maximum performance somewhat
higher than 91%. VSFPWM always shows better efficiency
than SVPWM, but its maximum efficiency is 82.2%. H-
A has higher efficiency than DH-XA for all the operating
points. However, this efficiency difference decreases as the
modulation index increases. At high modulation indexes, the
difference between XA modulations is around 1%.

B. Experimental harmonic distortion

In order to analyse the quality of XA modulations, we
compared the line voltages and output currents produced by
these two techniques with those obtained from the PWM
techniques. The frequency spectrum of the line voltages (Vy5)
obtained at f,,,. = 200 kHz and m = 0.8 are depicted in
Fig. 13 (a). All the experimental spectra are comparable to
those obtained by simulation (Fig. 9). The four techniques
show low distortion, of less than -40 dB at frequencies up to
2 kHz. Both XA techniques exhibit slightly lower distortion
than PWM modulations, but DH-XA shows the best quality
at those low frequencies. Between 2 and 150 kHz, the spectra
of PWM modulations have notable differences compared with
those of the XA techniques. All the harmonics produced by
PWM techniques remain below -40 dB, but the distortion of
both XA techniques begin to grow and reach their maximum.
The H-XA spectrum shows that the distortion rises after
4 kHz, while the increase in the DH-XA spectrum begins
at 10 kHz. The maximum harmonics of both ¥ A techniques
have comparable values and are somewhat higher than -40 dB.
From the maximum switching frequency of 200 kHz onwards,
SVPWM exhibits significant harmonics at the switching fre-
quency and its multiples, while the XA techniques show
much lower harmonics. Since the implemented VSFPWM
technique switches from 100 to 200 kHz, it produces more
distortion from 100 kHz onwards. However, this technique
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Fig. 13. Experimental results obtained at high frequency (200 kHz) and m = 0.8: (a) frequency spectrum of line voltage (Vg3); (b) line voltage (V3 ); and

(c) converter output current (Ig).

generates smaller harmonics than the SVPWM at the max-
imum switching frequency and its multiples. There are no
notable differences between H-3A and DH-XA within this
frequency range.

Fig. 13 (b) depicts the line voltages (V) produced by
the four studied techniques. PWM voltages have a cleaner
waveform than the others. Some distortion appears in all
of them, but it is more notable for the H-XA and DH-XA
techniques, both of which spread the harmonics over a wide
frequency range. Moreover, XA modulations may switch two
phases at once and, thus, produce some voltage spikes.

Fig. 13 (c) illustrates the converter output current. All the
techniques produce a sinusoidal current and, hence, all of
them work correctly. The distortion is also similar for all the
currents, so there are no notable differences between them.

In order to confirm the better harmonic distortion of XA
modulations at low frequencies, the THD of the different
techniques has been calculated from the obtained measure-
ments. Fig. 14 illustrates the line voltage THD when using
the studied techniques for different maximum frequencies. As
described by the standard EN 50160, all the harmonics of up
to 2 kHz have been computed [43]. At 20 kHz, the THD of
SVPWM is below 1% for all the operating points, while the
THD of both YA techniques is extremely high. The severe

distortion of XA techniques has limited their applicability in
power converters until the present, now that WBG devices
allow switching at higher frequencies. However, the distortion
of DH-XA considerably decreases with the modulation index.
At high indexes, its THDs are similar to those of VSFPWM.
At 100 kHz, the THD of PWM modulations are slightly higher,
but they decrease as the modulation index increases. Moreover,
the THD of both XA techniques is much better than at 20 kHz.
H-XA exhibits similar distorion than VSFPWM for all the
operating points, but DH-XA shows THDs that are compa-
rable to those of SVPWM. Nonetheless, SVPWM continues
to generate the lowest harmonic distortion. At 200 kHz, the
THD of both PWM techniques is somewhat higher than at
100 kHz for all the operating points. H-XA has lower THDs
than at 100 kHz for all the studied modulation indexes, and
DH-XA presents about the same distortion levels. At this
frequency, DH-XA is the best option in terms of distortion,
closely followed by H-X.A. Both XA techniques produce less
THD than SVPWM and VSFPWM do. Thus, at 200 kHz, the
situation is the opposite of what occurs at 20 kHz.

Table I presents in detail the experimental results shown by
Figs. 12 and 14.
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TABLE I
DETAIL OF THE EXPERIMENTAL RESULTS

Maximum  Modulation Efficiency (%) THD (%)
frequency  technique Modulation index Modulation index
(fmaz) 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.2 0.4 0.6 0.8
20 kHz SVPWM 80.12 8570 91.07 9236 96.06 96.14 97.83 026 014 021 0.11
VSFPWM 80.98 86.06 91.38 9457 9627 9748 98.20 070 058 1.86 241
H-ZA 9478 96.12 97.14 97.86 98.54 9897 99.35 10.14  4.60 444 344
DH-XA 93.55 9540 9671 97.88 98.21 9881 99.19 533 252 197 143
100 kHz SVPWM 48.88 54.65 6599 69.71 82.56 84.80 90.03 099 042 033 0.28
VSFPWM 4846 58.09 65.16 7631 8345 8856 91.32 207 094 085 0.84
H-XA 63.89 7449 7923 86.84 90.71 9421 95.87 201 094 072 049
DH-XA 56.78 67.03 7446 8331 89.16 91.11 9535 1.08 033 033 028
200 kHz SVPWM 3357 3787 4790 52,09 68.76 7225 80.77 3.63 1.90 1.14 0.82
VSFPWM 3453 4125 4891 56.69 6898 7633 8222 3.67 1.55  1.09 131
H-ZA 4740 5779 6478 7556 8277 8840 92.59 1.86  0.79 0.66 041
DH-XA 40.26  49.57 5825 70.64 7993 8734 9141 098 023 023 0.18
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V. CONCLUSION

This paper proposes using H-XA and DH-XA for voltage
source converters that use wide-bandgap power devices. The
proposed YA modulations are an alternative to SVPWM,
and other variable switching frequency techniques, for high-
frequency operations. The effectiveness of the proposed tech-
niques is demonstrated by the experimental results. Both
> A modulations are compared to the conventional SVPWM
technique and a variable switching frequency SVPWM at
different frequencies. The results show that A techniques do
not have significant advantages for low-frequency operations,
such as those of IGBTs. Nevertheless, H-X>A and DH-XA
exhibit salient features for high-frequency operations when
compared with the PWM techniques. The experiments demon-
strate that both ¥A modulations decrease power losses and,
thus, improve converter efficiency. Moreover, the proposed
techniques reduce the low-order harmonics, such that the
THDs of these techniques are lower than those produced by
SVPWM. XA modulations also generate smaller high-order
harmonics than PWM techniques. Finally, this paper concludes
that the effectiveness and the benefits of H-X A and DH-2ZA
increase in parallel with the operating frequency.
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