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Abstract—Control schemes applying sinusoidal pulsewidth
(sPWM) have been widely employed in power conversion solutions.
With the development of the future smart grid, more capabilities of
the converters are required introducing additional electromagnetic
interference (EMI) control measures. In this article, a MATLAB
controllable sPWM generator has been developed to optimize
electromagnetic compatibility. The field-programmable gate array
running at 100 MHz is capable of producing simultaneous and
synchronous control signals for 16 power electronic switches. Six
flexible control parameters have been implemented, which allow
the controller to be tuned to a large number of applications and
investigate several EMI mitigation techniques and investigate the
disturbance dependence on operational parameters. As an exam-
ple, the detrimental dead time effect is shown, with a variation
in emissions of 10–20 dB in the frequency range of 50 kHz to
50 MHz. Highest experimentally tested switching frequencies have
been recorded at 2 MHz with resulting sinusoidal waveforms from
50 Hz to 250 kHz.

Index Terms—Electromagnetic compatibility, electromagnetic
interference, modular multilevel converters, power electronics,
pulse width modulation.

I. INTRODUCTION

W ITH the development of the future smart grid, more
capabilities are required from power converters [1]

while the need for electromagnetic interference (EMI) control
increases. Utilizing additional frequencies in multilevel modular
converter topologies was proposed in [2] resulting in the devel-
opment of multifunctional multilevel modular converter (M3C)
systems. Several challenges were identified in the development,
most notable are optimal control strategy [3]–[5], potential
EMI issues, and module interactions [6]. Investigations in the
generated EMI remain difficult, due to the complexity of the
total system and the dependence on (often unpredictable) para-
sitics [7]–[9]. It is well known that the switching control scheme
is directly related to the EMI generated [10], [11], and many
papers describe methods for reducing EMI inherently [12]–[14]
or by optimizing the usage of parasitics [15], [16].
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A trend in switching controls for converters has been the
development of field-programmable gate array (FPGA) based
control, with a focus on EMI investigations [17], [18]. This
article focuses on the development of an FPGA-based sinusoidal
pulsewidth modulation (sPWM) generator for multilevel
converters possibly implementing gallium nitride (GaN) and
silicon carbide (SiC) based switches. Typical dc–ac converters
are designed to provide 230 Vrms at the mains frequency
50/60 Hz, i.e., a low modulation frequency is often chosen. In
the M3C topology of Huang and Ferreira [19], and with that any
novel power systems employing multifrequency orthogonality,
one is limited by approximately fc > 10fm. With fc being the
switching frequency of individual semiconductors and fm, i.e.,
the output frequency. Typical commercial of the shelf (COTS)
dc–ac converters operate at switching frequencies ranging
between 1 –100 kHz due to the gap in the civil standards [20].

GaN and SiC technologies enable even higher switching
frequencies [21]. In [22], it was shown that FPGAs are suitable to
achieve switching frequencies in the order of 1 MHz, whereas
Liu et al. [23] showed this is also possible using a dedicated
digital signal processor (DSP). Benefits of DSPs are often lower
cost and also capable of being an analog-to-digital converter
(ADC) and digital-to-analog converter, which could be used
for feedback and cancellation signal generation. However, it
was shown also possible using FPGAs [17], [18]. Due to the
high switching frequency required, the functionality of a micro-
processor might be limited. FPGAs allow concurrent operation
of control algorithms, which allow scalability. FPGA-based
sPWM generators for multilevel converters have been shown
in, for instance, [24], and often require an understanding of a
hardware description language (HDL). The method presented in
this article solves this issue and allows the electromagnetic com-
patibility (EMC) engineer to easily modify and test several EMI
mitigation techniques, e.g., spread spectrum techniques, soft
switching techniques, low-frequency switching, or even differ-
ent pulsewidth modulation (PWM) techniques [12], [14], [25].

The generator presented here is created with adjustable pa-
rameters related to the modular multilevel dc converter appli-
cation shown in [19]; however, it is reconfigurable and, thus,
applicable to a large set of alternative power solutions. The
demonstrator of the proposed topology by Ferreira [2] was
developed and the feasibility and modularity were demon-
strated. Carrier frequency, modulation frequency, ac-amplitude,
dc-offset, dead time, and number of levels were identified as
the control parameters. They are directly related to the design
challenges/requirements of the developed generator.
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Fig. 1. Schematic representation of the three designed subsystems. 1. Sine
waves generator, 2. triangular-waves generator, and 3. comparators.

The novelty of the proposed development lies in its flexibility
in input parameters, which allows the generator to be tuned
to a wide range of applications [26]–[29]. From low to high
switching frequencies and low to high ac frequency applications,
such as induction heating or wireless power transfer. The archi-
tecture is also not limited to a single type of power converter.
It can be used in half- and full-bridge typologies, as well as
multilevel or multiphase systems. However, note that this article
will not show these applications, but provides the methodology
and verification of the developed control signal generator.

A large benefit of the MATLAB implemented design is that a
simple for-loop allows for highly time efficient investigations
with respect to the controllable parameters (e.g., efficiency
dependence on switching frequency or evaluation of generated
EMI [16]). The investigation of EMI dependence on the control
parameters will be limited to a single application: the conducted
EMI generated in a GaN-based half-bridge used in a dc–ac con-
verter. It is used to verify the FPGA design, and should therefore
not be compared to a fully compliant conducted emission test.
However, the results are representable for the in situ application
of this half-bridge in this particular setup.

The rest of this article is organized as follows. In Section II, a
description of the developed generator is given. The sections are
created based on the architecture and control parameters of the
developed sPWM generator. In Section III, the implementation
of the architecture and its evaluation are discussed through
measurements at the board level. Eventually, its applicability is
shown in Section IV by applying the generator to a GaN dc–ac
converter. As the emphasis of this article is the development
of the generator, the results in this section are presented first
using the results from a power analyzer, showing the measured
power for different combinations of carrier and modulation
frequencies. Followed by the spectral emission dependence on
dead time. Finally, Section V concludes this article

II. SPWM GENERATOR

An FPGA-based control signal generator is developed with
a flexible and an easy to implement design for EMI research
in power electronic converters. The control strategy used here
is phase-shifted sPWM (PSsPWM), however, this can easily be
modified using MATLAB. The comparator runs on the system
clock, which allows for scalability in frequency when FPGAs are
used with higher internal clock. After the comparator, a variable
dead time is inserted. A simplification of the architecture used
can be seen in Fig. 1. This section is divided according to these

three stages. The total system consists of eight tracks that are
synchronized and have different parameter inputs, which result
in 16 output waveforms.

A. Sine Wave Generator

In case of the M3C, the outputs of the sine wave generator
can be scaled independently, and independently an offset can
be added while the sinusoidal waveform frequency fm is used
for modulating the PWM. The generator was designed to be
dependent on the following five control inputs: modulation
frequency: fm; ac-amplitude:mu,ml; and dc-offset:Du, Dl with
i being either u or l depending on whether the submodule (SM)
is part of the upper or lower arm, respectively. The outputs
of generator are synchronized sine and cosine waveforms of
identical frequencies.

B. Triangle Wave Generator

In case of multilevel converters (MCs), comparing the phase
voltage reference waveform with carriers produces an sPWM,
with transitions corresponding to inserting or bypassing SMs.
Debnath et al. [5] discuss carrier schemes with a phase rotation
scheme as a possible solution to equally distribute the voltage
ripple across the SMs. In the developed architecture, this phase
rotation scheme was implemented through the creation of four
phases φ = [0◦, 90◦, 180◦, and 270◦]. The basic structure con-
sists of a single up/down counter that is the reference waveform
φ = 0, using only an up or down counter will result in trailing-
or leading-edge modulation schemes and can thus be easily
implemented.

With the continuous output of four phases, one is able to create
a converter with 1, 2, or 4 levels. The switching frequency is
determined by the counter and related to the clock frequency of
the FPGA

fc =
fclk

2 ·Ncnt

where Ncnt is the highest integer value it counts up to. The
resulting frequency is halved, due to the implementation of
an up and down counter. Note that creating a variable Ncnt

instead of constant will actually implement a spread spectrum
technique, i.e., designing complex switching schemes for setting
Ncnt will allow the EMC engineer to design and test several EMI
mitigation techniques.

C. Dead Time Inserter

The basic functionality of the dead time inserter is based
on delaying a rising edge in the PWM signal. The delay is
controllable by setting an integer value. Note that dead time
is specifically required in half-bridges since they are dc-fault
prone [5].

The sPWM generator, as described in this article, is specifi-
cally developed for the project described in [6], [13], [19], and
[30]. The architecture was therefore implemented on an FPGA
with a clock frequency of 100 MHz, as it would be powerful
enough to create an sPWM signal based on a fc = 24.4 kHz and
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TABLE I
DEVICE UTILIZATION

Fig. 2. PMOD I/O.

fm = 1.983 kHz. The next section will discuss the implementa-
tion on a Xilinx FPGA development board.

III. IMPLEMENTATION AND EVALUATION

The previous section has addressed the method of creating
the desired sPWM signals based on parameters that are used in
a specific architecture for MCs. The following section is focused
on the realization of the system. As an FPGA evaluation board
is chosen, certain limits are imposed. Amount of memory, DSP
slices, LUTs, clock frequency, and rise/fall times of the I/O ports,
all have an influence. In this section, a general characterization
of the setup is given, based on parameters that are controllable.
These are restated here: fc, fm, mi, Di, tdead, and number of
levels.

A. Digilent

The Digilent Nexys3 evaluation board is used in this setup.
The FPGA evaluation board contains a Xilinx Spartan 6 FPGA
running on a 100 MHz clock. As was demonstrated in [22],
the approximated highest possible PWM waveform switching
frequency is about 1 MHz. The developed architecture is com-
pletely dependent on the internal clock frequency. Using a
development board, e.g., Nexys4 at 450 MHz, with a higher
clock will increase the maximum achievable switching fre-
quencies and power frequency. fm and fc are set in MATLAB
and implemented in Simulink. The device resource utilization
is independent of the control parameters, clock, carrier, and
modulation frequencies. The required FPGA resources are stated
in Table I. The architecture has not been optimized, however
the required resources are comparable to Lakka et al. [22] and
occupy a small portion of medium-sized FPGAs.

The resulting digital signals are routed to a set of I/O pins
that are located within a Digilent specific peripheral modules
(PMOD) connector. The board contains four identical PMOD
connectors designated A to D, as shown in Fig. 2. It contains
two pins with 3.3 V, two grounding pins, and eight signal outputs
that will individually control the switches.

Fig. 3. PMOD performance with PMOD A and B, respectively, upper and
lower plots.

Fig. 4. PMODA all four phases measured at 40% duty cycle 1.25 MHz,
measured at ports 1, 3, 5, and 7 from Fig. 2.

B. # of Channels

The sPWM generator has 32 outputs and is therefore suitable
for a multilevel converter. Depending on the SM topology, one
could design a system with one to eight levels. In the prototype
version of sPWM generator, 16 outputs are simultaneously
switched, therefore eight SMs can be controlled in sync, which
results in four levels. They are controlled based on the control
parameters that are available in [19]. Depending on the settings,
all 16 ports have individual PWM outputs. To determine the per-
formance of simultaneously switching 16 I/O ports, the rise and
fall times were individually measured with a Keysight DSO-X
3024 A oscilloscope with 4 GSa/s and averaged over 512 sam-
ples. The generator was set to a switching frequency of 100 kHz
with a 50% duty cycle. The trigger was set to 1.65 V at which
t = 0 in Fig. 3. Rise and fall times are calculated with 90%/10%
values. Based on the resulting waveforms, we can consider the
FPGA to be suitable for MCs containing 16 switches, which in
case of the studied M3C and PSsPWM results in five voltage
levels.

1) Phase Error: To accommodate the four SM MCs, the
triangular waves should be phase shifted equally resulting in four
phase-shifted PWM signals, as seen in Fig. 4. A phase-shifted
carrier is a delayed version of the one considered to be the
“original” triangular wave. The system is digital and delays
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TABLE II
MEASURED PHASE

can only be implemented in integer clock cycles. Therefore, the
period (in clock cycles) should be dividable by the number of
phases produced. This results in a limited set of possible carrier
frequencies determined by

fc =
fclk

2Ncnt
with

Ncnt

Nφ
= Z≤0 (1)

with Nφ being the number of phases, which in our case is four.
Therefore, the counter should always count up to multiples of
4. In case of using Ncnt that is not dividable by the number of
phases, one will introduce a phase error which is compared in
Table II forNcnt = 39, 40, and 41. However, this error decreases
for lower carrier frequencies.

C. Maximum Switching Frequency

To determine the highest possible switching frequency, a
sweep was performed by increasing the carrier frequency. In this
case, the amplitude of the sine wave was set to 0 with a dc-offset
of 0.5. Resulting in PWM signals with a 50% duty cycle. As the
carrier frequency is set by an up and down counter, the maximum
frequency would be at Ncnt = 1, resulting in 50 MHz. In this
extreme case, no dead time can be inserted and only the 50%
duty cycle can obtained. In case of Ncnt = 4, fc = 12.5 MHz.
This is assumed/considered to be the maximum achievable fc

while maintaining the possibility to introduce dead time and still
have a duty cycle, as it consists of eight clock periods and five
integer levels.

1) Duty Cycle Error: Based on the measurement sweep
done, the deviation of set duty cycle increases with switching
frequency. In case of fc,max = 12.5 MHz, this results in a 23.5%
deviation over the high and low switches, as shown in Fig. 5. The
pulse period is set to 80 ns, therefore the deviation is approxi-
mately 9.4 ns in each switch. Intuitively, this can be explained by
the fact that the I/O pins have a fall and rise time of approximately
11 ns. Every period an error of approximately 10 ns is being
made, which can become significant when reducing the period
time, as the amount of rising and falling edges increase.

2) Quantization Error: Anytime a digital system is repre-
senting a continuous waveform, a “quantization error” is appar-
ent. The integer values of the counter can be seen as quantization
levels, by setting a threshold for the comparator, a decision
error is made in the transition across the threshold. The duration
of this error is depended on the clock time and the decima-
tion/remainder of the threshold

terror = (1− α)tclk. (2)

With α being the value behind the decimation point. How-
ever, this should only cause a delay in the waveform. Based
on the assumption that a 5% deviation (over both switches) is

Fig. 5. Measured duty cycles for high and low at 12.5-MHz switching fre-
quency with set duty cycle to 50%. (a) High switch PWM signal. (b) Low
switch PWM signal.

considered acceptable, the highest possible switching frequency
is determined to be 2.632 MHz.

A more interesting phenomenon appears when the threshold
is set to an integer value. In this case, there is a moment per
period that the carrier wave equals the threshold voltage. Due
to the comparator being complementary either with ≤ and > or
≥ and <, the occurrence of an equal valued threshold favors a
state. For the assumed maximum carrier, an easily envisioned
example shows that for Ncnt = 4, at 50% duty cycle results in
the same waveform as 60% duty cycle. The 50% duty cycle can
be seen in Fig. 5 and is identical to 60%.

D. Modulation Frequency

In the previous sections, the generation of a standard PWM
signal with a static duty cycle has been discussed and evaluated.
However, considering the generator to be used as the control
logic in any (multilevel) converter, this PWM can be sinusoidally
modulated. This is particularly useful in dc–ac conversion, with
the modulating frequency being the resulting sinusoidal wave
at the output. In the currently available power systems, this
ac signal is of extremely low frequency (16.6 Hz to 1 kHz)
compared to the possible switching frequency. In the developed
system, one is only limited by the set switching frequency and
by general rule of thumb, the following relation holds [19]:
fc > 10fm.

In case of a half-bridge-based SM, the signals of the pin pairs
responsible for a single phase, as shown in Fig. 2, should be
inverse. For the evaluation of the implemented architecture, the
generator was set to fc = 1.25MHz, fm = 80 kHz, Di = 0.4,
and mi = 0.25 with zero dead time inserted. In Fig. 6, the
measurement result is displayed. Since the switching transitions
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Fig. 6. Frequency modulated output of pins 1 and 2 (see Fig. 2) with a low
pass filtered version at fc = 1.25 MHz and fm = 80 kHz. (a) Pin 1. (b) Pin 2.

Fig. 7. Frequency modulated output of pins 1 and 2 (see Fig. 2) with different
dead times at fc = 1.25 MHz and fm = 80 kHz. (a) Dead time 50 ns. (b) Dead
time 100 ns.

are difficult to distinguish, an ideal low pass filtered version of
the sPWM is displayed on top of the waveform. This shows
the generator is capable of producing control signals for dc–ac
converters with high-frequency alternating current.

E. Dead Time Insertion

The dead time insertion mechanism was discussed in
Section II-C. Apart from the fact that it will have an influence
on the perceived duty cycle, carrier, and modulation frequency,
here, only a verification of its implementation is given. In Fig. 7,
the sPWM waveforms with similar settings that were used
in the frequency modulation verification section can be seen.
fc = 1.25 MHz, fm = 80 kHz, Di = 0.4, and mi = 0.25. In the
upper and lower figures, one can see the result of inserting,
respectively, 50 ns and 100 ns of dead time. It shows that
the space between rising and falling edges increases for larger
inserted dead times, thus both pins are longer in a low state
together.

This section has shown the possibility to generate high carrier
and modulation frequency sPWM signals for multilevel convert-
ers using a MATLAB controllable FPGA. It has been verified

Fig. 8. DC–AC converter setups using a GaN-based COTS half-bridge. One
with a power analyzer (Rout = 30 Ω, Vdc = 10 V) and one with a oscilloscope
(Rout = 27.7 Ω, Vdc = 35 V).

using multiple test setups. In the next section for simplicity rea-
sons, a single GaN-based half-bridge is used in a dc–ac converter.
It provides a validation of the designed sPWM generator.

IV. APPLICATIONS

In this section, the designed sPWM generator is applied in a
dc–ac converter as was described in [16]. To verify the applica-
bility of the generator in quick automated EMI investigations,
two distinct setups were created, which are shown together in
Fig. 8. The first setup was used to verify power being redirected
toward frequencies determined by fm and fc, whereas the second
setups show an EMI investigation, where the well-known detri-
mental dead time effect [31] is demonstrated by the increased
emissions between 500 kHz and 50 MHz.

A. DC–AC Converter Power

A Yokogawa WT500 power analyzer is used to verify the
power is shifted using different carrier and modulation frequen-
cies. The converter is applied to a broadband linear load (30 Ω)
and measured with the power analyzer via three parallel filters.
Their cutoff frequencies are at 500, 5.5, and 100 kHz. The dc
power supply used was set to ±10 V. The measurements have
been performed for a high number of different configurations
within the following parameters.

1) Carrier frequency: 50–800 kHz.
2) Modulation frequency: 50 Hz–50 kHz.
3) AC-amplitude/modulation index: 0.25/0.5.
4) DC-offset: 0.5.
5) Dead time: 100–200 ns.
Fig. 9(a) and (b) displays a subset of these results with

every marker representing a frequency measurement point. In
Fig. 9(a), the measurements were performed at a given carrier
frequency of 50 kHz while varying the modulation frequency.
The three parallel low pass (LP) filters can be seen in different
colored lines. The black, red, and green curves have a cutoff of,
respectively, 500, 5.5, and 100 kHz. The spectral content of an
sPWM signal has been shown in, for instance, [15] and [16].
Thus, the power is also concentrated around fm and fc and all
of their harmonics and subharmonics. In Fig. 9(a), the green
line depicts fm and fc being below the filter’s cutoff frequency
and, therefore, it shows the total dissipated power. While the
other lines exclude the power at the switching frequencies as
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Fig. 9. Presented is a subset of measured output powers as measured by the
Yokogawa WT500. (a) Measurements with a variable fm, for the three filters,
while maintaining the carrier frequency at 50 kHz. (b) Variable fc with a single
LP filter cutoff at 100 kHz. The different lines represent different dead times
inserted: black 100 ns, red 150 ns, and green 200 ns.

fc = 50 kHz and is larger then the cutoff frequencies of 500 Hz
and 5.5 kHz. Thus, the large difference in recorded output power
is due to the carrier frequency being below the filter’s cutoff
frequency. Increasing fm beyond the cutoff frequencies also
shows the measured power goes toward 0 W. Thus, the effect
of the applied inline filters can be clearly seen. The black line
shows a −3 dB at 500 Hz, whereas the green line shows it at
5.5 kHz as expected.

The results presented in Fig. 9(b) show an inverse sweep of
what was presented in Fig. 9(a), i.e., the modulation frequency
is constant at 550 Hz while the switching frequency increases
from 50 kHz to approximately 800 kHz. In Fig. 9(b), the three
colored lines are representing different implemented dead times
(100 , 150 , and 200 ns). Results presented in this figure are for
a single LP filter only, with a cutoff of 100 kHz. It shows the
generator is capable of achieving high switching frequencies.
Results for 11 different carrier frequencies are presented. As
can be seen, with increasing frequency, the measured power is
decreasing toward 0.5 W. This is similar to the effect observed
in Fig. 9(a), when the carrier frequency is much higher than
the cutoff frequency of the filter. Another interesting effect can
be seen in different dead time insertions. At higher switching
frequencies, the dead time inserted becomes more significant.
Thus, reducing the amount of power at the output. Next to this,

Fig. 10. Investigation of generated EMI for several different dead times. Note
that the frequency range in (a) is 50 kHz up to 50 MHz, whereas in (b), it is
1 kHz up to 100 MHz. This was done for displaying purposes and shows the most
variant part. (a) Spectrum of output voltage per set dead time. (b) Maximum and
minimum of the spectra shown in (a).

the dead time also introduces higher frequency EMI, which is
investigated in the following section. Although the setups used
in the two section have the same basis, they are very distinct. For
instance, the introduced dead times in Section IV-A are larger
than those used in Section IV-B. This was done to clearly show
the effect in case of the power analyzer measurements.

B. DC–AC Converter EMI

Previous section has shown the FPGA-based generator to be
useful for power electronic applications and, thus, functional
behavior. To maintain EMC, novel solutions need to be sought
with the increasingly faster switching devices. In this section, it
is shown that the flexibility of the FPGA is useful in determining
the effect of control parameters on generated EMI. Measure-
ments were performed according to the setup shown in Fig. 8
using two 35-V power supplies and measuring the output voltage
with an oscilloscope with a 500-MHz sampling frequency, 100-
MHz bandwidth, and 8-b ADC. Results have been processed us-
ing an short-time fast Fourier transform (STFFT) incorporating
a peak detection similar as was shown in [32]. Possible benefits
of using a oscilloscope have been shown [32]–[34], whereas
the applicability for full-time domain-based EMI measurements
according to CISPR-16-1-1 were shown in [35]. Fig. 10(a) shows
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Fig. 11. Schematic representation of dc–ac converter setup using a GaN-based
COTS half-bridge. It depicts an in situ operational converter measurement as
was studied in [16].

Fig. 12. Determination of effective radiation model for multiple modulation
indexes and dc-offsets represented by each individual line [16].

the resulting frequency spectra of interest, varying with different
dead times. Fig. 10(b) emphasizes the difference in emissions
by showing the maximum and minimum possible emission for
the spectra shown in Fig. 10(a). It clearly shows that between
approximately 500 kHz and 50 MHz, deviations of 10 dB can
be expected, resulting from different set dead times.

C. Additional Applications

Several applications of the developed generator have been
shown in [15], [16], and [32], which are variant in their oper-
ating conditions. In [15], it was shown to optimize switching
frequencies to the attenuation of COTS filter, and in [32], it
was used to investigate time-varying impedances and current
to magnetic field relations. To emphasize its applicability, the
setup used in [16] is shown schematically in Fig. 11 with the
most significant results shown in Fig. 12. To acquire Fig. 12,
131 measurements were performed with different combinations
of fc and fm to assess the radiation efficiency for a single line.
To recapitulate, in situ implementation of converters will alter
the EMI radiated by the system. This integration stage effect is
complex and difficult to predict. Therefore, a flexible controller,
as was designed in this article, can be used to on the one hand
investigate the emission characteristic of the system and on the
other hand shape the generated noise in a way to avoid highly
radiative frequencies.

V. CONCLUSION

This article has shown the designed sPWM generator to be
capable of generating high-frequency ac signals at different
switching frequencies while using different modulation depths
and inserted dead times. This was verified by measuring output
power with different filters, a spectral analysis of output voltages
using different dead times, and the application to a radiation
efficiency investigation.

High-frequency and multilevel power solutions are being
developed and implemented on many levels causing many new
EMI challenges. FPGAs have been shown capable of generating
control signals for high-frequency applications, however they
often require HDL programming. In this article, an FPGA-based
sPWM generator has been presented, which is able to produce 16
synchronized control signals up to 2 MHz. The generator was
developed and implemented using MATLAB and requires no
understanding of the HDL programming language. It will be able
to accommodate further research into power electronics with
a high flexibility in selecting output frequencies, modulation
indexes, and dead times. It therefore enables research in power
conversion efficiencies as well as EMI investigations as was
verified by measurements. The generator was verified at control
signal level, which showed possible ac output frequencies be-
tween 50 Hz up to but not limited to 250 kHz. Increasing the
complexity of the generator can be subsystem based and requires
only a basic understanding of control engineering.
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