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Abstract—High switching frequencies(>1 MHz) become avail-
able due to the development of wide bandgap semiconductors.
This trend of increasing operating frequency in power electronics
results in the reduction of output filter sizes and costs. As
frequency increases, parasitic behavior of components become
more dominant. This paper shows the possibility to shift the
generated EMI peaks to the most effective bandwidth of a COTS
filter by reprogramming the FPGA based sPWM generator.
The peak EMI output is therefor reduced by means of a mere
firmware update. While possible, spread spectrum has not been
addressed in this paper, due to the lack of effect it has on the
peak emissions.

I. INTRODUCTION

The current electrical grid is governed by a 50/60 Hz

sinusoidal voltage, due to historic reasons. The invention of

semiconductor devices lead to a revolution in power elec-

tronics and suddenly DC links were a possibility. In the

new age, where renewable energy is the keyword, DC power

distribution is even a necessity. In airplanes the used power

frequency is 400 Hz, due to the reduced size (and weight)

of the required electrical components. With the arrival of

SiC/GaN based semiconductors, the switching frequencies of

the devices increased. [1] showed an achievable power fre-

quency of 20 kHz. Applications of high frequencies in power,

include 80-100 kHz used for wireless power transmission and

induction heating 20-100 kHz. The recent trend for high-

frequency inverters/converters can be seen in the development

of Digital Signal Processing (DSP)/Field Programable Gate

Array (FPGA) based Sinusoidal Pulse Width Modulation

(sPWM) generators allowing switching frequencies up to

1.0 MHz [2], [3]. Increased switching speeds allow for reduced

size passive components [4]. At higher frequencies parasitics

tend to become more dominant. Inter-component coupling and

PCB layout need to be taken into account [5], [6].

With the increasing number of frequency bands being used

for power transfer, it becomes apparent that the current elec-

trical power grid is outdated and in need of an update. Recent

studies have paved the road towards the so called ”SMART

Grid”. A possible cornerstone from which the future ”Smart
Grid” could be designed and build, is the novel system concept

dubbed: ’multi-frequency multilevel modular converter’ (M3C)

[7]–[9]. It has the potential to address most of the requirements

given in [10]. For instance new methods to perform energy

transactions, self-healing and increased resilience to various

anomalies exited by electrical networks. Fig. 1 shows a

possible configuration of the envisioned smart grid, with the

proposed M3C topology implemented as the power shifters. A

power shifter is considered to be a device that convert power

between two frequencies.

Fig. 1: Envisioned HVDC Power Electronics System

The development principle of conventional switch-mode

power supplies Switch Mode Power Supply (SMPS) is aimed

at reducing weight and cost, while delivering a maximum

achievable efficiency. In general, this translates into imple-

menting faster semiconductor switches, in order to obtain

higher operating frequencies. This, in turn, leads to high

amounts of harmonic distortion [11]. Mitigation techniques

have been studied extensively in a wide range of possibili-

ties and application levels. Increased prediction accuracy is

often required and models are developed for components [12]

and filters [13], [14]. SMPS EMI mitigation techniques are

mentioned in [15] and are often comprised of new topologies

implementing soft switching, switching frequency selection

or even frequency (jitter) modulation. Considering Multilevel

Converters (MC), it is possible to reduce harmonics [16],

[17]. The technique Selective Harmonic Elimination (SHE)

is used mainly at low switching frequencies f < 1 kHz, as

the harmonics are within the bandwidth of the system and

thus dissipating power. However [18] showed its use at higher

frequencies to reduce EMI by canceling harmonics.

The application of the M3C topology is envisioned for

a HVDC network. Traditional mitigation methods are often

costly and require specific development. The M3C is con-

sisting of multiple sub-modules, which in principle are two

semiconductor devices in half-bridge formation. Use of zoning

techniques, as described in [19], are vital for reducing the

EMI at its source. This paper investigates the EMI produced

in a half-bridge consisting of two SiC based MOSFETS with978-1-5386-0689-6/17/$31.00 c© 2017 IEEE
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a SiC recovery diode in parallel. A commercially available

evaluation kit has been used as a DC-AC buck-converter, as

depicted in Fig. 2a. The generated EMI at different switching

frequencies is investigated. The main contributing frequency

components are identified based on the sPWM generation.

From this it follows that it is possible to shift the EMI

spectrum, without compromising the desired signal. This paper

focuses on the possibility to shift the carrier frequency and

eventually reduce the peak output EMI. Not by reducing or

spreading the generated EMI, but to optimally use the output

filter.

First the sPWM generator is explained, followed by the

implementation of it on a MATLAB controllable FPGA.

Section III explains how the FPGA and Half-bridge are used

with a COTS filter. It is shown that a non-ideal filter has

a bandwidth in which it is most effectively attenuating. As

the most dominant frequencies of the EMI arise from the

fundamental frequencies chosen, it is suggested to use the

carrier frequency to shift the spectrum into the filter most

effective range. A numerical SNR analysis is performed, to

determine the effect of using different fundamental frequency

combinations. In section IV the setup is presented followed

by the results in section V.

(a) SiC based half-bridge DC/AC converter

(b) sPWM driver

Fig. 2: Setup

II. SINUSOIDAL PULSE WIDTH MODULATION (SPWM)

A commercially bought half-bridge was used to create a

DC/AC buck converter. By applying a DC source and some

logical signals on the evaluation board, one is able to fully

control the highside and lowside switching MOSFETs. The

Logic signals used are Sinusoidal Pulse Width Modulation

(sPWM), which are similar to the ones used in [20]. In the

following part the EMI spectrum resulting from sPWM is

given.

A. EMI - spectrum

The spectrum of a sPWM has been numerically calculated

in [18]. The findings are restated here:

Fundamental Frequencies: fm, fc

Harmonics: fm · i, fc · i
Sub-Harmonics: fc · i± fm · j

In which fm and fc are considered to be the wanted signal

and switching frequency respectively. Fig. 3 shows a simplified

and normalized amplitude spectrum of the frequencies that

a sPWM contain. According to [2], an FPGA operating at

approximately 100 MHz can produce a sPWM with a switch-

ing frequency up to 1 MHz. By rule of thumb: fc is at least

ten times larger than fm, and thus results in AC currents

up to 100 kHz. However, the system designer is flexible in

choosing fm as well as fc. From Fig. 3 it can be seen that the

choice of operating frequencies influence the possible output

filter transition band. In this case an FPGA is used, that is

controlled and programmed via MATLAB/Simulink in order

to demonstrate the flexibility of choosing (and modulating)

fm and fc. This next section explains certain aspects of the

implemented ”program”.
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Fig. 3: Amplitude spectrum of sPWM

B. Field Programable Gate Array (FPGA)

The Digilent Nexys3 evaluation board is used in this setup

to provide the gate driving waveform. The processing chain

can be seen in Fig. 2b. fm and fc are set in MATLAB

and implemented in Simulink. A bitstream is then generated

and uploaded to the FPGA evaluation board, which contains

a Xilinx Spartan 6 FPGA running on a 100 MHz clock.

The approximated highest possible PWM waveform switching

frequency is about 1 to 10 MHz as was demonstrated in [2] .
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1) Δ−waveform: The triangle waveform is created via an

up and down counter in combination with a lookup table

(LUT). The possible frequencies are determined by: fc =
fclk

2·Ncnt
Where Ncnt is the highest integer value it counts up

to. The frequency is twice as low, due to it being an up and

down counter.

2) sinusoidal-waveform: The sinusoidal waveform is pro-

duced using XILINX IP cores ”DDS compiler 4.0” and

”CORDIC 5.0”. Which are a Direct Digital Synthesizer and

COordinate Rotational DIgital Computer algorithm respec-

tively. In this case, the DDS compiler produces a clock

depended phase and the CORDIC core translates this into a

sine wave

III. APPLICATION

As it is clear that SiC based semiconductor technology

combined with FPGA generated sPWM enables new pos-

sibilities for power electronics. A key benefit is flexibility

based on several design parameters. The power line and

carrier frequency can be adapted based on the application.

Voltage transfer ratio can be controlled and is related to sPWM

generation. Based on output voltage measurements a control

loop can be implemented to stabilize this value. Also in case

of usage in MC an SHE Model Predictive Control can be

implemented [16].

A. Power Line Frequency fm

This is determined by the application of the converter and

can go as high as 100 kHz when needed. The introduction

already mentioned several application areas with different

frequency bands. Each with their specific benefits.

B. Carrier Frequency fc

The carrier frequency is often chosen to be an order of

magnitude larger than the power line frequency, for more accu-

rate waveform creation even higher frequencies are used. The

higher the carrier, the smoother/better the resulting waveform.

Increasing frequency, can also relax EMI filter requirements.

One can trade off cuttoff frequency and filter order. A lower

order filter is often cheaper (and smaller), and might be

desired. Thus, by increasing the carrier frequency one can save

money and space. At increased frequencies, system design

can become more complex due to the non-ideal behavior of

components. Fig. 4 shows a sketch of a possible frequency

spectrum with a non-ideal filter behavior as an example.

Good filter design will increase the bandwidth of the stop-

band and/or maximum attenuation. However even good filter

designs can fail at integration into a system, as was described

in [14]. Given these circumstances this paper will show that

given a certain filter one can adjust the carrier frequency such

that it and its harmonics are in most effective filter bandwidth.

In the experimental setup a COTS filter was used, knowing it

performed poorly at higher frequencies (> 1MHz). Its transfer

characteristic can be seen in Fig. 5. The filter represents a

real situation in which a good design fails at the end of
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Fig. 4: Possible transfer characteristic of real filter while

showing the ability to shift carrier frequency into desired

bandwidth

the integration process. By shifting the EMI spectrum to the

appropriate frequencies, EMI compliance can be achieved.

10k 100k 1M 10M 100M 1G
Freq. [Hz]

-100

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

Tr
an

sf
er

 [d
B]

50 kHz

80 kHz

24 kHz

Fig. 5: Unexpected poor performing filter [14] with chosen

carrier frequencies which are limited by hardware.

This only holds if the designer is truly free to chose the

carrier frequency. In theory this is indeed the case, however it

is possible that efficiency of the device is effected. Therefor,

in the following section a numerical analysis on combinations

of power line and carrier frequency is performed.

C. Numerical Optimization

Fig. 6 shows a contour plot of the signal to noise ratio (SNR)

at different combinations between fm and fc. For fc > 5fm
the SNR is approximately constant. Thus any change in the

measured EMI should be a result of the filter’s effectiveness.

Based on the results and filter response shown in Fig. 5,

the EMI of the setup is evaluated at three different carrier

frequencies while maintaining the same power line frequency

(2 kHz). The frequencies 24 kHz, 50 kHz and 80 kHz have

been chosen, which in theory should be suppressed with

approximately 8, 40 and 50 dB respectively.

D. EMI Optimization

The carrier frequencies are chosen in the predictable region

of the filter. For two main reasons:
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1) The upper limit of the sPWM generator frequency (ap-

prox. 1 MHz)

2) The predictability of the filter response

As the shifting of the carrier frequency in this particular case

is limited up to 1 MHz, it is not possible to show the effect of

shifting in the ’parasitic’ region of the filter. Which is the most

interesting part, since it would demonstrate the possibility to

reduce EMI ’after’ integration into the system. This region of

the filter is dependent on the implementation. The effectiveness

is rather unpredictable and could be devastating to passing

the EMI test, as was shown in [14]. By showing the effect

in the predictable region, we demonstrate the possibility to

optimize the carrier frequency by means of a ’software’ update.

I.e. this paper now shows the ability to reduce EMI at the

integration stage of the system. This would eliminate the need

for redesigning a failed system and save time and money.

IV. METHODS

This paper investigates the possibility to reduce EMI based

on shifting carrier frequencies. The setup is shown in Fig. 2a,

however the implemented output filter is 2nd order (L-C-L-C).

It is the filter described in [14], which has a poor performance

above approximately 1 MHz as can be seen in Fig. 5. The

measurement equipment used:

1) sPWM generator: Digilentic Nexys3: Xilinx spartan 6

2) Half-bridge: Cree KIT (KIT8020CRD8FF1217P-1)

3) COTS Filter [14]

4) DSO Keysight 3200 with 10:1 voltage probes.

The voltages measured at the input and output of the power-

line filter are in the order of several volts. They are acquired

at a sampling frequency of 31.25 MHz, without any load

attached to the system. The DC power supply is set to 7V,

while the dead-time is 150 ns. The dead-time can be set in

incremental steps of 10 ns by the FPGA. Furthermore, the

sinusoidal waveform being compared to the triangle carrier

wave has a DC-offset of 0.5 and a modulation amplitude of

0.25. The modulation frequency is set to 2 kHz, while the

carrier is switched between 24, 50 and 80 kHz.

At the input of the filter a unipolar sPWM signal with an

amplitude provided by the DC power supply, in this case 7 V.

Low pass filtering this, an AC power line signal is expected

with a DC offset. To remove the DC offset, a bipolar sPWM at

the input of the filter is required. The resulting measurements

are presented in the following section.

V. RESULTS

The measured output voltage waveforms for different carrier

frequencies are shown in Fig. 7. As is to be expected, the

resulting waveforms all show the 2 kHz waveform. However

in case of the lowest carrier frequency, the 2 kHz waveform is

modulated with the carrier of 24 kHz. To verify these findings,

the spectral densities of the signals are computed. In Fig. 8

the input and output spectra are shown respectively in black

en red.
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Fig. 7: Filtered 2 kHz sinewave at 24, 50 and 80 kHz carrier

VI. CONCLUSION

In this paper a SiC based half-bridge has been used as a

DC/AC converter, which was driven by a MATLAB controlled

FPGA that produces a logical sPWM signal. Based on the

spectrum resulting from an sPWM signal, it was predicted

that the generated EMI can be controlled, amongst other,

by means of the triangular carrier signal frequency. It has

been shown that this allows for an optimum placement of the

distortion frequencies based on a filter attenuation profile. Peak

noise values of the output where reduced, without reducing

or spreading the generated EMI. The authors would like to

emphasize the applicability of this technique to reduce EMI at

the integration stage of a system. As a filter’s response at high

frequencies can become dependent on the implementation, due

to uncontrollable or unknown parasitics becoming dominant.
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