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Abstract: In this paper, a comparative study is carried out between the carrier (SPWM), third harmonic injection
(THIPWM), and space vector (SVPWM) modulation schemes in terms of conducted (common and differential modes)
and radiated electromagnetic interference (EMI) generated by three-phase two-level voltage source inverters. For this
purpose, an experimental setup of the converter feeding an induction machine is developed with the aim to measure the
conducted emission propagated back into the dc source and the radiated field in the vicinity of the power conversion
device. Experimental results are given and analyzed in time and frequency domains. The comparative study between
the three modulation methods carried out in the frequency domain shows that the SVPWM method has better EMI
performance. Moreover, a high frequency model of the converter feeding the induction machine is simulated using
SPICE-based simulation software. Good agreement is found between the experimental and simulation results in terms

of conducted interferences.
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1. Introduction

Three-phase voltage source inverters (VSI) are versatile power conversion devices that give potential solutions
for many industrials applications [1]. Indeed they are widely utilized for adjustable speed drives [2] and they
can also operate as an active rectifier [3], shunt active filter [4], uninterruptible power supply (UPS), STATCOM
[5], etc. In recent years, they have become a key device in distributed power generation systems (DGS) and
renewable energy applications [6]. They are also used to construct the output stage of indirect matrix converters’
topologies [7,8]. Note that for low-voltage applications, the two-level inverter remains to date the best suited
topology owing to the reduced number of power semiconductors as compared to the multilevel topologies.

The recent developments in power semiconductors technology have led to the appearance of faster
switching devices that enable the power converters to operate at higher switching frequencies, leading therefore
to better performance in terms of power density and the quality of the output voltages and currents waveforms.
However, the high switching speed of power semiconductors is accompanied by a substantial increase in the
pulsed voltages slope (dv/dt). Furthermore, the high switching frequency operation increases in turn the

variation rate of the common mode voltage. These phenomena give therefore rise to high frequency leakage
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currents flowing through the stray indictors and parasitic capacitors. These currents provide electromagnetic
interference (EMI) propagating in the neighboring of the power conversion system. As reported in the recent
literature, the level of EMI noise is widely related to power conversion topologies, PCB layout, switching devices
technology, and modulation algorithms [9,10].

Basically, EMI is classified into conducted and radiated emissions. The conducted emission is in turn
commonly separated into two modes, namely the conducted mode (CM) and differential mode (DM). The CM
emitted currents flow from the converter to the ground and back to the converter. The DM emitted currents
flow in and out through the power leads. The standard IEC 61800-3 (category 3) issued by the International
Electro-technical Commission (IEC) imposes 76 dBuv as the maximum EMI level of conducted emissions in a
frequency range [500 kHz, 30 MHz] for low-voltage industrial motor drives with rated current under 100 A. To
meet these requirements, EMI filters must therefore be installed at the input and output sides of the inverter
to prevent the propagation of the CM and DM emissions outside their source i.e. the inverter. Usually, the
output filter mitigates the current overshoots and oscillations due to the large dv/dt occurring across the load
terminals as well as the high frequency components of the common mode voltage. As for the input filter, it
must provide a low impedance path to the ground so that the leakage currents go back to the inverter, i.e. it
prevents its propagation to the dc source.

Apart from the utilization of input/output filters, the EMI emission can be further reduced at the noise
source, i.e. the inverter, using modified PWM algorithms. In this framework, a variety of modulation methods
have been proposed to reduce the common mode voltage and/or the number of commutations of the power
semiconductors. For example, in [11,12] an active zero state PWM (AZSPWM) method is proposed. It uses
the same active vectors to produce the zero switching sequence. In [13], various remote state PWM methods
(RSPWM) have been developed. Only active vectors that have the same common mode signature (Vi to
V) are used to synthesize the target output voltage reference. Another modified PWM technique, namely
the near state PWM (NSPWM), was proposed in [14]. This method uses the two adjacent and near-neighbor
active vectors to produce the output voltage reference vector. A comparative study between the aforementioned
methods has been reported in [15]. In [16], predictive current control (PCC)-based modulation strategies were
proposed to mitigate the common-mode voltage and decrease the harmonic distortion of output currents. In
[17,18] several others modified SPWM schemes have been also proposed to reduce the common mode voltage. On
the other hand, several random PWM techniques were proposed in [19-21]. Their basic concept is to randomize
the modulation parameters with the aim to spread the harmonic spectrum around the switching frequency so
that the generated noise remains under the EMI limits.

The problem of EMC/EMI was also widely investigated in the case of multilevel conversion topologies.
For example, in [22-24], many optimized and robust PWM methods have been developed to reduce the common
mode voltage generated by multilevel converters.

Although a variety of modified PWM techniques were reported in the literature, the conventional PWM
schemes such as SPWM, THIPWM, and SVPWM remain until now the most adopted algorithms to perform
closed-loop control of electrical drives such as vector control of induction machines, and grid connected converters
for photovoltaic and wind energy applications. In such complex applications, the time consumption of the
modulation algorithm should be reduced as much as possible so that the processor can achieve the computation
of the control law within the sampling period. Moreover, these modulation schemes can easily be implemented
on standard timers available on conventional low-cost processors.

In [25], a comparative study between the SPWM, THIPWM, and SVPWM modulation schemes has
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been performed in terms of conducted interferences. However, the results found in [25] were based only on
experimental investigations. This paper proposes a deeper assessment of conventional modulation schemes in
terms of conducted interferences where both experimental and simulation results are given and discussed. The
comparative study is also based on the radiated field emitted by the power converter.

This paper is therefore organized as follows: section 2 describes the experimental setup built in the
laboratory with the aim to perform measurements of the conducted and radiated interferences. In section
3, the experimental results of measurements of conducted and radiated interferences performed with different
modulation schemes are given and discussed. In section 4, a high frequency model of the power conversion
system is implemented using SPICE-based tools to simulate the conducted interference with the aim to validate
the evaluation obtained with the experimental method. Finally, some concluding remarks are given in section
5. Note that details about the theoretical principle of the PWM techniques under study (SPWM, THIPWM,
and SVPWM) are given in [9].

2. Experimental setup
2.1. Experimental setup description

A simplified photo of a laboratory prototype of the power conversion system is shown in Figure la. Its equivalent
electrical schema is depicted in Figure 1b. The power circuit of the inverter is constructed using MOS transistors
type (N-channel IRFP450). The gating pulses are provided by the PWM modules of the DSP TMS320F2812.
An optical isolation between the controller and power circuit is ensured by the HCPL3120 opto-drivers. The
software platform is based on Code Composer Studio software CCSV3.1. All tests are carried out with the
same parameters; the output frequency is set to fo = 50 Hz while the modulation index m is equal to 0.7. The

switching frequency and turn-on delay time are set to 2.2 kHz and 2.5 us, respectively.

2.2. Conducted emission measurement

The precise measurement of high frequency emission in order to quantify their EMI impact is a difficult
task that requires very accurate devices. The main problems faced are the environment noise, emplacement
of measurement devices, choice of frequency range to be analyzed, etc. For a better quantification of the
conducted (in common and differential modes) emission, a line impedance stabilization network (LISN) was
built and connected between the converter rear end and the dc supply. The common mode and differential
mode emissions are deduced from measured signals across the LISN resistors using a digital scope operating at
a sampling frequency of 1 GHz. The time domain results are thereafter analyzed in the frequency domain after
FFT calculation.

2.3. Radiated emission measurement

With the aim to achieve accurate and efficient measurements of the radiated emission, an automated system
was developed. It consists of an antenna fixed to a simple manipulating arm with two degrees of freedom (X,Y)
as shown in the photo in Figure 1c and the illustrative diagram in Figure 1d. The antenna consists of a 1.5 mm
radius probe placed above the inverter’s power circuit and oriented along the Z-axis. The probe is electrically
connected to the scope input through a 50 ohm coaxial cable. In order to achieve an accurate placement of the
probe along any point above the inverter, a monitoring program was developed by the authors. This program
provides an interface, namely “near-field measurement interface”, that enables selection of the measurement

region and the distance between two consecutive points. It generates thereafter the appropriate control aiming
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Figure 1. a) Photo of the power conversion system. b) Equivalent electrical schema of the experimental setup including

Near-field measurement interface

Cartography

the inverter, control board, LISN, and induction machine: (1) example of differential mode current-loop, (2) example of
common mode current-loop. c¢) Photo of the setup used for the measurement of radiated disturbances. d) Illustrative
diagram of the procedure utilized to obtain the frequency spectrum and cartography of the radiated field.

at positioning the antenna in the target position in the (X,Y)-plane. Once the antenna is correctly positioned,
the probe voltage is saved in the scope memory as a data format file. After each measurement test, the saved
data file is transferred to the PC to be processed by the time to frequency transformation (FFT) to obtain the
frequency spectrum of the radiated field using Eq. (4), which is explained in the subsequent paragraph. When
all measurements are performed in different points above the inverter, we can also deduce the magnetic field
cartography. The latter gives the radiated field amplitude for a specific radiated frequency in each inverter’s
region.

The relationship between the voltage across the probe and the radiated field above the measurement
point can be determined based on Faraday’s law. Indeed, the circular conductor loop of the probe placed in a
time varying magnetic field induces a voltage V' (t) also referred to as electromotive force such that

—-0B

V(t)= ¢ ——ds (1)
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Assume the magnetic induction is uniform along the surface S of the probe; the maximum amplitude of the

induced voltage V' at as specific frequency f of the magnetic field is therefore deduced from (1) such that
V(f)= 27 [BS (2)

In (2), B and f are the amplitude and frequency respectively of the magnetic induction. S is the probe surface.
Replacing in (2) B by po H leads to the following relationship between the amplitude of the radiated field H
at the frequency f and the amplitude of the induced voltage at that frequency [26]:

m(f) = ;)

27 oS )

po = 47 107 is the vacuum permeability.
The frequency spectrum of the radiated field can therefore be computed by applying the FFT to the
temporal signal V(¢) and dividing the obtained amplitudes by the constant term 27 f oS as reported in (4).

_ FFT [V(t)]
T 27 mS @

3. Experimental results

3.1. Conducted emission

The experimental measurements are carried out with a sampling time of 10 ns. Moreover, no EMI filter is used in
the experimental tests. The results are first presented in the time domain to better illustrate the high frequency
oscillations phenomenon mainly caused by the switching operation of the power semiconductor devices. The
same results are thereafter given in the frequency domain with the aim to perform a comparative study between
the frequency spectra obtained with the aforementioned modulation schemes.

In Figures 2a and 2b are displayed the low frequency waveforms of the line-to-line output voltages and
load currents obtained with the SVPWM algorithm. Figure 3 shows a zoom of high frequency oscillations in
the load current waveform. Omne can observe high frequency oscillations that obviously occur at the power
semiconductors’ switching instants. It is also clear that the induced interferences have different amplitudes. In
our opinion, this difference is mainly due to equivalent stray inductors seen between each power transistor and
the dc power supply that have obviously different values. Figure 4 shows the experimental waveform of one
gate pulse (Vgg) synchronized with voltages across the LISN resistors Vg and V gy. The same test is also
performed by numerical simulation (the simulation setup is described in section 4) where the voltages across
the LISN resistors are illustrated in Figure 5. The results confirm that the high frequency transients occur
effectively at the same instants of power transistors’ commutations. These voltage resonances are caused by the
abrupt dv/dt occurring at turn-on/off instants of power semiconductors.

As is well known, time domain analysis is unable to achieve an accurate comparative study between
the performances of modulation schemes. Therefore, the above time domain results are transferred into the
frequency domain to perform the frequency spectra of generated interferences. In Figures 6 and 7 are given the
frequency spectra of common mode and differential mode conducted interferences obtained with the experimental
study. In the frequency range varying from 500 kHz to 50 MHz, the SPWM modulation method produces higher
amplitude peaks than the SVPWM and THIPWM techniques in both differential and common mode voltages.
The most significant amplitude peaks are located at 2 MHz, 3.8 MHz, 5.8 MHz, 10 MHz, 30 MHz, and 48
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Figure 2. a) Experimental waveforms of load currents waveforms obtained with the SVPWM algorithm. b) Experimental

waveforms of the line-to-line output voltages obtained with the SVPWM algorithm.
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Figure 3. Zoom of the load currents waveforms illustrated in Figure 2a (top) and zoom of one oscillation occurring at

a switching instant (bottom).
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Figure 5. LISN voltage across V g1 and V g2 obtained with numerical simulations.

MHz. Moreover, it is clear that in this high frequency range the SVPWM generates effectively less conducted
interferences than the remaining modulation schemes (SPWM and THIPWM), where the amplitude decrease
can reach 6 dBu V. One can also observe that the conducted EMI exceeds the limits prescribed by the standard
IEC 61800-3 category 3. In particular, the interference peak at the frequency of 2 MHz exceeds the prescribed
limits by 19 dBpV with the SPWM algorithm and by 13 dBu'V with the SVPWM method. This result is quite

obvious and expected since no EMI filters were utilized during the experimental tests to mitigate the EMI noise
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Figure 6. Experimental results of common mode voltage  Figure 7. Experimental results of differential mode
obtained with the three modulation schemes: SVPWM  voltage obtained with the three modulation methods:
(blue), THIPWM (red), and SPWM (black). SVPWM (blue), THIPWM (red), and SPWM (black).
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provided by the inverter [27,28]. The obtained conclusions remain valid with and without EMI filters since the
attenuation level of the EMI filter remains the same for all PWM methods.

3.2. Radiated emission

In this subsection, a comparative study is carried out in terms of radiated magnetic field generated by the power
conversion system. The radiated field measurement method has already been presented in a previous section of
this manuscript. Figure 8 displays in the time domain the voltages across the LISN circuit as well as the near
field probe voltage that is proportional to the induced field. As can be observed, the radiated signal is mainly
caused by the high frequency components of conducted interferences. However, the low-frequency conducted
interferences have no significant effects on the radiated field. With the aim to perform an accurate comparison
between the three modulation schemes, the frequency spectra of the radiated field have been calculated for two
different measurement points over the power circuit using Eq. (4). The obtained results are displayed in Figures
9a and 9b. The comparison between the three radiated fields shows that the obtained results are quite similar
to those of conducted interferences. The SPWM technique provides effectively the most intensive radiated
field (red curve) whereas the SVPWM method remains the less disturbing technique (blue curve). Indeed, the
amplitude of the radiated field is related to the conducted interferences (amplitudes and frequencies) flowing
through the emitting structures (equivalent emitting dipoles). The emitting structures are basically closed loops
created from a combination of copper paths and power components (transistors, diodes, capacitors, inductors,
etc.). Figures 9a and 9b show that the main amplitude peaks are located at 0.5 MHz, 13.8 MHz, and 39.5 MHz.
The difference in amplitude between peaks produced by the SPWM (red curve) and SVPWM (blue curve)
methods may reach 6 dBuA/m.

Vg,q (10mV/div) LeCroy

/ \ jw\' div)

j2

10.0 Vidwy 10.0 Vidwv
0 mV offset 200 mV ofs|

Figure 8. Waveforms of voltages V g1 (red) and V g2 (blue) across the LISN superposed with the probe voltage V rqq
induced by the radiated field (yellow).

In order to emphasize the obtained results, cartographies of the radiated field above the power conversion
circuit have been performed at the frequency of 13.8 MHz as illustrated in Figures 10a and 10b. As can be
observed, the radiated field amplitude is not uniform over the power circuit surface. This is due to the fact
that the resonant currents are going through structures with different surfaces; therefore they have different
amplitudes. When analyzing the measured cartographies, we notice more intensive amplitudes of the magnetic
field in the superior part. This is due to the presence of the power components in this region. The comparison
between the results of Figure 10a (SPWM) and Figure 10b (SVPWM) shows clearly that the surface of the
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most disturbing regions in Figure 10a is much more important than that of the regions located in Figure 10b.
This result confirms that the SVPWM method effectively generates the lowest radiated field.
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Figure 9. Radiated noise obtained with the three modulations schemes (a) in region 1, (b) in region 2.
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Figure 10. Cartographies of radiated magnetic field (dBuA/m) measured above the power conversion circuit at a
frequency of 13.8 MHz: (a) SPWM modulation method, (b) SVPWM method.

4. High frequency modeling and numerical simulations

In order to confirm the conclusions made by experimental investigation, numerical simulations are carried out
under the same conditions as the experimental study (sampling time 10 ns, no EMI filter). Note that comparison
between simulation and experimental results is beyond the scope of this paper. The high frequency model of
the three-phase voltage source inverter used for the simulation is depicted in Figure 11. Each commutation cell
is modeled using an advanced Spice model (level three) of the MOSFET. The drain and source are coupled to
the ground via 50 pF capacitors. These capacitors emulate the coupling through the heatsink, which constitutes
a virtual channel for the propagation of high frequency interferences. Each transistor gate is connected to a
programmable voltage supply that emulates the pulses provided at the opto-driver’s output side. A parasitic
inductor and resistor of the wires between the programmable voltage supply and the gate are also considered
(Ry =2 Q and L, = 5 nH). Each leg includes two parasitic inductors (L,,; and Lo for legl) connected in
series with the two transistors. Their values are set to 12.5 nH and 5 nH, respectively. The connection between
two legs includes two parasitic inductors, namely L y and L. Two capacitors (Cg4. and Cge2) are also used
to decouple the second and third legs from the stray inductors of the dc-bus bars. Each bus bar is modeled
by a parasitic inductor and resistor. Their estimated values are Rpp; = 0.032 Q, Lppgs = 16.5 nH for the
positive bus-bar and Rpps = 0.19 Q, Lpps = 13.2 nH for the negative bus-bar. One should point out that
the parasitic elements are calculated upon the length and section of their corresponding PCB and wires. On
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the other hand, the equivalent circuit model adopted for the induction machine winding is illustrated in Figure

12. The proposed model is quite similar to the one presented in [29].
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Figure 11. High frequency model of the three-phase voltage source inverter.
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Figure 12. High frequency model of the induction machine, Cp11 = 1 nF, Lp1: = 20 pH, Rp1: = 300 2, Cpi2 =
240 pF, Lpi2 =1 pH, Rp12 =2 Q,Rp1 =17 2, and L1 = 4 mH.

To confirm the previous comparative study based on the experimental investigation, simulation results are
also transferred into the frequency domain to perform the frequency analysis of the results obtained in the time
domain. Figures 13 and 14 show the simulated spectra of conducted interferences including the input common
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mode voltages and output common mode currents obtained with the three modulation methods. The results
show that in the high frequency range varying from 500 kHz to 30 MHz the most significant peaks obtained
with simulation are located at 250 kHz, 450 kHz, 700 kHz, 1 MHz, 1.5 MHz, 2 MHz, and 10 MHz. The analysis
of input common mode voltage obtained by numerical simulations illustrated in Figure 13 and experimental
results in Figure 6 shows a small difference between the values of resonant frequencies. In our opinion, this
difference is due to estimation errors of parasitic elements used in the simulated model. On the other hand, one
can clearly observe that the SPWM modulation method produces higher amplitude peaks than the THIPWM
and SVPWM techniques in both input common mode voltages and output common mode currents. Moreover,
the SVPWM generates less conducted interferences than the remaining two modulation schemes, where the
amplitude decrease can reach 5 dBpV. These results emphasize the effectiveness of the experimental evaluation
as well as the superiority of the SVPWM algorithm over the SPWM and THIPWM algorithms.
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Figure 13. Simulated input common mode voltage ob- Figure 14. Simulated output common mode current
tained with the three modulation methods: SVPWM  obtained with the three modulation methods: SVPWM
(green), THIPWM (blue), and SPWM (red). (green), THIPWM (blue), and SPWM (red).

5. Conclusion

In this paper a comparative study between three conventional modulation algorithms was carried out in terms

of common and differential modes of the conducted interferences as well as in terms of the emitted radiated
field. Experimental and simulation results were presented and discussed. The frequency domain analysis

showed that the SVPWM modulation technique provides the best performance in terms of conducted and
radiated interferences. Meanwhile, the SPWM technique is the most disturbing method. On the other hand,
high frequency modeling of the power conversion system has been proposed and implemented using Spice-
based software. Good agreement was also found between measured and simulated results related to conducted

interferences.
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