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Abstract—This paper presents an EMC model in the
frequency domain for grid connected three-phase
photovoltaic inverters using the conventional Boost-Inverter
topology. The aim is to estimate the EMC noises on both DC
and AC sides, in order to design for instance EMI filters, or
for any sensitivity analysis or optimization process. The
model is developed and validated on an experimental
prototype setup. The results are discussed, focusing on the
contribution of each converter to the noise produced, both on
the DC and AC sides by considering the impedance path of
noises.
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L INTRODUCTION

In recent years, by significant decrease in cost of solar
system (including panels and inverters), the transformer-less
photovoltaic inverter is also used on a large scale [1]. Fig. 1
shows a block diagram of a grid connected transformer-less
photovoltaic system. It this kind of systems, there is a potential
and significant problem - the leakage current and
electromagnetic interference on the AC and DC sides of the
photovoltaic system without galvanic isolation [2]. This
problem can disrupt the operation of the inverter and cause
some undesirable faults. Adding electromagnetic interference
filter on both AC and DC sides of the inverter is proposed in
[3]. However, sizing those filters is time-consuming using
time domain simulations, and necessitates several iterations,
since the noise on both DC and AC sides are not independent.
A method of designing two EMI filters simultaneously by
considering the crosstalk between them was proposed in [4],
which can solve this problem in the conventional design.
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Fig. 1. The block diagram of the PV inverter system.

When high power density or lower cost is needed, filter
optimization is requested. In this case, the conventional design
methodology is no more sufficient and EMI models dedicated
to optimization must be proposed. The frequency domain
analysis [5] exhibits very low simulation times, in comparison
to time domain and is well adapted to optimization approach.
It replaces the switching devices by equivalent sources, and
has already been used in the simple case of a DC-DC converter
[6], or drive system [7]. In [8], [9], the same method is applied
to a three-phase inverter with a resistive load at the output,
where only one EMI filter is needed on the input side. Further
studies have been carried out in [10]-[12] on the modeling of
power electronics converters from an EMC point of view, with
the focus on a converter. Also, in [13], a three-terminal CM
EMI model for a UPS has been developed. The modeling of
such researches is more restricted to a converter and an EMI
filter. The purpose of this paper is to propose a frequency
model for a three-phase photovoltaic inverter, composed of
two cascaded converters, a Boost and a three-phase inverter.
The novelty is to consider simultaneously both converters, and
to account for the EMI generation on both DC and AC sides,
what was not done in previous studies. The model is presented
in section II, identified in section III, and validated in
comparison with both experiment and time domain simulation
in section I'V.
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Fig. 2. The schematic of the grid connevted PV inverter system with high frequency parasitic parameters.



II. FREQUENCY MODEL

First of all, since both DC and AC noise are to be
considered, two LINSs (Line Impedance Stabilization
Networks) are considered. No filter is used to identify the
model, so the two LISN are just replacing the EMI filters
boxes in Fig 1.

A circuit diagram with the parasitic parameters of the PV
system is shown in Fig. 2. Each component including
capacitors and inductors are modelled using high frequency
model including stray elements. Common mode parasitic
capacitors between the power layout and the heatsink
(supposed at ground potential) are considered. The LISNs
schematic and their components value are presented in Fig. 3
and Table 1. Also, the used experimental LISN is shown in
Fig. 4. It is worth nothing that in this study, the LISNs are used
to fix the impedance in input and output and due to availability
of the material for experimental validation, the DC LISN is
not the 150 Q one, which is defined in CISPR 16-1-2 or EN
55011. A 50 Q single cell version of CISPR 16 standard is
used on both DC and AC sides. This is not a serious issue,
since the LISN are used to verify the model, not to measure
the noise according to any kind of emission standard.
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Fig. 3. Line voltage measurement in a known configuration using,

TABLE L LISN PARAMETERS
Ly [nH] 250 R [Q] 50
Cx [nF] 220 r [Q] 5
C, [nF] 47 [ [nH] 50
G, [nF] 1

The disturbance voltages measured on LISN which are
specified in Fig. 3 (V1, V2, VA, VB and VC) must be
evaluated thanks to the frequency model.

Fig. 4. The experimental DC LISN.

To obtain the equivalent EMC model, the well-known
method of equivalent sources has been chosen. It replaces the
switching devices by equivalent voltage and current sources
reproducing the same discontinuities [5]. Fig. 5 shows the
equivalent circuit, with the voltage sources being the voltage
of the MOSFETs, and the current sources being the current of
the diode in the boost converter and the equivalent current of
MOSFETs in the inverter. These sources can be expressed in
the frequency domain which makes the solving of this circuit
quite easy. The value of each source is obtained by its
corresponding voltage or current spectrum which are obtained
in ideal condition simulation or with either theoretical or
experimental wave forms.

III. MODEL IDENTIFICATION

As it mentioned in section II, the sources in Fig. 5 (voltage
and current) are obtained by transferring time domain values
to frequency domain. Among mentioned methods, analytical
method is the fastest one which is explained for each converter
and source in the following:

A. Inverter Sources

The method is to use the PWM switching angles and a
transform to convert a time signal into a frequency signal. The
inverter's output voltage source is alternating at switching
times, and is equal to +Vpc when the corresponding switch
(the top switch in the leg) is on and 0 when it is off.
Considering a sum of signals delayed by the switching angles,
the spectrum of the voltage is written as follows:
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Fig. 5. Equivalent circuit for EMC studies.



With h, the harmonic order, 8, the closing angle and 6’, the
opening angle as (2) and (3).
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Where mg, ma, Tsy and oy are frequency index, modulation
index, inverter switching frequency and grid frequency
respectively. This is worth nothing the other voltage sources
of the inverter have the same spectrum with only 120 degrees
of phase shift.

Using the same method, the switch current is obtained by
multiplying the line current in time domain by the switching
pattern and finally, the input current of the inverter is obtained
by summing the current of switches in three different legs as
proposed in [14].

B. Boost Converter Sources

The value of voltage source of boost converter is obtained
by the spectrum of voltage of boost converter switch as (4):

— Vbc —j2mh
sz,boost(h) - E (1 —e /% Db) (4)
Where Dy, is the duty cycle of the boost converter. The current
source of the boost converter is representative of the diode
current in the converter that carries the ripple current in
addition to the step one.
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Besides the analytical method, the spectrum can also be
obtained by a FFT of a time domain simulation, or a FFT of
measured signals. As an illustration, the spectrum of Vi poost
for the case study for three different method is shown in Fig.
6. The results match very well till 3 MHz, what is sufficient in
the objective of filter design, which are very often governed
by the low frequency part of the EMI spectrum. Obviously,
the model would be the most accurate with sources modeled
by experimental data, but due to the number of sources (six
sources) and the requirement of 50 Hz harmonic accuracy for
the spectrum, a large amount of data with a high sampling rate
is needed. So, the measurement way is in practice very
difficult or even impossible. In addition, because of the effect
of the phase shift on the system, the sources must have the
same reference and be considered simultaneously, what leads
to another difficulty. Analytical method or FFT on simulated
waveforms are therefore to be used. For practical reasons,
simulation data for identifying the sources have been chosen.
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Other components that must be identified are the passive
elements and their stray behavior. The value of these
components is measured and listed in Table II. In addition, C,y
is assumed 100 pF as in [15]. However, due to the ability of
LISNs in fixing the impedance, this arbitrary value does not
impact significantly the results, since it is before the
stabilization network.

TABLE II. CONVERTER MODEL PARAMETERS
Lp [nH] 500 Lm [nH] 500
Cin [nF] 163 Cac [uF] 163
Eslcin [nH] 192 Eslcqc [nH] 192
Esrcin [mQ] 60 Esrcq. [mQ] 60
Ly [uH] 435 L.. [mH] 1.05
Eprys [k2] 94 Eprr.. [kQ] 111
Epcws [pF] 82 Epcrac [pF] 258
Esry, [mQ] 57 Esrp, [mQ] 38

Four modules (one module in the boost converter and three
in the inverter) are used in the system. As shown in Fig. 7,
each module consists in a leg and a 470nF decoupling
capacitor. The top MOSFET in the boost converter module is
not driven and only its diode is used. To identify the stray
capacitance of the power modules the voltage across the
decoupling capacitor is supposed to be fixed by the DC link
voltage and so these two points are considered short circuited
during identification. The modified power module schematic
is shown in Fig. 8. Because of existence of semiconductor and
decoupling capacitors, the measurement of each capacitor
separately is not possible but the total capacitance is available
by shorting the P and M points and measuring these points
through the ground. In this case, the Coss is much higher than
stray capacitances and does not affect on their identification.
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Fig. 10. Experimental prototype setup for EMC study.

The measured capacitance is equal to:

Cneasured = Cugm + Crg = 100 pF (6)

The layout of the module is shown in Fig. 9. The main
contribution of capacitance is the drain of the MOSFET which
is connected to the back side of the TO-247 package. The
capacitances from the drain to the heatsink are dedicated to
stray capacitance. Based on the layout symmetry of the
modules, the value of each capacitance is considered equal
and 50 pF.

Fig. 9. Layout of the power module.

As the same modules are used for the system, the stray
capacitance for other modules are considered identical. The
Cwma,m of each module is in parallel with the others. So, the
total Cwg is equal to four times that of each module and 200
pF. The value of stray capacitances of power modules are
listed at Table III.

TABLE III. POWER MODULES STRAY ELEMEMTNS
Cwc [pF] 200
Cre, Cac, Cse, Cca [PFI 50

IV. EXPERIMENTAL RESULTS

The configuration of the experimental test prototype is
shown in Fig. 10. This is a very low power prototype just for
demonstration purpose, using very low voltage. The input
voltage is considered to be 25V and the boost converter
operates with a duty cycle of 0.5 with a 35 kHz switching
frequency. The 5S0W three-phase inverter switches at 40 kHz
and the modulation index of the SPWM (Sine Pulse Width
Modulation) control is 0.8. The two converters are assumed to
operate at different switching frequencies to distinguish
between noise generated by the two converters on each DC
and AC sides. The reference voltage and output AC current
are shown in Fig. 11, a simple resistive load on the AC side
replacing the grid.

The disturbance voltages are measured and compared with
both time domain simulation and the frequency model. The
frequency range used for comparison is focused on the low
frequency part of the spectrum (below 3MHz), since it is the
most impacting range for EMI filter design regarding weight,
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Fig. 11. The reference voltage and output line current.

volume or cost. Higher frequencies are linked with stray
elements and layout. Fig. 12 and Fig. 13 show the disturbance
voltages on the DC and AC side respectively. As presented,
the model fits the measured noises as well as the simulation
results and reproduces the effect of different switching
frequencies of the two converters (the peaks amplitude are
matching well). It is worth noting that the EMI noise on the
DC side is not only due to the boost converter, but also
contains part of the three-phase inverter (This can be clearly
identified since the two switching frequencies have been
chosen different). However, in the considered specific case, it
is found that the noise created by the inverter is dominant in
the AC side, and much larger than boost converter in the DC
side. This is due to the different impedances in the DC and AC
noise path where the AC noise passes through both LISNs and
the DC noise passes through almost the DC LISN.
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Fig. 12. DC side disturbance voltages.
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time domain simulation, Freqtool is the proposed frequency model.

As it is clear in Fig. 5, the current sources do not have any
effect on measured noises on both sides, since they are looping
in the DC capacitor. This is of course a first order
approximation, but in the frequency range of interest, it is
valid. The noises are thus generated by the voltage sources
only. Based on superposition principle, the equivalent circuit
in each voltage source consideration on DC and AC sides
thanks to common mode are shown in Fig. 14 and Fig. 15
respectively. The Vemgac is the representative of the common
mode voltage which is generated by the inverter.
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Fig. 14. The equivalent circuit of the system in the case of the DC voltage
sources consideration.
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Fig. 15. The equivalent circuit of the system in the case of AC voltage
sources consideration.

As it is clear in the equivalent circuits, the noises can pass
through both DC and AC sides. In Fig.14, the generated noise
after passing through Cpg is divided into two paths in the DC
and AC sides. The amount of divided noise depends on the
impedance path where the AC impedance is higher than DC
one in the frequency range of interest as presented in Fig. 16.

Thus, most of the DC noise passes through the DC side
and has no significant effect on the AC side. Unlike the DC
side, the generated noise by the inverter does not pass-through
stray capacitances. This is illustrated in Fig. 17, where Z,
which represents the impedance of CagtCrgtCcg by (8), is
higher than the impedance of the line inductor and AC LISN
path and most of the noise passes through the inductor and AC
LISN path. Also, from Fig. 15, it is deduced that the majority
of noise passes through the DC LISN.

1

Z = - 8
() j2mf.(Cac+CrGc+CcE) ®)
|77, 0]
400) R
& 0 | Zoess®
3 2
3 200
a
E
100
0
1x10° 210° 3x10°
Frequency (Hz)
Fig. 16. Impedance curve in different paths in the case of DC voltage
source consideration.
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Fig. 17. Impedance curve in different paths in the case of AC voltage

source consideration.

On the other hand, due to the existence of Cpg in the noise
path, the impedance in the noise path of the boost converter
(Fig. 14) is higher than that of the inverter (Fig. 15). Therefore,
regardless of the value of voltage sources (even though the
envelope of the boost converter voltage source is higher than
that in the inverter (Fig. 18)), the noise generated by the
inverter is greater than that of the boost converter, and since
most of the noise generated by the inverter passes through the
DC side, it is dominant in the DC side.
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Fig. 18. Voltage sources spectrum.

V. CONCLUSIONS

In this paper, the frequency model for a three-phase
photovoltaic system with two converters at different switching
frequencies is explored. The identification methods of the
sources and stray elements is explained. The results are then
compared to experimental and time domain simulation. The
contribution of each converter to the produced noise is
discussed and shown by impedance path of noises.
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