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Abstract: This paper deals with conducted Electromagnetic 
Interference (EMI) produced by power electronic converters. 
Both differential- and common-mode components of the con- 
ducted emissions are considered. In particular, the analysis is 
focused on converters controlled with PWM techniques and 
supplied by a DC source. A circuit model which takes account 
of parasitic components is proposed for a switching cell that is 
the basic structure of this kind of converters. The values of the 
parasitic parameters (inductances and capacitances) are ob- 
tained by measurements, field analysis or both. This model 
permits the influence of the different parasitic parameters to be 
investigated. The simulations carried out by PSpice are com- 
pared with the corresponding experimental data obtained from 
a DC chopper prototype. The good agreement between the 
numerical and experimental results proves that the proposed 
equivalent circuit allows the prediction of the main conducted 
EM1 phenomena with sufficient accuracy. 

1. Introduction 

When studying EMC problems in static converters, particular 
attention has to be paid in the converter model. It must take 
account of the non-ideal behavior in the HF range of both the 
electronic devices and the passive elements of the circuit [ 1,2]. 
The presence of HF current and voltage components is mainly 
due to the high switching speed of static devices. In particular, 
high values of dv/dt cause HF current components in main and 
parasitic capacitances (i, = C.dv/dt), whereas high values of 
di/dt generate HF voltage components in main and parasitic 
inductances (VI = Ldi/dt), These HF components meet unex- 
pected propagation paths due to the presence of parasitic ele- 
ments. 
Some difficulties may arise when evaluating parasitic parame- 
ters such as stray inductances of connecting wires, parasitic 
inductances of DC smoothing capacitors, and coupling capaci- 
tances between each power switch and the ground. The values 
of these parameters can be obtained by measurements, field 
analysis or both. 
The theoretical and numerical analysis carried out on realistic 
circuit models of power converters allows the prediction of the 
dynamic behavior including conducted EMI [3,4]. 
For an accurate design of the converter according to EMC 
standards and emission limits, it is necessary to determine the 
amplitude of voltage and current harmonics. If EMC require- 
ments are not satisfied, actions are needed. In this case, it is 
possible to modify the layout of the converter, to introduce 
additional reactive components, and to design an appropriate 
input filter [ 1,2]. 
The aim of this paper is to present a detailed circuit model of a 
switching cell that is the basic structure of most power con- 

verters. This cell is depicted in Fig.1 and represents a typical 
DC chopper. The methods employed to obtain the correct val- 
ue of every electric parameter are discussed. Utilizing the pro- 
posed model, it is possible to perform numerical simulations 
with PSpice. 
The influence of each parasitic parameter on conducted EM1 
is emphasized. In particular, the conducted interferences on 
the DC bus are investigated. The basic switching cell is vali- 
dated by comparing the calculated results with experimental 
data. In both simulations and experimental tests, two Line Im- 
pedance Stabilization Networks (LISNs) are employed in or- 
der to standardize results. 
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Fig.1: Basic structure of the switching cell 

2. HF parasitic components 

For an accurate EMC analysis of the converter, it is necessary 
to take HF parasitic components into account [S]. Fig.2 shows 
the HF equivalent circuit of the basic switching cell. The mean 
parasitic components of this circuit are 

1. Stray indu~tunces of the connecting wires. These parame- 
ters affect the total inductance of the circuit loops and 
strongly depend on the converter layout. It is possible to 
evaluate these inductances by the analytical formula for two 
parallel straight cylindrical conductors or for a circular or 
rectangular single-turn loop, Typical values for power 
switch leads are St20 nH. 

2. Parasitic inductances of the capacitors. It is not usually 
possible to evaluate these inductances analytically, but they 
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can be measured by means of impedance analyzers. Typical 
values are 5+20 nH for ceramic capacitors and 30+100 nH 
for large electrolytic capacitors. A parallel connection of 
both capacitor types is usually employed to obtain a large 
equivalent capacitance with a low equivalent parasitic in- 
ductance. 

3. Parasitic capacitances between the cell and the ground. 
The ground potential may be introduced (for safety reasons) 
by the heatsink of the power switches and the metallic chas- 
sis. The values of these capacitances can be evaluated by 
means of the parallel-plate capacitor formula. They depend 
on the size and geometry of the power switches. 

The converter analyzed in this paper contains one branch 
consisting of two power MOSFETs with intrinsic power di- 
odes that provide for the free-wheeling path. The effects of the 
MGSFET (and diode) internal capacitance is included in 
PSpice models, whereas the values of the internal inductances 
are given by the data sheet and have to be introduced in the 
circuit model of the converter. 
The PSpice built-in models for power switches have been cho- 
sen in order to simulate the switch characteristics that mainly 
affect EM1 emissions 

1. Turn-on and turn-off transients. 

2. Off-state output capacitance. 

3. Diode reverse recovery. 

More accurate models can be found in literature (i.e. Power 
Diode [6], MOSFET and IGBT [7]), but the complexity of 
their equivalent circuits introduces difficulties and does not 
improve the EMC analysis substantially. 
In literature the influence of some HF parasitic components on 
the so called Eh4Z energy has been analyzed [8], but the corre- 
lation between the values of these parameters and the shape 
and amplitude of the harmonic spectrum has not been empha- 
sized. As it will be clear in the following, variations in para- 
sitic components may slightly affect the EM1 energy but 
strongly modify the EM1 spectrum. This is mainly due to 
changes in resonant frequencies among the main and parasitic 
reactive components (L and C) of the power converter. 

3. Converter model and simulations 

Fig.2 shows a chopper model including HF parasitic compo- 
nents. A switching cell with a similar configuration has been 
analyzed in [9]. 
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Fig.2: Chopper HF model with parasitic components 

The topology of the adopted LISN (50/250 mH, 20A-SOOV) is 
depicted in Fig.3. The values of the main and parasitic pa- 
rameters of both the chopper and the LISN used. for the nu- 
merical analysis are given in Tab.1 and Tab.11 of the Appen- 
dix. The LISN is usually built taking care of minimizing HF 
parasitic effects. In this paper, the LISN components are con- 
sidered as ideal elements. 
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Fig.3: Scheme of the adopted LISN 

The circuit simulator used for the computations was the Win- 
dows-version 6.2k of PSpice. 
The behavior of the chopper has been investigated in the fre- 
quency range of 100 kHz - 40 MHz. The analysis has shown 
that the switching frequency and the duty-cycle do not affect 
the interference level in this range of frequency. Therefore, the 
reasonable values of 10 kHz for the switching frequency and 
of 60% for the duty-cycle have been assumed. The rise and 
fall times of the MOSFETs have been assumed to be equal to 
100 ns and 200 ns, respectively. 
In Fig.4 the loops responsible of the resonances that will be 
examined in the following analysis are highlighted. 
In order to emphasize the influence of the different parasitic 
components of the realistic equivalent circuit of Fig.2, at first 
the heatsink has been supposed to be non-connected to 
ground. In this case, only differential-mode currents are pres- 
ent, being prevented any current path through the ground. 
Fig.5 shows the corresponding conducted emission spectrum. 
As it is possible to see, the spectrum emphasizes the presence 
of two peaks at the frequency of about 7 10 kHz and 3 1.8 MHz 
with an amplitude of 95 dBpV and 64 dBpV, respectively. 
It has been found that the peak at lower frequency is due to the 
series-resonant loop (loop 1 in Fig.4) consisting of the ceramic 
and electrolytic capacitors, their internal parasitic components 
and the stray inductance of the connecting wires. Only the ca- 
pacitance of the ceramic capacitor together with the overall 
stray inductance of the loop affects the resonant frequency. In 
fact, this capacitor is in series with an electrolytic capacitor 
having a capacitance of many orders of magnitude higher 
(e.g., 3300 pF vs. 0.33 pF). 
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Fig.4: Chopper equivalent circuit with I-IF resonant loops 
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The peak at higher frequency is related to a series resonance in 
the loop (loop 2 in Fig.4) that consists of the power switches 
and the parallel connection of the two branches containing the 
electrolytic and ceramic capacitors. In any instant, one of the 
two switches is off and its model is reduced to an off-state ca- 
pacitance. The other switch is on and is equivalent to a very 
low on-state resistance. The capacitances of both electrolytic 
and ceramic capacitors do not affect this resonant frequency, 
because the off-state capacitance of the switch has a much 
lower value and dominates the phenomenon (e.g., 0.8 nF vs. 
0.33 pF). Furthermore, the electrolytic capacitor usually has 
an overall stray inductance (internal and external) much higher 
than that of the ceramic capacitor (e.g., 133 nH vs. 12 nH). 
Hence, the ceramic capacitor branch dominates this phenome- 
non and the resonant loop is composed of this branch and the 
power switches. 
Connecting the heatsink to ground, the cell equivalent circuit 
changes and, consequently, a different conducted emission 
spectrum should be expected. In particular, also common- 
mode currents can flow now. The calculated emission spec- 
trum is shown in Fig.6. It is possible to observe a further peak 
at the frequency of about 12.7 MHz with an amplitude of 80 
dBpV. This resonance is introduced by the connection of the 
heatsink and the LISNs to ground. The corresponding reso- 
nant loop (common-mode loop) consists of the series connec- 
tion of the ground wire with the parallel connection of two 
symmetrical branches of the equivalent circuit (branches 3’ 
and 3” in Fig.4). Each of these two branches contains the 
parasitic capacitance between a switch and the grounded 
heatsink, and the stray inductance of the connecting wire be- 
tween the cell and a LISN. The ground wire is characterized 
by the parameters R,, and L, . 
In order to verify the previous analysis, the differential- and 
common-mode components of the total conducted emission 
have been calculated separately on the basis of the LISNs sig- 
nals vi and v2. The corresponding spectra are shown in 
Figs.‘l(a) and 7(b), respectively, and are related to the case of 
grounded heatsink. The spectrum of the differential-mode 
component shown in Fig.7(a) is practically equal to the spec- 
trum of Fig.6 obtained when the heatsink is insulated. This 
proves that the differential-mode emission is practically not af- 
fected by the connection of the heatsink to ground. The spec- 
trum of the common-mode component shown in Fig.7(b) 
highlights the resonant peak at 12.7 MHz discussed above. 
In order to verify the effects of the parasitic components on 
conducted EMI, simulations with different values of the para- 
sitic components have been performed. The results of these 
simulations, obtained with the heatsink connected to ground, 
are shown in the set of figures from Fig.8 to Fig. 11. 
For every case considered, both differential- and common- 
mode components of the conducted emissions are shown. 
Hence, the comparison has to be made with Fig.7. 
Fig.8 concerns the case of a variation in the stray inductance 
of the electrolytic capacitor branch. In particular, the induc- 
tance Lwc of the connecting wires is reduced from 100 to 30 
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Fig.5: Calculated emission spectrum with heatsink non- 
connected to ground. 

nH (for example, this change corresponds to a shorter connec- 
tion between the capacitor and the switching branch). As 
shown in the figure, the stray inductance of the electrolytic ca- 
pacitor branch practically affects only the differential-mode 
resonant peak at lower frequency. The peak amplitude de- 
creases for decreasing values of the stray inductance, whereas 
the frequency of the peak increases according to the self-reso- 
nant frequency of the loop 1 shown in Fig.4. 

Fig.9 is related to a change in the stray inductance of the 
switches branch, In particular, the inductance LSD of the con- 
necting wire between the switches is increased from 0 to 20 
nH (for example, this change is obtained with a longer switch- 
to-switch connecting wire). As shown in this figure, the stray 
inductance of the switches branch practically affects only the 
differential-mode resonant peak at higher frequency. The peak 
amplitude increases for increasing values of the stray induc- 
tance, whereas the frequency of the peak decreases according 
to the self-resonant frequency of the loop 2 shown in Fig.4. 

Fig.10 concerns the case of a variation in the stray inductance 
of the ceramic capacitor branch. In particular, the parasitic in- 
ductance kE is increased from 12 to 30 nH (for example, this 
increase occurs employing a worse quality capacitor). As 
shown in this figure, the parasitic inductance of the ceramic 
capacitor affects both peaks of the differential-mode compo- 
nent. In fact, this capacitor is involved in both loops 1 and 2 
of Fig.4. The amplitude of the peak at higher frequency and 
the interference level in the central frequency range increase. 
The frequency of this peak decreases according to the self- 
resonant frequency of the loop 2 shown in Fig.4. The effects 
on the peak at lower frequency are smaller, because the para- 
sitic inductance of the ceramic capacitor has a lower influence 
on the resonant loop 1 of Fig.4. In fact, the stray inductance of 
the electrolytic capacitor has a much higher value. 

In Fig. 11 the effects of a variation in the stray capacitances be- 
tween the switches and the heatsink are considered. In particu- 
lar, the stray capacitances C,i and CrZ are decreased from 60 
to 30 pF (for example, this reduction corresponds to a greater 
thickness of the insulation layer between the switches and the 
heatsink with a consequent worse thermal coupling). As 
shown in this figure, the stray capacitances practically do not 
affect the differential-mode component, whereas they influ- 
ence the common-mode component. We observe a decrease in 
the overall interference level. Also the peak amplitude de- 
creases, whereas the frequency of the peak increases. This 
agrees with the self-resonant frequency of the common-mode 
loop that consists of the series connection of the ground wire 
with the parallel connection of the branches 3’ and 3” shown 
in Fig.4. 

A similar analysis can be developed for single- and three- 
phase inverters. In this case, two or three switching branches 
have to be taken into account. A more complex model is then 
obtained but the main results of the investigation concerning 
both differential- and common-mode components of the con- 
ducted EMI are still valid. 
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Fig.6: Calculated emission spectrum with heatsink con- 
nected to ground. 
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Calculated emission spectra with the heatsink connected to ground and for different values of the parasitic components 
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4. Experimental results 

In order to validate both the numerical results and the theo- 
retical analysis, a DC chopper prototype was built on the basis 
of the circuit represented in Fig. 1. 
The experimental set-up includes two power MOSFET 
IRFP460 (SOOV-20A) and a PWM driver circuit (10 kHz, 
60% duty-cycle). The DC input filter is composed of an elec- 
trolytic capacitor (3300 pF, 350 V) in parallel with a ceramic 

capacitor (0.33 pF, 400 V). The parasitic parameters of these 
elements were measured by means of a HP 4192A Impedance 
Analyzer. Their values are reported in Tab.1 of the Appendix. 
The chopper was supplied by a DC source (battery) of 1OOV 
and an ohmic load of 20 s2 was connected to the output. 
For the EM1 measurements, a HP 8590 Spectrum Analyzer 
was connected to the LISN signal terminals through a 24 dB 
attenuator. The analyzer was employed in the frequency range 
of 0.1-40 MHz (4 MHz/div) and with a vertical scale from 4 to 
124 dBpV (15 dBuV/div). The bandwidth of the instrument 
was 3 kHz. 
Fig.12 shows the peak spectrum envelope of the conducted 
emission measured with the heatsink of the power switches 
non-connected to ground. The corresponding numerical re- 
sults are represented in Fig.5. A good agreement was achieved 
between the numerical and experimental results. In fact, 
Fig.12 clearly shows two peaks at the frequency of 700 kHz 
with an amplitude of 93 dByV, and at the frequency of 32.1 

MHz with an amplitude 68 dBpV (in the simulations we ob- 

tained 710 kHz, 95 dByV and 31.8 MHz, 64 dBpV, respec- 
tively). 
Fig. 13 illustrates the peak spectrum envelope of the conducted 
emission measured with the heatsink connected to ground. 
The corresponding numerical results are represented in Fig.6. 
In this case, two further peaks are introduced. The additional 
peak at higher frequency occurs at 12.1 MHz with an ampli- 
tude of 75 dBpV. It is very close to the common-mode reso- 

nant peak obtained in the simulations (12.7 MHz, 80 dBpV). 
The additional peak at lower frequency is at about 4 MHz but 
it is not pointed out by the simulations. 
Both Figs. 12 and 13 show a narrow peak at the frequency of 
about 10 MHz. Since the measurement environment was not 
screened, this peak could be imputed to SW radio interfer- 
ences. In fact, it was present also when both the DC source 
and the MOSFET drivers were turned off. 
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5. Conclusions 

In this paper, an analysis has been developed in order to em- 
phasize how both differential- and common-mode components 
of the total conducted emission are generated in a switching 
cell that is the basic structure of most power converters. For 
this purpose, a detailed equivalent circuit has been proposed. 
This model permits the influence of the different parasitic 
components to be predicted. In particular, it has been shown 
that the peaks of the conducted emission spectrum are due to 
series LC resonant loops. The identification of these loops al- 
lows the frequency of the spectrum peaks to be predicted ac- 
curately. Furthermore, qualitative considerations on the ampli- 
tude of these peaks can be made. 
The experimental tests on a DC chopper prototype substan- 
tially confirm both the theoretical analysis and the numerical 
results. We can summarize the main results as follows 

a. The spectrum of the differential-mode EM1 component pre- 
sents two resonant peaks. 

b. The capacitance of the electrolytic capacitor has in practice 
no influence on the resonant peaks. 

c. The parasitic inductance of the electrolytic capacitor branch 
strongly affects the differential-mode resonant peak at lower 
frequency. 

d. The capacitance of the ceramic capacitor affects only the 
differential-mode resonant peak at lower frequency. 

e. The parasitic inductance of the ceramic capacitor affects the 
amplitude of the differential-mode interferences in a wide 
range of frequency. 

f. The off-state capacitance of the power switches affects the 
differential-mode resonant peak at higher frequency. 

g. The stray inductance of the switches branch affects the dif- 
ferential-mode resonant peak at higher frequency. 

h. The presence of stray inductances between the LISNs and 
the chopper reduces the differential-mode interferences. 

i. The ground connection of the heatsink introduces a path for 
common-mode currents through the capacitive coupling 
with the power switches. A common-mode resonant loop is 
created. 

j. The parasitic capacitances between the power switches and 
the ground affect the common-mode resonant peak. 

k. The stray inductance of the connecting wire between the 
heatsink and the ground affects the common-mode resonant 
peak. 

Fig.12: Measured peak spectrum envelope for the DC 
chopper: heatsink non-connected to ground 

Fig.13: Measured peak spectrum envelope for the DC 
chopper: heatsink connected to ground 
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Appendix 

Table I: Main and stray parameters of the chopper 

CONNECTING WIRES CAPACITORS MOSFETs 

Rw,= 0.1 fi Car_= 3.3 mF Loi=SnH 

Lw, = 0.2 l.tH LEL = 34 nH Ls,=5nH 

REL= 0.03 zl Ro,= 1OQ 

Rv,a=O,l n Rs= 10 kR VorFO- 15v 

Lw2 = 0.2 pH 

Ccz = 0.33 uF Lo2=5nH 

R ,g=O.l 12 ba= 12 nH Ls2=5 nH 

L,g = 1.1 l.tH RCE = 0.05 Q RG2= 10 Q 

vo*=o- 15v 

Ra = 0.5 Q Cgl = 50 pF 

L,= 10 pH Cg2 = 50 pF 

Lwc= 100 nH 

Lsn=OnH 

Table II: Parameters of the LISN 

RESISTORS CAPACITORS INDUCTORS 

R,=50S1 C, = 0.33 PF L1 = 250 FH 

R,,=5Q C, = 0.47 FF b =50yH 

R,= 100 a &=8pF 
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