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Conducted EMI of DC-DC Converters With
Parametric Uncertainties

Moisés Ferber, Christian Vollaire, Laurent Krahenbuhl, Jean-Louis Coulomb, and Jodo A. Vasconcelos

Abstract—This paper presents a new methodology to analyze
the conducted interferences of power converters when its param-
eters are described by probability density functions rather than
numerical values. The methodology is based on determining a set
of surrogate models per frequency of the converter, which has less
input and output variables, and shorter simulation time but similar
precision for the evaluation of conducted emissions. This approach
presents several advantages when compared to classical ones, such
as Monte Carlo simulations and collocation methods. The re-
sults are presented as probability density functions and confidence
intervals.

Index Terms—Electromagnetic compatibility, power electronics,
probability, uncertainty.

I. INTRODUCTION

HE rapid development of semiconductor technology in the
last decades increased significantly the presence of power
converters in electric and electronic equipment, such as com-
puter power supplies, voltage converters, electronic ballasts, and
variable-speed drives. These converters often use diodes and
transistors as switches, in order to control the output voltage of
dynamical loads. The switching operation should have the high-
est possible frequency from a performance point of view, but the
fast commutation with high value of di/dt produces conducted
electromagnetic interference (EMI) in a vast frequency range.
The conducted interferences are measured with a line
impedance stabilization network (LISN) and it should respect
certain standards, depending on the country. In power electron-
ics, conducted emission is considered very important [1].
There are several computer tools to model and simulate elec-
tronic circuits that can be used for power converters, such as
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SPICE, SABER, and MATLAB/Simulink. Instead of construct-
ing a conventional schematic of a converter containing only the
nominal values of the circuit elements, one can also include in
the model the parasitic effects of the components and tracks,
as well as the complex behavior of semiconductor devices. The
disadvantage though is the significant increase of the simulation
time. In some cases, there can be even convergence problems [2].

Thus, it would be possible to predict the conducted inter-
ferences of a given topology of a converter at design phase.
This eventually avoids manufacturing a prototype which fails to
respect a certain EMC standard, greatly reducing design costs.

However, these computer tools do not take into account the
uncertainties of the voltage sources, components, tracks, and
parasitic effects. In reality, the nominal value of these param-
eters is insufficient to describe phenomena such as production
dispersion, aging, and temperature and humidity variation. In
applications in which these phenomena cannot be neglected, it
is necessary to quantify these uncertainties and analyze their
impact on the EMI.

The most common method of uncertainty propagation is
based on the Monte Carlo (MC) approach and it has been al-
ready applied to EMC [3]-[6]. It is appropriate for linear and
nonlinear systems with a large number of parameters. It is also
very robust and simple to implement. In this paper, we use it as a
comparison tool. The main issue about MC is the large number
of simulations required to achieve a satisfactory accuracy. An
alternative approach based on risk analysis was developed in [7].

Another method that has recently been evaluated in EMC is
the unscented transform (UT) in [8] and [9]. A detailed and
formal development of this methodology is accessible in [10].
This approach requires considerably less simulations than MC
but it provides only the statistical moments of the output, which
in most cases are limited to the average and standard devia-
tion. Considering that the output probability density function
(PDF) can be any distribution, this method becomes limited.
Moreover, the number of simulations required grows rapidly
with the number uncertain parameters. In this paper, a converter
with 45 parameters will be analyzed, and in this case, the UT is
unfeasible.

In this context, we propose a new methodology to analyze
nonlinear, time-variant converters with a large number of uncer-
tain parameters described by any PDF in the frequency domain.

II. METHODOLOGY
The methodology consists basically of four simple steps and

it may be applied to a general power converter represented by

Y:G(leXQa"'7Xn7f) (1)
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where

Y s the conducted interference in the frequency domain. It
can be measured by taking the FFT of the current that
crosses the 50 €2 LISN resistor.

G s the circuit model (SPICE, SABER, etc.).

X; fori=(1,2,...,n),is the ith component of the converter.
In other words, the resistors, capacitors, inductors, voltage
sources, and any other element are components of the con-
verter and X; is assigned to each one of them.

f s the frequency.

The four steps are described next.

A. Output Reduction

The first step consists of selecting a set of frequencies as
follows:

f:(flaf27~~vf7n) (2)

where f; for k = (1,2,...,m) are carefully chosen values of
frequency that enable one to estimate correctly an upper bound
for the conducted interferences produced by G, in (1). For each
fx,one can obtain Y}. This subset of Y's forms a vector of output
variables Y depicted in

Y1 fi
Y = =G(X,

Y’HL f m

where Y is the set of Y}, output variables when converter G is
evaluated at the frequency values given by f, and X is the set
of all parameters X;.

The relationship between each component of the output, de-
noted by Y}, and the parameters X no longer depends of the
frequency, as shown in

Yk‘:Gk(XlaX27"°7Xn):Gk(X) (4)

where (G}, is an approximate model between X and Y} in the
frequency fx, for k = (1,2,...,m).

B. Sensitivity Analysis

Systems described by many parameters, which correspond to
a large n in (3), often contain a subset of dominant parameters.
This subset can reproduce the behavior of the system with a
given accuracy and with less computational effort. Moreover, it
is important to find out what kind of tendency exists between the
parameters and output variables, in the interval of uncertainty.
Thus, the second step of the methodology is a sensitivity analysis
to evaluate which parameters are actually essential and what
simplified model should be used.

C. Model Reduction

Once the previous steps are completed, the converter model
G in (1), with n parameters, is reduced to k simplified models
depicted in

Vi = Gr(Xk) )
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Fig. 1.  Overview of the methodology.
where
G, is the kth simplified model.

X is the kth subset of parameters linked to model GG, and it
has dimension nj. Considering that the parameters have
different impact on the output, it is expected that n;, < n
for all k. Moreover, some parameters may present strong

influence only in a limited frequency range.

D. Transformation of Random Variables

Finally, the last step is to determine the output PDFs by the
method of cumulative distribution function [11] applied to each
reduced model separately. This method allows the inputs to be
distributed over any PDF.

Fig. 1 presents an overview diagram of the methodology with
the steps described from A to D highlighted, in order to facilitate
the comprehension of the reader. The number of calls to the
circuit solver is greatly reduced compared to the MC method.

III. EXAMPLES
A. Ideal Model of a DC-DC Converter

The first example to illustrate the methodology is a model
of an ideal converter with two uncertain parameters, namely
the inductance and capacitance. The semiconductors, passive
components, and voltage source are considered to be ideal. The
output variable is the current through the inductor. Fig. 2 presents
its corresponding schematic.

The nominal values of the components in Fig. 2 are given
in Table I. This circuit is solved in the MATLAB SimPow-
erSystems environment, using the solver based on an implicit
Runge—Kutta formula, described in [12] and [13].

The methodology will be applied to five different scenarios,
which are described by the five PDFs shown in Fig. 3, in which
the parameter nominal value is normalized to 100.
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Fig. 2. Schematic of an ideal power converter.
TABLE 1
NOMINAL VALUES OF IDEAL CONVERTER COMPONENTS
Symbol Parameter Value
Vin Input Voltage 100 V
L Inductance 50 uH
C Capacitance 5uF
R Resistance 10Q
fow Switching Frequency 20 kHz
0.1
0.08! — Normal 5% 0.05
0071 0.045 —— Uniform 10%
) 0.04) = = =Uniform 30%
0.06 3 - = Uniform 50%
0.035
0.05 0.03
w uw
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0 0
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Parameter Nominal Value Parameter Nominal Value
Fig. 3. PDFs of input parameter normal PDFs with 5% and 15% of standard

deviation uniform PDFs with 10%, 30%, and 50% of variation around average.

The output reduction step requires a subset of frequencies
which is still enough to characterize an upper bound for the
output variable. One needs to choose these frequencies from the
simulation corresponding to the nominal values of the compo-
nents and from the impedance curves seen by the inductance
L in Fig. 2, replacing the semiconductors by open- and short-
circuit [14]. In this case, the circuit has no resonance.

Fig. 4 shows the simulation of the circuit for the nominal
values of the parameters and one possible choice of f, in (2).

The sensitivity analysis provides information about which
parameters influence the output the most, and which kind of
model one should use to correctly represent the system. Fig. 5
presents a 3-D plot of the behavior of the output current related to
the two uncertain parameters at 20 kHz. For the other selected
frequencies, the shape of the output curve is similar but with
different values at the corners.

Note in Fig. 5 that the slope of the curve following the induc-
tance axis is much higher than following the capacitance axis,
which means that the inductance has a stronger influence on the
output. Moreover, the shape of the curve suggests that one can
model it by a quadratic polynomial without crossing effects.

Thus, the model reduction step is conducted for the selected
frequencies and equivalent models are computed by a general
polynomial regression, using a least-squares method [15]. The
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Fig.4. Outputcurrent I, versus selected frequencies highlighted in red (output
reduction).
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Fig. 5. Sensitivity analysis (at 20 kHz).

first three fitted polynomials (G, Go, and G3) of the selected
frequencies are shown below, with two decimal places

Y1(C,L) = 0.5C* — 1.98C + 2.87L* — 7.67L + 13.04
Y2(C, L) = 0.34C* — 0.55C 4 1.95L* — 5.84L — 0.61
Y3(C, L) = 0.14C* — 0.23C 4 1.74L* — 5.51L — 4.81  (6)

where

YY) kth polynomial of the output current;
C  normalized capacitance;

L normalized inductance.

The parameters were normalized so that their minimum val-
ues correspond to negative one and their maximum values corre-
spond to positive one. In this manner, the value of the coefficient
is a direct measure of the importance of a given term.

Note that the constant terms of the polynomials in (6) cor-
respond to the value of the output current, in decibels, of the
deterministic simulation shown in Fig. 4. The other terms serve
to model the variation of this current with respect to parameter
variation.
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Fig. 6. Confidence intervals of the output current in decibels C' and L follow-
ing: a normal PDF, 5% and 15% of St. dev. (upper plot), a uniform PDF, 10%,
30%, and 50% around average (lower plot) confidence level of 0.1%.

Since these polynomials are normalized, we can immediately
see that the inductance indeed affects more the output current
than the capacitance. Once all models of I, are determined,
the propagation of uncertainties by transformation of random
variables is efficient. The results are presented as confidence
intervals in Fig. 6.

B. Ideal Model of a High-Quality DC-DC Converter

The second example to be investigated is a converter with the
same topology as the one in Section III-A but with nominal val-
ues of capacitance, inductance, and resistance given in Table II.
These values were chosen to illustrate how the methodology
takes into account high-quality systems.

This converter has a resonant frequency at 100 kHz, which
corresponds exactly to one of the harmonics generated by
the switching. Fig. 7 presents the impedance measurement
schematic and the modulus of the impedance.

The methodology will be applied to two of the five scenarios
described in Fig. 3, which are uniform PDFs with 10% and 50%

TABLE II
NOMINAL VALUES OF HIGH-QUALITY CONVERTER COMPONENTS

Symbol Parameter Value

Vin Input Voltage 100 V

L Inductance 100 pH

C Capacitance 2533 nF

R Resistance 2kQ

fow Switching Frequency 20 kHz
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Fig. 7. Modulus of the impedance of the converter schematic with short-

circuited diode and series 50 €2 test resistance.
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Fig.8. Outputcurrent I, versus selected frequencies highlighted in red (output
reduction).

of deviation around average. The choice of frequencies corre-
sponding to the output reduction step must take into account
the resonant effect around 100 kHz by selecting enough points
around this frequency. One possible choice is shown in Fig. 8.
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Fig. 10. Confidence intervals of the output current in decibels C' and L fol-

lowing: a uniform PDF, 10% and 50% around average confidence level of
0.01%; deterministic plots: a—C, and L,; b—1.4C, and 1.4L,; ¢—0.6C,
and 0.6L,; C, = 25.33 nFand L, = 100 nH.

A sensitivity analysis at low, resonant, and high frequencies,
which corresponds to the outputs Y7, Y5, and Y7, respectively,
is presented in Fig. 9. The minimum and maximum values of
both capacitance and inductance are normalized. Note that at
low frequency, the influence of the capacitance in the output
current dominates whereas at high frequency it is the inductance
the relevant parameter. Moreover, these parameters have almost
linear and independent relation to the output, when they are
dominant, as it is shown in Fig. 9 for the frequencies 20 kHz
and 4.5 MHz.

At the resonant frequency however, both parameters must be
taken into account with cross-effect terms. The data are then
fitted with piecewise bicubic interpolation [16].

Once all reduced models Y}, for & = 1-13 are obtained, the
propagation of uncertainty by transformation of random vari-
ables becomes efficient. The results are presented as confidence
intervals with 0.01% confidence level, in Fig. 10.

Note that the present methodology determines upper bounds
very accurately related to the MC method, for both 10% and
50% variation around the average value, and also in the range
of frequency around the resonance. The indices a, b, and c refer
to the output of deterministic simulations with a different set of
capacitance and inductance values, given in Table III.

The curves of indices b and ¢, for instance, disrespect the
upper bound of 10% parameter variation at 60 and 160 kHz,
respectively. However, they respect the upper bound of 50%.
These results are expected since the parameters corresponding
to b and ¢ were changed by 40%.

0.5

e
0

. Capacitance (Norm) gg - 0
; 0.5  Inductance (Norm) < 05  Inductance (Norm)

0.5

Sensitivity analysis of capacitance and inductance at 20 kHz, 100 kHz, and 4.5 MHz with respect to the current /,, in decibels.

TABLE III
CONVERTER PARAMETERS AND RESONANCES IN FIG. 10

Index Capacitance Inductance Resonant Frequency
(nF) (uH) (kHz)
a 25.33 100 100
b 35.46 140 71.5
c 15.20 60 167
e T r =
.j T | | vy A oo "‘"';’-*{% ......
| Decoupling & 1
Capacitors 2 [
71 L5
= 1
s S | bt L1 Load
¢ b p i EJ
T 3 . o
I 1 | Track Leest ;_ET
l Gt Capacitances 1 -
LISN 1 1 T ik T
I [ i |
Lo L I — i B

Fig. 11.  Schematic of a realistic dc—dc converter.

C. Realistic Power Converter Model

The power converter model to be used in this section, as an
example to test the present methodology into a more realistic
model, is a dc—dc converter modeled in MATLAB/Simulink/
SimPowerSystems. Fig. 11 presents the complete schematic of
the converter.

The LISN is described by ten parameters while the diode
and the MOSFET, for instance, are described by five and six
parameters [17], respectively. The load, which is in reality an
inductor, is modeled with 16 parameters in order to take into
account parasitic effects at higher frequencies. The track capac-
itive effects are described by two capacitances and the models
of the two decoupling capacitors consider the series resistance
and inductance parasitic effects.

There are a total 45 parameters in this model to describe its
components and their parasitic effects. This model is, thus, a
realistic example of a nonlinear, time-variant power converter.

We assume the same five scenarios of parametric uncertainty
shown in Fig. 3. Nevertheless, one can model these parameters
by any PDF. The output variable is the FFT of the voltage
in decibels across the 50 €2 resistor of the LISN. This is a
standard measurement of conducted interferences. Fig. 12 shows
the output considering the parameters with their average values.
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Fig. 13.  Sensitivity analysis of four parameters (input voltage, ESR of decou-

pling capacitor, parasitic track capacitance, and diode forward voltage) at four
different frequencies in the range of conducted emissions (20 kHz, 100 kHz,
5 MHz, and 10 MHz).

The deterministic output using the nominal values of compo-
nents, and the lack of sharp resonances in the impedance viewed
by the 50 €2 resistance, allows the choice of (0.02, 0.06, 0.1, 1,
5, 10) MHz as the frequencies to form the subset f' in (2). This
step corresponds to the output reduction.

From now on, the output is no longer the whole FFT
curve shown in black in Fig. 12, but the set Y = (Y7,Y5, Y3,
Y4, Y5,Ys). This set should be sufficient to estimate an upper
bound for the FFT curve.

For each element of f, we investigate the output behavior
relatively to each parameter. Some of the results for a few pa-
rameters are presented in Fig. 13.

The variety of behavior along the frequency depending on
the parameter analyzed is quite remarkable. For instance, the
input voltage has a strong and approximately linear influence
while the diode forward voltage or the parasitic resistance of
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Fig. 14.  Overview of parameters’ impact in percentage parameters list (left
column).

the decoupling capacitor has no influence at all. Moreover, the
parasitic capacitance of the tracks has a frequency-dependent
impact, being more relevant at the megahertz range, which is an
intuitive result.

For this particular example, six second-order polynomials
were sufficient as G for k = (1 to 6) in (5) and thereby the
transformation of variables becomes a relatively simple step.

Fig. 14 presents the percentage influence of all parameters
on the output, in the range of frequency which is important for
conducted interferences. It is possible to rapidly verify which
parameters are actually important and in which frequency range
they participate.

Additionally, it is clear that there are actually a very small
set of key parameters which dominate the parametric variation
impact on the output. This fact is a strong motivation to apply
the present methodology to problems with a large number of
uncertain parameters.

Figs. 15 and 16 present a comparison of output PDFs be-
tween the MC approach with 10* simulations and the proposed
methodology with 181 simulations, at 20 kHz, for uniform and
normal distributions, respectively. Similar results were obtained
for the other selected frequencies.

Figs. 17 and 18 present confidence intervals for the studied
scenarios, with 99.9% confidence level. Uniform and normal
PDFs are considered, respectively.
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IV. CONCLUSION

A new methodology to quantify uncertainties in power con-
verters from an EMC perspective has been presented. It requires
far less simulations than the MC method showing similar accu-
racy. Moreover, the methodology was successfully tested for a
nonlinear and time-variant topology of a converter with many
uncertain parameters. The PDFs of the parameters can be of any
kind and the output variable’s PDF is computed to the desired
precision, giving accurate higher statistical moments, such as
skewness and kurtosis.

The present methodology is also appropriate for high-quality
systems in which harmonics due to switching excite resonant
frequencies. It is necessary though to consider more output vari-
ables around the sharp resonant peaks.

Finally, the results show that the upper bound for conducted
interferences can be considerably higher when parametric un-
certainties are present in the model if compared to a determinis-
tic approach. Thus, the designer of power converters can make
more realistic predictions at design phase in order to respect a
certain EMC standard without the necessity of an unrealistic
number of simulations.
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