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Abstract - Energy conversion in power electronics comprises two complementary phases: switching, performed
by semiconductors. There are two types of switch: controlled components (MOSFET, IGBT, thyristor, etc.) and
uncontrolled components (diodes). Energy storage takes place via passive components such as capacitors and
inductors, as well as resistors, which transform electrical energy from one form to another. The use of
semiconductor components (MOSFETs, IGBTSs, thyristors, etc.) during switching leads to rapid variations in
voltage (dv/dt) and current (di/dt). This generates high-frequency electromagnetic disturbances and interference
on passive components. The aim of this study is to determine the equivalent models and frequency behaviors of
passive components (resistor, inductor, capacitor) at high frequency, using LT-spice software.
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I. INTRODUCTION

In the field of power electronics,
Electromagnetic Compatibility (EMC) aspects
encompass the following essential characteristics:
converters act both as sources, due to the
phenomena associated with power switch
switching, and as victims, because their "control-
command" board is generally digital or hybrid in
nature. What's more, they can be self-disturbed
by the power section. There is also the possibility

of external interference from natural and
industrial environments [1-4].
In general, power converters incorporate

switching cells that produce rapid variations in
voltage (dV/dt) and current (dl/dt), as well as
filter inductances, disconnecting capacitors and
extraneous components such as inter-component
parasitic  inductances and common-mode
capacitors. These elements create circuits with
second-order  resonances, leading to the
emergence of an oscillatory phenomenon [4-7].
All passive components, i.e. resistors,
capacitors, and coils, have parasitic elements that
have a strong impact on impedance behavior as a

function of frequency and can give rise to
resonances. Parasitic elements can be classified
into three effects (resistive effects, inductive
effects and capacitive effects) [8]:

e Resistive effects arise from the resistance
to current flow in the materials used. These
effects depend on the geometric and physical
characteristics of the materials. They can be
considered invariant within a certain frequency
range or, on the contrary, frequency-dependent,
notably due to skin and proximity effects.

e Inductive effects occur when a current
flows through a circuit, creating a magnetic field
and flux in the loop formed by the circuit. The
very concept and value of an inductance depend
on the magnetic flux generated and its
environment..

e  Capacitive effects occur when two
conductive surfaces are not at the same potential.
The apparent capacitance depends on the
geometry of the surfaces, their relative position
and the type of material (electrical permittivity of
the dielectric) separating them. [9].

The document is structured as follows:
Section Il presents and defines passive
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components. Section Il describes the modeling
of passive components, and their frequency
behavior through simulation using LTspice
software. The conclusion is presented in section
V.

I1. PASSIVE COMPONENTS

v" Resistors

The resistor is a common passive
component in power electronics, but one that is
"shunned" because of its energy losses [10]. It is
mainly used in electrical circuits, filters, and
converter control electronics. They generally
come in three different forms: carbon resistors,
wire-wound resistors, and film resistors. [9].

v Capacitors

Capacitors are an essential part of any
converter. They are found in input and output
filters, and sometimes in the converter core. They
are also indispensable in resonant and soft-
switching converters. A capacitor is a passive
component that stores energy in the form of an
electric field [11]. In its simplest form, a
capacitor consists of two conductive plates
separated by an insulating material called a
dielectric.  The capacitance is  directly
proportional to the surface areas of the plates,
and inversely proportional to the distance
between them. Capacitance also depends on the
dielectric constant of the material separating the
plates.

v" Cails

Coils, like capacitors, are essential to power
electronics. They are found in filters and in the
heart of all converters. They are also
indispensable in resonant and soft-switching
converters. A coil is a passive component that
stores energy in the form of a magnetic field [12].
At the very least, it consists of a simple
conductive loop. Most often, this is a multi-turn
winding. This is usually wound around a
magnetic material or a set of materials forming
the magnetic circuit, in order to channel the
magnetic field, reduce losses and increase the
value of the inductance.

I1l. MODELING PASSIVE COMPONENTS

The steps involved in modeling passive
components are as follows:

1. Modeling begins with the selection of an

equivalent electrical model of the component

(resistor, capacitor, and inductor).

2. The models developed in this work are of

two types:

- Analytical models, based on the component's
geometric and physical properties.

- Experimental tests based on measurements
of the component's behavior in terms of time and
frequency, enabling us to obtain satisfactory
results on a regular basis and then compare them
with the results obtained from references. [13-
15].

A) Resistance model

The equivalent resistance model we are
considering is common to the different types
mentioned. This model is illustrated in Figure 1.
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Fig. 1. Equivalent resistor model [9].

The model is built around a resistor R, which
must be close to the nominal resistance. The
equivalent series inductance L and the
capacitances Ciead (cOnnector-related) and Cieaxage
(leakage capacitance) complete the model. Since
the two capacitances in question are in parallel,
we can simplify the equivalent model by
replacing them with an equivalent capacitance:

[
Ceq = Ciead +Cleakage (1)
» Modeling Example

We have taken a high-frequency model, for a
resistor R = 820 Q as shown in figure 2, which
presents the modulus and phase of the
impedance.
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The frequency response for an ideal resistor is
zero phase over the entire frequency range.
However, the actual behavior of a resistor
involves the following three elements :

. Cp=104pF
Rpr : self-resistance

Ls : parasitic inductance
Cp: caparallel parasitic capacitance

Ls=20mH Rpr=812u

Fig. 2. Equivalent diagram of a resistor in the real case.

We simulated the frequency behavior of a
resistor in order to demonstrate the effect of
frequency on resistor impedance. Figure 3 shows
the frequency variation of the impedance of a
resistor R = 820 Q.
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Fig. 3. Frequency behavior of a resistor

Analysis of these results shows that at low
frequencies, the resistor's behavior is close to that
of an ideal resistor. With increasing frequency,
the impedance of the parasitic capacitor C,
decreases (Cp = 1ll/jcw) and consequently, the
impedance of the resistor decreases up to
frequency fo, because the resistor and parasitic
capacitor are in parallel, as shown in the
resistance model. Where the parasitic inductance
Ls and the parasitic capacitor C, resonate. At this
frequency fo, the impedance of the resistor is
minimal.

B) Capacitor Model

A generalized equivalent circuit for capacitors
can be constructed (Fig. 4), but the values of the
elements in this model differ according to the
type of capacitor. The conductive parts of the
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component introduce an inductance Lieas and a
capacitance Ciead.

On the other hand, the capacitor plates
themselves introduce a resistance Rpiae. The
dielectric between the capacitor plates is modeled
by a large Ruietectic resistor placed in parallel with
the component's nominal capacitance C [9].
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Fig. 4. Equivalent capacitor model [13].

The capacitance of the Cieas cOnductive parts
is generally lower than the rated capacitance and
can be neglected. Similarly, the resistance of the
dielectric is very high and can be considered as
an open circuit. By eliminating these two
parameters, the equivalent model can be reduced
to the nominal capacitance, in series with the
plate resistance and the inductance of the
conducting parts. The model is shown in figure 5.

Rplate Liead C
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Fig. 5. Simplified equivalent capacitor model [13].

The plate resistance Rpiae is often called ESR
(Equivalent Serial Resistance) and the inductance
of the conducting parts Lieq is often called ESL
(Equivalent Serial Inductance).

This capacitor model reflects a frequency-
dependent behavior:

- At low frequencies, ESL behaves like a
short-circuit and capacitor C like an open circuit.
The model as a whole behaves like an open
circuit as Zeq tends towards infinity, more exactly
like a capacitor..

- As frequency increases, capacitor impedance
decreases, and so does total impedance, until a
minimum is reached

For this particular pulsation w, the circuit
reaches resonance and the imaginary part and
phase of the impedance cancel out; beyond the
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resonance frequency, the impedance of the
inductor increases linearly; the total impedance
increases.

ESR does not have a constant value for all
capacitors. This factor constitutes a difference
between the various technologies. In all cases,
the model remains the same.

» Modeling Exemple

As shown in Figure 6, in reality, the behavior of
the C capacitor involves the following three
elements [13, 15]:

Crr: OWN capacitor.

Rs: parasitic series resistance of the connection wires and
internal resistors.

Ls: series parasitic inductance due to connecting wires.

Ls=10.68nH Rs=26102  Cpr=102.7nF

—PN—W—1|—

Fig. 6. Equivalent diagram of a real-rate capacitor [9].
Figure 7 shows frequency variations in the

impedance of a polypropylene film with a capacitance
C of 100 nF.
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Fig. 7. Frequency behavior of a Capacitor

Analysis of these results shows that at low
frequencies, the influence of parasitic series
inductance is negligible. With increasing
frequency, the capacitor impedance decreases
linearly with a phase approaching -90°. Up to
resonance frequency fo, capacitor impedance is
equal to internal resistance Rs. Above frequency

fo. Inductance impedance Ls increases linearly
with phase approaching +90°, so capacitor
impedance C also increases.

C) Model of a Caoil

As with other passive components, a
generalized equivalent model for coils can be
constructed as shown in Figure 8.
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Fig. 8. Coil equivalent model [9].

v/ The conductive part of the terminations
introduces an inductance Lem and a capacitance
Cterm ;

v" An equivalent series resistance Rs which
takes into account the resistive part of the copper
of the turns;

v' A parallel equivalent capacitance C,
representing the capacitances between the
different turns of the coil;

v An  equivalent parallel
representing the coil's iron losses R,.

resistance

v" The nominal inductance L.

This model can be simplified by neglecting the
termination inductance Lwem and replacing the
capacitances by an equivalent capacitance Ci.

v" As in the previous cases, the impedance
behavior of the equivalent model is studied
as a function of frequency:

= at low frequencies, series resistance
dominates and impedance is very close to the
value of Rs, as Ry is very high;

= as frequency increases, the nominal
inductance L begins to dominate up to a certain
resonance frequency close to that of wr ;

= at the resonance frequency, the phase
will be zero and the impedance will have a value
very close to that of R,
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= after the resonance frequency, parasitic
capacitance begins to dominate the equivalent
circuit. In this frequency range, impedance
decreases with frequency, since the behavior is
capacitive [9].

» Modeling Example

In contrast to the behavior of the capacitor,
the modulus of the inductor increases linearly
with frequency, with a phase that tends toward +
90° over the entire frequency range.

In reality, the behavior of the inductance

involves three elements, as shown in Figure 9.
Where Lpr: self-inductance,

Rs: series wire resistance,

Cp: parasitic capacitance.

Cp=12 2pF
Ll
L0 —— AV ——=
Lpr:14.?uH Rs=362.4mxx

Fig. 9. Equivalent diagram of an inductor in the real case.

In Figure 10, we show the frequency
variations of the impedance of an inductor whose
value L is 15 pH.
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Fig. 10. Frequency behavior of a Cail.

For reasons strictly symmetrical to those of
the capacitor, we can see that at low frequencies,
the impedance of the inductance L is equal to Rs.
With increasing frequency, the inductance begins
to increase linearly until the frequency fo is equal
to 10 MHz. This is where the inductance L, and
the parasitic capacitor C, resonate, with a phase
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angle close to + 90°. As the frequency increases
further fo, the impedance of the parasitic
capacitor decreases, and consequently, the
impedance of the L increases also.

IV. CONCLUSION

The physical behavior of passive power
components in static converters is changed
because of the rapid variation of voltage and
current as function of time due to the switching
frequency of electronic switches. In this work,
we have modeled the passive components
(inductor, capacitor), and the resistor under LT-
spice software, then determines the frequency
behavior at high frequency, or concluded that the
impedance values (the phase, and the modulus)
changes as a function of frequency). So, it must
be well chosen the control frequency of a

converter. Future work will be based on
experimental ~ determination  of  frequency
behavior using impedance analyzers.
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