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Parseval’s Theorem for the Inductor Analysis in
High-Frequency Power Converters

A. Gutierrez '* | E. Marcault !, C. Alonso 2, J-P. Laur 2, D. Tremouilles 2

LCEA-Tech Occitanie, Toulouse - France. 2LAAS-CNRS, Toulouse - France

Abstract

Advances in GaN-HEMT devices have encouraged the development of
power converters at megahertz-level. However, inductors for high-frequency
power converters require innovative approaches to overcome challenging con-
straints in both power and frequency. In this context, this paper presents
an extension of the Parseval’s theorem for the inductor analysis based on
the energy conservation principle in the time and the frequency domains.
Our approach aims to provide insights about the inductor power losses using
high-frequency parameters and the inductor current harmonics. The pro-
posed approach disaggregates the power losses in the frequency-domain for
the inductor power signals in the time-domain. Main findings from the pre-
sented methodology provide useful selection criteria for inductors in power
converters given parameters of quality factor (@) and Self Resonance Fre-
quency (SRF). Simulation results show the impact of the inductor behavior
on the switching losses. An experimental setup validates the proposed ap-
proach. A high-frequency boost converter is presented as a study case.

Keywords: Power Inductor, Quality Factor, Self Resonance Frequency,
Boost Converter, GaN-HEMT.

1. Introduction

Traditional analysis of power converters requires design tools intended to
deal with operation frequencies around hundreds of kilohertz [1]. However,
outstanding advances in Gallium Nitride - High Electron Mobility Transis-
tors (GaN-HEMTSs) enlarge the operation condition of power converters to
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the range of megahertz [2][3]. Indeed, this extended bandwidth requires in-
novative design methodologies to achieve a trade-off between high-frequency
and high-power conditions [4]. Additionally, these new generation of power
converters should incorporate power inductors with both high current han-
dling and high operation frequency [5][6].

As result, high-frequency parameters become more and more important
for the analysis and selection of inductors during the design process of power
converters [7][8]. Usually, applications of inductors in high-frequency take
into account the manufacturer parameters of Self Resonance Frequency (SRF')
and quality factor (@Q)). These SRF and () parameters allow describing the
inductor operation bandwidth and the associated power losses. However,
these inductor parameters are few analyzed in the conventional design of
power converters at kilohertz-level. Conversely, operation at megahertz-level
should include the SRF' and () parameters in the design stage.

Additionally, the switching improvements provided by GaN-HEMTs can
extend the operation frequency of power inductors to levels usually dedi-
cated to radio-frequency applications. However, manufacturing constrains
associated to ferromagnetic cores limit the scope of power inductors in high-
frequency applications [9]. Therefore, manufacturing features and power-
frequency behavior require a suitable trade-off to improve the inductor per-
formance in high-frequency power converters [10][11].

In this context, we proposed an innovative approach using the Parseval’s
theorem as a means to associate the power losses in the time-domain and the
inductor behavior in the frequency-domain. The developed framework aims
to be complementary to conventional and well known methodologies for the
inductor selection and design of power converters. This approach provides
insights about the impact of the quality factor (@) and the Self Resonance
Frequency (SRF') on the inductor current harmonics and the power losses.
Simulation results suggest suitable criteria for a trade-off between the quality
factor (@) and the power losses given feasible manufacturing features. Fur-
thermore, this paper proposes an inductor model incorporating the ¢) and
SRF parameters into a circuital model useful for the analysis of power con-
verters.

This paper is organized as follows. Section 2 describes the power and fre-
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quency behavior of power inductors considering high-frequency parameters.
Section 3 presents the theoretical approach based on the Parseval’s theorem
to study the relation between power and frequency. Section 4 describes the
proposed inductor model including SRF and Q parameters. Section 5 ex-
plains in detail the experimental setup to validate the proposed approach.
Finally, an experimental high-frequency boost converter is implemented.

2. Power inductor behavior in high-frequency

This section describes the inductor behavior in a high-frequency power
converter taking into account the quality factor (@) and the Self Resonance
Frequency (SRF'). A high-frequency boost converter is presented as an il-
lustrative example.

Fig. 1 shows the designed boost converter as a study case using a com-
mercial reference of a power inductor. The switching frequency is set to
30MHz to take advantage of the switching characteristics of GaN-HEMTs.
This boost converter increases the voltage from 200V to 400V with output
power of 400W and load of 400€2. In this design, the inductor is set to
8.2uH and the output capacitance is set to 220pF. Furthermore, the studied
converter focuses on the inductor performance considering ideal the other
components to avoid their influence in the developed analysis.

’ SRPS015TA-8R2M

8.2uH

Ye
5
L)

Figure 1: High-frequency boost converter with actual inductor and ideal associated com-
ponents.

Fig. 2 depicts the frequency behavior of the associated inductor losses
Ry and the quality factor Q)¢ for the power inductor of 8.2uH used in the
designed boost converter. Additionally, Fig. 2 shows the SRF' of the stud-
ied power inductor. The inductive characteristics prevail in the region of
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frequencies lower than the SFR and the capacitive characteristics prevail
in frequencies higher than the SRE. R; and @); of Fig. 2 are calculated
using the inductor model provided by the manufacturer. The R; and @y
parameters depend on the actual inductor impedance Z = |Z| Z6. The as-
sociated losses Ry are defined as the real part of the inductor impedance
by Ry = |Z]cosf. The quality factor @)y expresses the relation between the
stored and dissipated energy. The quality factor (); in an inductor is given
by Q = X1/Ry = tand,, where X = |Z| sinf.

Frequency behavior of associated losses Ry

N\ ™ 7P SRF=22MHz

| // \\

Quality factor Q
Fsw=30MHz +——

Capacitive region

Inductive region

Figure 2: Frequency behavior of Ry and @ for the power inductor used in the designed
boost converter.

The power inductor under study accomplish the requirements of induc-
tance and current in the range of KHz. However, it has a low performance
in the range of MHz as shown in Fig. 2. The proposed analysis intentionally
begins with this unsuitable inductor to assess and understand the influence
of the high-frequency parameters in the inductor performance. This analysis
is the first step to define selection criteria for high-frequency power inductors
with a suitable trade-off between performance and feasibility.

Fig. 3 shows the simulation results comparing the inductor current in the
case of an ideal inductor in series with a low resistance and the manufacturer
model for the studied inductor. In addition, Fig. 4 illustrates the current har-
monic spectrum of the inductor under analysis. Results from Fig. 2 to Fig.
4 show that the unsuitable SRFE' causes distortion in the inductor current
given the harmonics in the capacitive region beyond of the SRF of 22MHz.

4
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Average power = 4.3W
Average power = 0.6 W

Figure 3: Inductor current. Color nomenclature: blue — ideal inductor in series with a
low resistance, red — inductor under study.

Inductor Current Harmonics

0 — = — | e - — — — —

0 30 60 90 120 150 180 210 240 270 300
Frequency (MHz)

Figure 4: Current harmonic spectrum for the studied inductor.

In addition, the low ) parameter causes important power losses in compari-
son with the ideal inductor in series with a low resistance. These power losses
in the time-domain are associated to the interactions between the inductor
harmonics and the inductor behavior in high-frequency. Next section will
discuss these interactions using the Parseval’s theorem, which describes the
energy conservation in the frequency-domain and the time-domain.
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3. Parseval’s theorem approach

As described in the previous study case, the wrong selection of the power
inductor leads to low signal quality and higher losses in high-frequency power
converters. As a result, the following theoretical approach provides insights
about the relation between power and frequency of inductors suitable for
high-frequency power converters.

Considering the approach described in [12] and defining the inductor cur-
rent i(t) and the inductor voltage v(t), the electrical energy Uy, for an inductor
in the time-domain is given by eq.(1).

U, = /_oo p(t) dt = /_OO i()o(t) dt (1)

[o.9] o0

In the frequency-domain, the convolution theorem applied to the power
expression i(t)v(t) of eq.(1) is given by eq.(2),

FHlito)} = I(f) *V(f) (2)

where I(f), V(f) are the complex valued Fourier transforms. .# denotes
Fourier transform, and * denotes convolution. By definitions of Fourier trans-
form .# and convolution, the eq.(2) becomes eq.(3),

/ T it(t) e dt = / TV - ) df 3)

the evaluation of the Fourier transform at the origin (¢ = 0) equals the
integrals over all their domains [REF REF]. Thus, the electrical energy Uy,

from eq.(1) can be expressed by eq.(4), where V(f) is the complex conju-
gated of V(f),
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[ it a~ [ nmmza @ - [ 0 zna o

given that Z(f) = Ry + j X is the complex impedance of the inductor
and X, is an odd function [12],

/_ " ity(t) di = / TP (Ry — jX0) df = / CHER A (6)

(o) o0 —00

the result in eq.(6) illustrates the energy conservation between the time
and the frequency domains. Therefore, eq.(6) can be seen as an extension
of the Parseval’s theorem [12]. The physical interpretation of eq.(6) is that
the total energy Uy of the inductor can be calculated by integrating power
over time or by the spectral power across frequency known the current and
the associated losses. The Parseval’s identity define the relation between the
average power of a signal h(t) and their Fourier coefficients as,

T/2 o0
o mora= Y g

—-T/2

n=—oo

therefore, the average inductor power can be expressed from eq.(6) by,

Pave =7 [ el at =3 R, 0

7
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Figure 5: Extension of Parseval’s theorem for the inductor analysis in power converters.

As a result, the average inductor power depends on the current harmonics
I, and the associated inductor losses Ry from the real part of the inductor
impedance in the frequency-domain. Fig. 5 depicts an illustrative interpre-
tation of the developed concept about the equivalence between the power
in the time and the frequency domains. The right side criterion of eq.(8) is
applied to the designed boost converter by means of the associated inductor
losses R; and the current harmonics (see Fig. 2 and Fig. 4). The results
for the average power in the time and frequency domains are summarizes in
Fig. 6 and Fig. 7. These results agree with the expected energy conservation
criterion.

Fig. 7 depicts the distribution of power losses in the frequency domain.
Results in Fig. 7 show that harmonics higher than eight times the switching
frequency Fj,, have a negligible impact on the power losses. In addition, this
figure allows highlighting the contribution to the power losses of the cur-
rent at the switching frequency. In this case, the higher losses are given at
the switching frequency F, despite of the very high ratio between the DC
current and the current at Fj,. The relative high value of R; explains this
power losses at the switching frequency Fj,. Therefore, it is fundamental
to increase the quality factor @) to decrease the R losses at the switching
frequency Fj, in order to improve the global inductor efficiency.

Fig. 8 shows the relation of the power losses in the time domain against
the quality factor at the switching frequency Q(Fsy),

8
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Figure 6: Inductor power in the time-domain.

Contribution of harmonics to inductor power
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Figure 7: Inductor power in the frequency-domain.

- Rf(st> (9>

The plot is calculated from eq.(8) by assuming that the highest contri-
bution to the power losses comes from the fundamental frequency at the
switching frequency. To plot this figure, the SRF is assumed to be eight
times the switching frequency Fj, and the ) factor is evaluated at 30MHz
for a fixed current spectrum. Results in Fig. 8 allow concluding that increas-
ing considerably the () factor has low impact in the power losses since the
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reduction in power losses becomes negligible. Therefore, it is necessary an
approach to the suitable selection of the () factor. In this context, the next
section will propose a circuital model to include the SRF' and () parameters
in the converter design process to assess their impact in the converter per-
formance and to further inductor selection or manufacturing.

Inductor Power Losses Vs Quality Factor at 30MHz

10

W)

Inductor power losses (

0 50 100 150 200 250 300
Q(30MHz)

Figure 8: Inductor losses and quality factor Qs at the switching frequency F,,.

4. Proposed inductor model including SRF and Q

Currently, development of power electronics requires power inductors able
to operate in high-frequency with high current capabilities. Therefore, the
manufacturing specifications of SRF' and () should be useful to both power
converter designers and inductor manufactures. As a result, this section pro-
vides a framework to integrate these parameters in the design process of
power converters.

Fig. 9 describes a circuital model for actual inductors usually used for
the circuit simulation tools. This model includes an ideal inductor L, a series

resistance R, a parasite capacitance ), and a parallel losses resistance R,,.

For the inductor model of Fig. 9, the inductor impedance Z is given by
the eq.(10) at the switching frequency F,, and wg, = 27 F,,

10
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Figure 9: Boost converter with inductor model.

1
Z= 1 1—w? LC, + jwswCy Ry (10)
Ry " Rt jwel
206
207
208 considering the real and imaginary parts of Z and solving for (), where

200 Qg 1S defined as the quality factor at the switching frequency Q(Fy,), we
210 have,

211

Oun = Im(Z)  —R, (wswCpR? — weL + w3 ,C,L?) (11)
" Re(Z) R? 4+ w? L2+ R,R,

212
213
214 solving for R,

215

Qsw (Rg + szL2>
_wngpLQ + wswL - wsprRg - stRs

R, = (12>

216
217
218 Additionally, the SF'R is defined by the inductor resonance frequency.

20 Thus, the C, capacitance is given by,

=

220

- ! (13)
" (2m)?*(SRF)’L

11



221

222

2!

N

3

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

240

241

242

243

Eq.(12) and eq.(13) allow including in the circuital inductor model the
high-frequency parameters of Self Resonance Frequency (SRF') and the qual-
ity factor at the switching frequency Q4. Therefore, these expressions are
useful to simulate and evaluate the impact of the SRF and () parameters on
the power converter performance.

As illustrative example, the boost converter of Fig. 9 is simulated for
Fy,=30MHz, L=8.2pH, and R;=0.29Q. R, and C, are calculated from eq.(12)
and eq.(13). Qs,=100 in the analyzed cases. The simulation results of Fig.
10 show the impact on the drain current of the GaN-HEMT transistor when
SRF is evaluated for 30MHz and 250MHz. These results depicts the in-
creasing in the drain current by around 50% which lead to an increase in
the switching losses by around 20%. This phenomenon is mainly generated
by the increase of the parasitic capacitance C, when the SRI" parameter is
lower.

Dram current

- el ] . -

Figure 10: Impact of the SRF on the drain current. Color nomenclature: blue - drain
current for SRF=250MHz, red - drain current for SRF=30MHz.

Fig. 11 depicts the frequency behavior of the associated inductor losses
R; and the quality factor @ for a power inductor of 8.2uH, Q(30MHz) = 100
and SRF = 250MHz. Fig. 12 shows the inductor current for the aforemen-
tioned specifications in comparison with an ideal inductor. The frequency
distribution of power losses are plotted in Fig. 13. This figure shows that

12
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frequency.

Frequency behavior of associated losses Rf
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Figure 11: Frequency behavior of Ry and Q¢ for the modeled inductor.
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Average power = 0.84W
Average power = 0.62W

[\
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Figure 12: Inductor current. Color nomenclature: blue — ideal inductor with low series
resistance, red — power inductor considering Q(30MHz) = 100 and SRF = 250MHz.

The proposed analysis for power inductors has been described through
this document. The simulated results have shown a suitable trade-off be-
tween power and frequency performance. Next section will introduce the
experimental setup to validate the proposed approach.
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Figure 13: Inductor power distribution in the frequency-domain for (30MHz)=100 and
SRF = 250MHz.

5. Experimental results

This section describes the performed tests. First, the power inductors
are measured and the circuital models are validated. Then, an experimental
setup allows verifying the described power equivalence between the time and
frequency domains. Finally, an experimental boost converter provides results
about the performance of a conventional power inductor in a relative high-
frequency.

5.1. Inductor circuital model and characterization

This test employs an impedance analyzer Agilent 4294A to measure the
parameters of several power inductors. The impedance analyzer sweeps the
frequency from 40Hz to 110MHz and it measures Z — 6, R — X and L — Q.
Table 1 summarizes the measured and calculated parameters. R, and C),
calculated from eq.(12) to eq.(13) selecting the @ factor at 10MHz in all
cases. Fig. 14 depicts the simulated and measured Ry (the real part of the
inductor impedance) for the inductor SRP5015TA. The MAPE (Mean Ab-
solute Percentage Error) evaluates the model accuracy using eq.(14) where
My is the measured value and S, is the simulated value. As listed in Table
1, the MAPE shows a partial agreement between the experimental data and
the circuital model.

14
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MAPE = — _— 14
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271
272
73 However, Fig. 14 allows concluding that values for frequencies farther to

s the selected @ at 10MHz have less agreement than values around the selected
a5 (). Therefore, the circuital model can slightly lose accuracy in a wide range
o of frequencies.

277

Table 1: Characterization and modeling of inductors

Measure Calculation
Inductor Ref. L Rs Q SRF Rp Cp MAPE
(4H) (mQ) (10MHz)  (MHz) (KQ) (pF)
SRP5015TA-8R2M 7.8 190 25.5 24.2 153 5.6 0.28
SRR1210-8R2Y 7.3 4.1 15.4 21.1 9.1 7.9 0.27
7447713082 7.7 29 13.2 29.8 7.2 3.7 0.28
744314850 8.2 24 7.7 35.4 4.3 2.5 0.15

Measured and Simulated R, for inductor SRP5015TA-8R2M

R (Q)

— Mesure
— Simulation

QUENCY (MHZ

Figure 14: Real part of inductor impedance (Ry). Inductor reference SRP5015TA-8R2M.
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5.2. Inductor power in the time-domain and the frequency-domain

In this experimental setup, a waveform generator (33612A Keysight) pro-
vides a square signal of 5Vpp to the inductor under test. The current probe
(Tektronix CT2) measures the inductor current, and the active probe(RT-
7520 R&S) measures the voltage. The oscilloscope (RTO-1044 R&S) records
the waveforms and calculates the average power in the time domain and the
inductor current FFT (Fast Fourier Transform) in the frequency domain.
The test is carried out at 10MHz and 30MHz. The aim of this test is to
validate the power equivalence using the proposed approach.

Fig. 15 depicts the waveforms for square signals of case (a) for 10MHz
and case (b) for 30MHz for the power inductor SRP5015A. In the case (a),
the fundamental frequency is lower than the SRF. Therefore, the inductor
is able to store energy as a magnetic field with relative low power loss. In
contrast, the case (b) has a fundamental frequency higher than the SRE. As
result, the inductor behaves as a capacitor distorting the current signal and
increasing the power loss.

Fig. 16 shows the FFT for the inductor current of case (a) in Fig. 15a.
In Table 2, the contribution of each harmonic is calculated from the mea-
sured Ry (see Fig. 14) and the FFT (see Fig. 16) for the fundamental and
harmonic frequencies using expression eq.(15). Results from Fig. 15a and
Table 2 agree with the expected correlation between the power in the time
and frequency domains.

17 N
Pava =7 [ ittutt) =313y (15)

Table 2: Inductor power frequency-domain (SRP5015A). Test at 10MHz - square signal.

Freq.(MHz) 0 10 30 50 70 90 Total
P,(uW)  0.03 197 14 48 29 17 220

16
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(a) Test at 10MHz. Pg,q = 239uW. (b) Test at 30MHz. P,y = 848uW.
Time-scale: 40ns/div Time-scale: 10ns/div
Figure 15: Test inductor SRP5015A at 10MHz and 30MHz.
Vertical scale
0.4mA/div
| e + Gex ++———— Frequency scale
10MHz/div

Figure 16: FFT of inductor current for test at 10MHz - square signal. Inductor reference
SRP5015A.

Table 3 summaries the power results for the measured inductors. These
results confirm the duality between the inductor power in the time-domain
and the frequency-domain. However, differences between theoretical and
experimental results are mainly caused by the shifting of the SRF' given the
parasitic capacitance and inductance of the current and voltage probes.

5.8. Boost converter at 1MHz

This test implements a boost converter at 1IMHz. The boost converter
specification are V;,=30V, V,,;=60V, P,,;=40W, and inductor current I;,=1.5A

17



Table 3: Inductor power in the time and frequency

SRP5015TA-8R2M SRR1210-8R2Y
10MHz 30MHz 10MHz 30MHz

Power time (W) 239 848 257 925
Power freq.(W) 220 760 235 857
7447713082 744314850
10MHz  30MHz 10MHz 30MHz
Power time (£W) 285 1380 209 818
Power freq.(uW) 262 1140 283 767

si3  considering an efficiency n=0.9. The design uses and inductor SRR1210-8R2
s+ given its favorable quality factor Q(1MHz)=30 and SRF=22MHz. The se-
a5 lected inductor SRR1210-8R2 has a series resistance R,=17mf) and a sat-
a6 uration current of 7.5A. The switching frequency is set to 1IMHz to ensure
a7 the eight harmonic lower than the SRF. A GaN-HEMT is used as a switch-
ais ing device. The achieved results harmonize with the theoretical framework.
s However, the slight deviation between the temporal and frequency responses
10 can be overcame by improving the experimental setup decreasing the para-
;21 sitic elements.

3

—-

—

=

322

- iy

= Inductor voltage

e /‘““/";\. ff >/f""‘>\. - i
A & i / A_ - Inductor current

fiy TS ' \ N 0.2A/div

- i~ - _~|Inductor power

Time scale
‘‘‘‘‘ w wasi| 0.4pis/div

Figure 17: Experimental results for 1IMHz boost converter. Inductor SRR1210-8R2.
Paug=492mW.
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Fig. 17 shows the inductor waveforms. The inductor average power in the
time-domain is Pg,,=492mW. Fig. 18 depicts the harmonic spectrum for the
inductor current. Table 4 lists the power contribution of each harmonic to
the total power. The total power in the frequency-domain is P,,,=447mW.
Results from Fig. 17 and Table 4 validate the equivalence between the power
in the time and frequency domains. In additions, the results allow identifying
that the behavior at the fundamental frequency is the main cause of the
inductor power loss.

Vertical scale
100mA/div

Frequency scale
0.6MHz/div

(R R C R T BRI ) B R T A VR T |

Figure 18: FFT for the inductor current of 1IMHz boost converter.

Table 4: Inductor power in the frequency domain

Freq.(MHz) 0 1 2 3 4 5 Total
P,(mW) 14 418 04 11 0.05 2.7 447

5.4. Boost converter for 400V - 400W at 30MHz

This section shows the results of implementing a high-frequency boost
converter. A power inductor was designed for this experimental setup. The
designed inductor has specifications of L=8uH, I;,;=3.5A, Q(30M Hz)=25
and SRF=200MHz. The switching device is a GaN-HEMT.

The boost converter is tested first at V,,;=60V - P,,;=10W and after at

Vour=400V - P,,;=400W. The test is carried out first in relative low power
to use available current probe (Tektronix CT2) because current probes for
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high-current, high-voltage and high-frequency are currently under develop-
ment. This represents a research challenge. In the second case, the inductor
current is not measure for previous reasons. However, the global power con-
verter results shows the suitable performance of the designed inductor.

In the first test, the specifications of the boost converter are V;,=30V,
Vou=60V, and P,,;=10W at 30MHz. Fig. 19 shows the waveforms for the
power inductor. In this case, the average power was P,,,=780mW in the
time-domain and P,,,=700mW in the frequency-domain.

“| Inductor current
20mA/div

Inductor current i
50mA/div - |

Inductor voltage
60V/div

Time scale = — Time scale
200ns/div : o ; i — e e vewe e Gawe imew 20ns/div

(a) Inductor current test at 60V - 30MHz (b) Inductor current and voltage

Figure 19: Inductor current and voltage for boost converter 60V - 10W at 30MHz

e r——
Boost converter at 30MHz
400V - 400W

Figure 20: Experimental setup boost converter 400V - 400W at 30MHz.

For the second test, the implemented high-frequency boost converter has
specifications of V;,,=200V, V,,,;,=400V, P,,;,=400W at 30MHz. Fig. 20 shows
the experimental setup for the high-frequency boost converter. Additionally,
result of Fig. 21 depicts the behavior of the output voltage. As shown in Fig.
21, the designed boost converter is able to increase the input voltage from
200V to 400V with an output load of 400W. The switching frequency is set to
30MHz to assess the GaN-HEMT devices at high-voltage and high-frequency
given a suitable performance. As a consequence, these results confirm the
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pertinence of the developed modeling approach to analyze and design power
inductors to take advantages of the switching characteristics of GaN-HEMT
devices.
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Figure 21: Output voltage of boost converter 400V - 400W at 30MHz.

6. Conclusions

The reported methodology has associated the analysis in the time and
frequency domains for inductors in power converters using an extension of
the Parseval’s theorem. The proposed approach is complementary to con-
ventional methodologies for the design of power converters. This analysis
methodology allowed determining suitable criteria for the selection and sim-
ulation of inductors according to expected power losses. The proposed ap-
proach allowed disaggregating the power losses in the frequency-domain for
complex inductor power signals in the time-domain. The study of the quality
factor @) allowed concluding that increasing considerably ) has low impact
on the power losses since the reduction in power losses becomes negligible.
Therefore, a moderate () factor can be selected to achieve a trade-off between
inductor performance and manufacturing feasibility. Additionally, the Self
Resonance Frequency SRF around eight times the switching frequency is a
suitable criterion to avoid inductor current distortion. The proposed model
in this work included frequency parameters of inductors in the design process
of power converters. The experimental results have validated the proposed
approach. However, the experimental setup should decrease the parasitic
inductance and capacitance to minimize the measurement disturbances at
high-frequency.
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