
IEICE Electronics Express, Vol.17, No.21, 1–6

LETTER

Equivalent circuit of interleaved air-core toroidal transformer derived from
analogy with coupled transmission lines

Kazuki Hashimoto1, a) and Takashi Hikihara1

Abstract An air-core transformer is a suitable device for megahertz-class
power converters. This letter presents an equivalent circuit of a fabricated
interleaved air-core toroidal transformer. In order to determine the modeling
parameter of the transformer, the electrical characteristics are discussed on
the basis of the frequency responses measured from 0.1 to 110 MHz. As a
result, it is found that the fabricated transformer is dominated by the mutual
capacitance in addition to the self- and mutual inductance. The proposed
equivalent circuit is distributed parameter model. This is derived from
analogy with the coupled transmission lines. The equivalent circuit shows
an excellent agreement with the experiment. These results conclude that the
importance of the mutual capacitance to be implemented as a distributed
parameter.
Keywords: air-core transformer, equivalent circuit, parasitic capacitance,
coupled transmission lines
Classification: Power devices and circuits

1. Introduction

Megahertz operation of power converters has been inter-
ested [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12]. Power converters
are strongly required to reduce their size and weight. The
size of power converters is governed by the volume of the
passive components. Their volumes depend on the amount
of the energy handled in a switching cycle. The increase
of the switching frequency can reduce the energy stored
in a switching cycle. Therefore, high-frequency switching
above megahertz permits to fabricate power converters with
smaller passive components [13].

In the frequency range above megahertz, air-core config-
urations in magnetic components become the popular op-
tion [14, 15, 16, 17, 18, 19, 20, 21]. This is because the iron
losses of the conventional magnetic materials such as Mn-
Zn and Ni-Zn are not practically negligible in that frequency
range. Since the air-core magnetic components do not use
a magnetic material, it is necessary to wind the winding
closely to confine the magnetic flux inside themselves. This
is also essential for improving the coupling coefficient of an
air-core transformer. However, the closely wound winding
leads to the increase of the parasitic capacitance. A previ-
ous study reported that the current distribution in a toroidal
inductor becomes nonuniform because the current flowing
through the parasitic capacitance is not negligible in the
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high-frequency region [22]. This nonuniformity will occur
in the transformer as well. In addition, the nonuniformity
is related to the wavelength-dependent phenomena such as
λ/4 resonance. This implies that the transformer has to be
treated considering the wavelength-dependent phenomena,
in the frequency range that the parasitic capacitance is not
negligible.

The circuit simulation is useful to investigate the opera-
tion of the power converters considering the wavelength-
dependent phenomena. For the circuit simulation, the
equivalent circuit of the transformer is indispensable. In
the frequency range up to several hundred kilohertz, the
equivalent circuits are derived on the basis of the resonant
frequencies or the electrostatic energy stored in the trans-
former [23, 24, 25, 26, 27]. These equivalent circuits are
the lumped model. The lumped model is based on the as-
sumption that the voltage and current distributions are uni-
form in the windings. This is not suitable to investigate the
wavelength-dependent phenomena because the phenomena
are caused by the nonuniformity. Whereas, the distributed
model takes into account the spatial and the time variation
of the voltage and current. This model allows to discuss
the nonuniformity of the voltage and current distribution in
windings. Therefore, the distributed model of the trans-
former is crucial to investigate the wavelength-dependent
phenomena.

The transformer’s parasitic capacitances are classified
into three types of capacitances, which are the mutual ca-
pacitance Cm, winding self capacitances, Cp and Cs, and
winding-to-ground capacitances, Cpg and Csg. If all capac-
itances are taken into account in the distributed model, the
equivalent circuit becomes complex. In particular, it is dif-
ficult to separate these three on the basis of the impedance
obtained from windings. Therefore, it is important for con-
structing the equivalent circuit to identify the dominant par-
asitic capacitances in the applied frequency range.

This letter presents an equivalent circuit of a fabricated in-
terleaved air-core toroidal transformer. This topology is suit-
able for confining the magnetic flux. We measure and dis-
cuss the frequency responses of the transformers to identify
the modeling parameters. Through these results, we derive
the equivalent circuit of the transformer from analogy with
the coupled transmission lines. The proposed equivalent
circuit shows an excellent agreement with the experiment.

Copyright © 2020 The Institute of Electronics, Information and Communication Engineers
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Fig. 1 Interleaved air-core toroidal transformer: (a) schematic diagram,
and photographs of top view of (b) narrow-slit transformer, and (c) wide-slit
transformer.

Table I List of physical dimensions and number of turns for fabricated
interleaved air-core toroidal transformer

Outer diameter [mm] 50.0
Inner diameter [mm] 24.0

Height [mm] 11.2
Number of turns per winding 15

2. Interleaved air-core toroidal transformer

2.1 Physical layout
The interleaved air-core toroidal transformer is fabricated
by printed circuit boards (PCBs) and pin headers. Fig. 1 (a)
shows the schematic of the transformer. The physical dimen-
sions and the number of turns are explained in Table I. Two
types of transformers are fabricated to investigate the effect
of the parasitic capacitance in the transformer. As shown
in Figs. 1 (b) and (c), the top and bottom PCB slit widths
are different for both transformers. One is set at 0.15 mm,
and the other is set at 0.9 mm. Hereafter we call them the
narrow-slit and wide-slit transformer, respectively.

2.2 Electrical characteristics
This subsection discusses the electrical characteristics of the
transformer on the basis of the frequency responses. Then,
we identify the parameter that dominates the characteristics
of the transformer in the frequency range measured in this
letter.

The frequency responses are measured using an
impedance analyzer (Keysight Technologies, 4294A, mea-
surable frequency range: 40 Hz to 110 MHz) with a test
fixture (Keysight Technologies, 16047E). Open and short
calibrations are performed accordingly. The transformers is
excited in the frequency range from 0.1 to 110 MHz.

Fig. 2 shows the schematics of the measurement setup.
We measure eight kinds of frequency responses for both the
transformers. The frequency response in Fig. 2 (b) is mea-
sured from the opposite port in Fig. 2 (a). These frequency
responses are essentially the same measurements. Similarly,
Fig. 2 (c) corresponds to (d), Fig. 2 (e) to (f), and Fig. 2 (g)

Fig. 2 Schematics of measurement setup: (a) ZPP′ ,open, (b) ZSS′ ,open, (c)
ZPP′ ,short, (d) ZSS′ ,short, (e) ZPS′ , (f) ZSP′ , (g) ZPS, and (h) ZP′S′ .

to (h).
Figs. 3 and 4 show the measured frequency responses of

the narrow- and wide-slit transformer. The impedances in
the above-mentioned relationship are shown with the blue
and red lines in the same figure. It can be seen that the blue
line is identical to the red line in every figure. This shows
that both the transformers are symmetrical for the measured
port. Hereinafter, we discuss based on ZPP′,open, ZPP′,short,
ZPS′ , and ZPS.

In Figs. 3 (a) and (b), it is seen that the impedances,
ZPP′,open and ZPP′,short, are linearly increased with reference
to logarithm of the frequency range below 20 MHz. We ob-
tained similar results in the wide-slit transformer. These
impedances correspond to the inductances of the trans-
former. Therefore, from these impedances, we can estimate
the self-inductances, Lp and Ls, and the mutual inductance
Lm by Eqs. (1) and (2).

Lp = Ls = L
(
ZPP′,open

)
(1)

Lm = kLp, k =

√
1 −

L
(
ZPP′,short

)
L
(
ZPP′,open

) (2)

Where k denotes the coupling coefficient and L(Z) the in-
ductance component estimated from the impedance Z . The
inductance components of ZPP′,open and ZPP′,short are esti-
mated with the least-squares method. Several resonances
are confirmed. These resonances show that the transformers
are affected by the parasitic capacitances.

The impedances, ZPS′ and ZPS, are linearly decreased with
reference to logarithm of the frequency range below 10 MHz
in (c) and (d) of Figs. 3 and 4. These impedances correspond
to the parasitic capacitances in the transformers. In order to
identify the dominant parasitic capacitances, we measured
the frequency responses of the air-core toroidal inductors.
These inductors are made by removing the secondary wind-
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Fig. 3 Measured frequency responses of narrow-slit air-core toroidal
transformer: (a) ZPP′ ,open, ZSS′ ,open, (b) ZPP′ ,short, ZSS′ ,short, (c) ZPS′ ,
ZSP′ , and (d) ZPS and ZP′S′ . The impedances are shown with the blue and
red lines. The resonant frequencies are indicated with green lines.

Fig. 4 Measured frequency responses of wide-slit air-core toroidal trans-
former: (a) ZPP′ ,open, ZSS′ ,open, (b) ZPP′ ,short, ZSS′ ,short, (c) ZPS′ , ZSP′ ,
and (d) ZPS and ZP′S′ . The impedances are shown with the blue and red
lines. The resonant frequencies are indicated with green lines.

ing from the transformers as shown in Fig. 5. Hereinafter, we
call them the narrow-slit and wide-slit inductor, respectively.
The frequency responses of these inductors are not affected
by the mutual capacitance because there is not the secondary
winding. Fig. 6 shows the frequency responses of the in-
ductors. The blue line shows the frequency response of the

Fig. 5 Photographs of top view of (a) narrow-slit inductor and (b) wide-slit
inductor.

Fig. 6 Frequency responses of narrow- and wide-slit air-core toroidal
inductor. The blue line shows the impedance of the narrow-slit toroidal
inductor and the red line the impedance of the wide-slit toroidal inductor.

Table II List of estimated parameters of interleaved air-core toroidal
transformers

Parameter Narrow-slit Wide-slit
Lp, Ls [nH] 547 564

Lm [nH] 337 322
k 0.615 0.570

Cm [pF] 76.7 43.0

narrow-slit inductor and the red line the wide-slit inductor.
Fig. 6 indicates that the effects of the winding self capaci-
tance and winding-to-ground capacitance can be negligible
because no clear resonance is confirmed in the measured
frequency range. Therefore, ZPS′ and ZPS correspond to the
mutual capacitance. We estimate the capacitance compo-
nents of ZPS′ and ZPS with the least-squares method from (c)
and (d) of Figs. 3 and 4. As a result, we obtained the same
values of the mutual capacitance estimated from ZPS′ and
ZPS. This result supports the validity of the measurement in
this letter. The difference between the frequency responses
of ZPS′ and ZPS in the high-frequency region was caused by
the changing polarity of the transformer coupling.

The estimated parameters are summarized in Table II.
The self- and mutual inductances are estimated to be al-
most the same in both the transformers, respectively. While
the mutual capacitance is different as approximately twice.
Therefore, the mutual capacitance of the interleaved air-core
toroidal transformer strongly depends on the slit width.

The resonant frequencies are indicated with the green
lines. The frequency responses show similar characteris-
tics between the narrow- and wide-slit transformer. How-
ever, all resonant frequencies of the wide-slit transformer
are higher than the narrow-slit transformer. That is because
the narrow-slit transformer’s mutual capacitance is twice as
large as the wide-slit transformer. Therefore, it is important
for high-frequency equivalent circuit to consider the mutual
capacitance in the interleaved air-core toroidal transformer.
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Table III List of calculated values of interleaved air-core toroidal trans-
formers regarding coupled transmission lines

Parameter Narrow-slit Wide-slit
Lp′ , Ls′ [nH/m] 739 761

Cm′ [pF/m] 104 58.0
vp, vs [m/s] 1.14 × 108 1.50 × 108

3. Equivalent circuit of interleaved air-core toroidal
transformer

This section derives the high-frequency equivalent circuit of
the interleaved air-core toroidal transformer from analogy
with the coupled transmission lines [28]. Then, we demon-
strate the validity of the proposed equivalent circuit through
comparisons of the measurement with the circuit simulation.

From the results of Section III, it was found that the mu-
tual capacitance was dominant in the interleaved air-core
toroidal transformers. Since the mutual capacitance is dis-
tributed between the primary and secondary windings, the
transformer viewed from the port P–S′ can be regarded as
the coupled transmission lines. Therefore, the propagation
velocity v are given by Eq. (3).

v =
1√

Lp′Cm′
=

1
√

Ls′Cm′
(3)

Where Lp′ denotes the self-inductance of the primary wind-
ing per unit length, Ls′ the self-inductance of the sec-
ondary winding per unit length, and Cm′ the mutual ca-
pacitance between the primary and secondary windings per
unit length. The calculated values using the winding length
(ℓ = 741 mm) are listed in Table III.

A circuit element can be regarded as lumped element
when the physical dimensions are enough smaller compared
to the wavelength. The general consensus is when the di-
mension is smaller than about 1/20 of the wavelength [29].
The relationship between the wavelength λ, frequency f ,
and propagation velocity v is given by Eq. (4).

v = f λ (4)

The wavelength is calculated as 1.05 m when the transformer
is excited at 110 MHz. Therefore, the transformers cannot be
represented until 110 MHz by the lumped element equivalent
circuit as shown in Fig. 7 (a) (hereinafter referred as lumped
model).

This letter represents the distributed parameter model of
the transformer with the lumped element approximation.
Fig. 7 (b) shows the equivalent circuit of an arbitrary sec-
tion of the transformer. Assuming that the self- and mutual
inductances and the mutual capacitance are uniformly dis-
tributed along the length of the windings, we can derive the
equivalent circuit by connecting the equivalent circuits of an
arbitrary section, considering the transformer structure. The
number of the transformer divisions N is set at 16, so that
the symmetry and Eq. (5) are satisfied.

N ≥ 20ℓ
λ

(5)

The equivalent circuit is obtained as shown in Fig. 7 (c)
(hereinafter referred as distributed model). The parameter

Fig. 7 Schematics of equivalent circuit of interleaved air-core toroidal
transformer: (a) lumped model, (b) an arbitrary section, and (c) distributed
model.

Table IV List of parameter values of equivalent circuit in interleaved
air-core toroidal transformers

Parameter Narrow-slit Wide-slit
Lpd, Lsd [nH] 34.20 35.25

Lmd [nH] 21.03 20.09
k 0.615 0.570

Cmd [pF] 2.40 1.34

values are listed in Table IV.
We verify distributed model through comparisons with

circuit simulations. The circuit simulations are conducted
using a commercial circuit simulator (SIMetrix Technolo-
gies, SIMetrix Ver. 7.2). Figs. 8 and 9 show the compari-
son of the measurement with the circuit simulation for the
narrow- and wide-slit transformer, respectively. The black
lines denote the measured results, the red dotted lines the
circuit simulation obtained from the distributed model, and
the blue dotted lines the circuit simulation obtained from
the lumped model. The distributed model represents the
frequency responses accurately. The difference between the
measurement and circuit simulation to the lumped model
gradually increases in the frequency range above 10 MHz.
That is because the frequencies, which are not less than
1/20 of the wavelength, are calculated to be 7.7 MHz in
the narrow-slit transformer and 10.1 MHz in the wide-slit
transformer, respectively. In addition, the lumped model do
not represent the third resonant frequency in Figs. 8 (c) and
9 (c). These results indicate the limit of the lamped model
at high-frequency region.

4. Conclusion

This letter discussed the electrical characteristics of an inter-
leaved air-core toroidal transformer and derived the equiv-
alent circuit from analogy with the coupled transmission
lines. It was found that the frequency responses of the
transformers were mainly affected by the mutual capacitance
depending on the slit width. The transformer can be mod-
eled on the basis of analogy with the coupled transmission
lines when the winding self capacitance and winding-to-
ground capacitance are negligible. The derived distributed
equivalent circuit represented the frequency responses ac-
curately, whereas the lumped model was not able to rep-
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Fig. 8 Comparisons of measurement with circuit simulation for narrow-
slit interleaved air-core toroidal transformer. The black lines show the
measured results, the red dotted lines the circuit simulation based on the
distributed model, and the blue dotted lines the circuit simulation based on
the lumped model.

Fig. 9 Comparisons of measurement with circuit simulation for wide-slit
interleaved air-core toroidal transformer. The black lines show the measured
results, the red dotted lines the circuit simulation based on the distributed
model, and the blue dotted lines the circuit simulation based on the lumped
model.

resent the high-frequency characteristics. Both equivalent
circuits were constructed with the same parameter values
estimated from the low-frequency characteristics. Only the
circuit topology is different in both models. In addition, the
proposed equivalent circuit did not use the high-frequency

characteristics such as the resonant frequency. This is in-
herently different from methods such as Foster’s reactance
theorem [30], which uses high-frequency characteristics in
order to construct the frequency response. These results
show the importance of the mutual capacitance to be imple-
mented as a distributed parameter.

Wavelength-dependent phenomena such as λ/4 resonance
and directivity appear in the coupled transmission lines. The
equivalent circuit was derived from analogy with the coupled
transmission lines. The fact implies that the phenomena
cannot avoid due to the switching of the power converter.
That is because there are many high-frequency components
during switching transients.

We conclude that the proposed equivalent circuit enables
the circuit simulation in the frequency range above mega-
hertz. We also expect the model can clarify the relation-
ship between the high-frequency components and the spatial
magnetic flux distribution in air-core transformers.

Acknowledgments

This work was partially supported by the Program on Open
Innovation Platform with Enterprises, Research Institute and
Academia of Japan Science and Technology Agency, Cross-
ministerial Strategic Innovation Promotion Program of New
Energy and Industrial Technology Development Organiza-
tion, and JSPS KAKENHI grant number 20H02151.

References

[1] R.C.N. Pilawa-Podgurski, et al.: “Very-high-frequency resonant
boost converters,” IEEE Trans. Power Electron. 24 (2009) 1654 (DOI:
10.1109/TPEL.2009.2016098).

[2] Z.-L. Zhang, et al.: “A digital adaptive driving scheme for eGaN
HEMTs in VHF converters,” IEEE Trans. Power Electron. 32 (2017)
6197 (DOI: 10.1109/TPEL.2016.2619911).

[3] Z. Zhang and K.D.T. Ngo: “Multi-megahertz quasi-square-wave fly-
back converter using eGaN FETs,” IET Power Electron. 10 (2017)
1138 (DOI: 10.1049/iet-pel.2016.0782).

[4] Z. Zhang, et al.: “GaN VHF converters with integrated air-core
transformers,” IEEE Trans. Power Electron. 34 (2019) 3504 (DOI:
10.1109/TPEL.2018.2849063).

[5] X. Cheng, et al.: “High frequency and high efficiency DC-DC con-
verter with sensorless adaptive-sizing technique,” IEICE Electron.
Express 17 (2020) 20190719 (DOI: 10.1587/elex.16.20190719).

[6] C. Jiang, et al.: “An IAOT controlled current-mode buck converter
with RC-based inductor current sensor,” IEICE Electron. Express 17
(2020) 20190757 (DOI: 10.1587/elex.17.20190757).

[7] C.-H. Huang and C.-C. Chen: “A fast and high efficiency buck con-
verter with Switch-On-Demand Modulator for wide load range appli-
cations,” IEICE Electron. Express 8 (2011) 963 (DOI: 10.1587/
elex.8.963).

[8] P. Shamsi and B. Fahimi: “Design and development of very high
frequency resonant DC-DC boost converters,” IEEE Trans. Power
Electron. 27 (2012) 3725 (DOI: 10.1109/TPEL.2012.2185518).

[9] N. Satoh, et al.: “A flyback converter using power MOSFET to achieve
high frequency operation beyond 13.56 MHz,” IECON (2015) 001376
(DOI: 10.1109/IECON.2015.7392292).

[10] Z. Zhang, et al.: “A 30-W flyback converter operating at 5 MHz,”
APEC (2014) 1415 (DOI: 10.1109/APEC.2014.6803492).

[11] K. Hashimoto, et al.: “A flyback converter with SiC power MOSFET
operating at 10 MHz: Reducing leakage inductance for improvement
of switching behaviors,” IPEC-Niigata 2018 -ECCE Asia (2018) 3757
(DOI: 10.23919/IPEC.2018.8507361).

[12] S. Park and J. Rivas-Davila: “Isolated resonant DC-DC converters
with a loosely coupled transformer,” COMPEL (2017) 1 (DOI:

5

https://doi.org/10.1109/TPEL.2009.2016098
https://doi.org/10.1109/TPEL.2009.2016098
https://doi.org/10.1109/TPEL.2016.2619911
https://doi.org/10.1049/iet-pel.2016.0782
https://doi.org/10.1109/TPEL.2018.2849063
https://doi.org/10.1109/TPEL.2018.2849063
https://doi.org/10.1587/elex.16.20190719
https://doi.org/10.1587/elex.17.20190757
https://doi.org/10.1587/elex.8.963
https://doi.org/10.1587/elex.8.963
https://doi.org/10.1109/TPEL.2012.2185518
https://doi.org/10.1109/IECON.2015.7392292
https://doi.org/10.1109/APEC.2014.6803492
https://doi.org/10.23919/IPEC.2018.8507361
https://doi.org/10.1109/COMPEL.2017.8013293


IEICE Electronics Express, Vol.17, No.21, 1–6

10.1109/COMPEL.2017.8013293).
[13] D.J. Perreault, et al.: “Opportunities and challenges in very high

frequency power conversion,” APEC (2009) 1 (DOI: 10.1109/
APEC.2009.4802625).

[14] S. Orlandi, et al.: “Optimization of shielded PCB air-core toroids for
high-efficiency DC-DC converters,” IEEE Trans. Power Electron. 26
(2011) 1837 (DOI: 10.1109/TPEL.2010.2090902).

[15] C. Liu, et al.: “A 50-V isolation, 100-MHz, 50-mW single-chip
junction isolated DC-DC converter with self-tuned maximum power
transfer frequency,” IEEE Trans. Circuits Syst. II, Exp. Briefs 66
(2019) 1003 (DOI: 10.1109/TCSII.2018.2869074).

[16] W. Liang, et al.: “3-D-printed air-core inductors for high-frequency
power converters,” IEEE Trans. Power Electron. 31 (2016) 52 (DOI:
10.1109/TPEL.2015.2441005).

[17] H.T. Le, et al.: “Microfabricated air-core toroidal inductor in very
high-frequency power converters,” IEEE Trans. Emerg. Sel. Topics
Power Electron. 6 (2018) 604 (DOI: 10.1109/JESTPE.2018.
2798927).

[18] Y. Qu, et al.: “An air-core coupled-inductor based dual-phase output
stage for point-of-load converters,” ISCAS (2018) 1 (DOI: 10.1109/
ISCAS.2018.8351821).

[19] Z. Tong, et al.: “Design and fabrication of three-dimensional printed
air-core transformers for high-frequency power applications,” IEEE
Trans. Power Electron. 35 (2020) 8472 (DOI: 10.1109/TPEL.2020.
2963976).

[20] H.B. Kotte, et al.: “High-speed (MHz) series resonant converter
(SRC) using multilayered coreless printed circuit board (PCB) step-
down power transformer,” IEEE Trans. Power Electron. 28 (2013)
1253 (DOI: 10.1109/TPEL.2012.2208123).

[21] J.M. Rivas, et al.: “A very high frequency DC-DC converter based on
a classΦ2 resonant inverter,” IEEE Trans. Power Electron. 26 (2011)
2980 (DOI: 10.1109/TPEL.2011.2108669).

[22] R. Wang, et al.: “Influence of high-frequency near-field coupling be-
tween magnetic components on EMI filter design,” IEEE Trans. Power
Electron. 28 (2013) 4568 (DOI: 10.1109/TPEL.2012.2237414).

[23] C. Liu, et al.: “Wideband mechanism model and parameter extract-
ing for high-power high-voltage high-frequency transformers,” IEEE
Trans. Power Electron. 31 (2016) 3444 (DOI: 10.1109/TPEL.2015.
2464722).

[24] H.Y. Lu, et al.: “Experimental determination of stray capacitances in
high frequency transformers,” IEEE Trans. Power Electron. 18 (2003)
1105 (DOI: 10.1109/TPEL.2003.816186).

[25] A. Keyhani, et al.: “Maximum likelihood estimation of transformer
high frequency parameters from test data,” IEEE Trans. Power Del. 6
(1991) 858 (DOI: 10.1109/61.131145).

[26] H.Y. Lu, et al.: “Measurement and modeling of stray capacitances
in high frequency transformers,” IEEE Power Electronics Specialist
Conf. Rec. (1999) 763 (DOI: 10.1109/PESC.1999.785596).

[27] F. Blache, et al.: “Stray capacitances of two winding transformers:
equivalent circuit, measurements, calculation and lowering,” Proc.
IEEE Industry Applications Society Annual Meeting (1994) 1211
(DOI: 10.1109/IAS.1994.377552).

[28] S.J. Orfanidis: Electromagnetic Waves and Antennas (Rutgers Uni-
versity New Brunswick, 2002).

[29] Z. Awang: Microwave Systems Design (Springer Singapore, 2014)
(DOI: 10.1007/978-981-4451-24-6).

[30] R.M. Foster: “A reactance theorem,” The Bell System Technical
Journal 3 (1924) 259 (DOI: 10.1002/j.1538-7305.1924.tb01358.x).

6

https://doi.org/10.1109/COMPEL.2017.8013293
https://doi.org/10.1109/COMPEL.2017.8013293
https://doi.org/10.1109/APEC.2009.4802625
https://doi.org/10.1109/APEC.2009.4802625
https://doi.org/10.1109/TPEL.2010.2090902
https://doi.org/10.1109/TCSII.2018.2869074
https://doi.org/10.1109/TPEL.2015.2441005
https://doi.org/10.1109/TPEL.2015.2441005
https://doi.org/10.1109/JESTPE.2018.2798927
https://doi.org/10.1109/JESTPE.2018.2798927
https://doi.org/10.1109/ISCAS.2018.8351821
https://doi.org/10.1109/ISCAS.2018.8351821
https://doi.org/10.1109/TPEL.2020.2963976
https://doi.org/10.1109/TPEL.2020.2963976
https://doi.org/10.1109/TPEL.2012.2208123
https://doi.org/10.1109/TPEL.2011.2108669
https://doi.org/10.1109/TPEL.2012.2237414
https://doi.org/10.1109/TPEL.2015.2464722
https://doi.org/10.1109/TPEL.2015.2464722
https://doi.org/10.1109/TPEL.2003.816186
https://doi.org/10.1109/61.131145
https://doi.org/10.1109/PESC.1999.785596
https://doi.org/10.1109/IAS.1994.377552
https://doi.org/10.1007/978-981-4451-24-6
https://doi.org/10.1002/j.1538-7305.1924.tb01358.x

