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Abstract—In this article, the design methodology of integrated
magnetics (IM) for a three-phase differential-mode Ĉuk rectifier
(DMCR) is outlined. The design and optimization of the IM are
so achieved such that the inductor current ripple, total harmonic
distortion of the input current, and magnetics loss are optimized
without compromising the stability of the DMCR. The optimization
and design of the IM are conducted using the Maxwell and SaberRD
software tools, and subsequently, the results are compared with
a plurality of other IM structures for performance comparison.
Finally, the experimental hardware for the DMCR comprising the
optimized IM is fabricated to validate its performance and compare
it with a DMCR fabricated solely using discrete magnetics.

Index Terms—Differential mode, efficiency, integrated
magnetics (IM), loss, rectifier, ripple, stability, total harmonic
distortion (THD), winding.

I. INTRODUCTION

POWER converters often require a plurality of magnetic
components with functionalities ranging from filtering to

galvanic isolation. Such magnetic components may be combined
to form integrated magnetics (IM) that enable a reduction in
the number of magnetic components [1], [2] to reducing cur-
rent/voltage ripples [3]. Since its conception, IM has been used
for a plurality of power-electronic-system (PES) applications
and functions [4]–[20].

In such applications, regardless of their benefits, the IM design
has a plurality of challenges to overcome. Such challenges
encompass achieving uniformity in magnetic flux distribution,
intermodulations among voltages or currents of transformers or
inductors sharing the same magnetic core, enhanced transformer
leakage inductance, winding placement, and tuning the coupling
factor [14], [15], [18], [19], [21]–[23].

Notwithstanding, there are some issues that have received
limited attention in the literature of IM. To begin with, since an
IM changes the steady-state and transient dynamics of a PES,
the stability margin and response of the latter should be carefully
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Fig. 1. IM-based three-phase DMCR comprising three converter modules and
three IM devices (inductors). A DM-based realization requires six DM devices.

taken into consideration [14], [21], [22]. Small- and large-signal
implications of IM should also be embedded in the PES design
to realize optimal design-dynamics tradeoff depending on the
application. Another implication of IM is on the power quality of
the PES that needs a closer look. After all, the magnetic coupling
introduces additional impedance in the circuit. This changes the
power-decoupling dynamics and affects the power quality of the
PES.

Following these motivations, in this article, an IM is pro-
posed for a three-phase differential-mode Ĉuk rectifier (DMCR)
[outlined in [24] with discrete magnetics (DM)], comprising
three Ĉuk converter modules connected in a differential-mode
configuration. The IM-based DMCR is shown in Fig. 1. It
integrates the source- (ac-side) and load-side (dc-side) inductors
of the Ĉuk converter to optimize flux cancelation, efficiency,
dynamics, and power quality of the DMCR. The impact of the
coupling factor of the IM on the performance and operation
of the DMCR is initially investigated to determine the needed
optimum coupling for the IM. Subsequently, the effects of
different physical realizations of the IM are analyzed in relation
to magnetics performance, which in turn, affect the performance
of the DMCR.

This article is different from the earlier work by Ĉuk in
[3] in the following respects. First, the article is focused on
ac/dc and not dc/dc conversion. Second, our focus is on using
the coupling factor of the IM as a control variable to achieve
a desired input total harmonic distortion (THD) and DMCR
stability while coachieving higher efficiency. This article is also
different from the article presented in [18] regarding the same
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Fig. 2. (a) High- and (b) low-frequency waveforms for the load- and source-
side magnetics of the DMCR. The top and bottom traces in (a) and (b) correspond
to the load- and source-side waveforms, respectively.

two performance–parametric issues aside from the fact that this
article focuses on a three-phase PES with nonlinear gain as
against a single-phase PES with linear gain outlined in [18].
Furthermore, unlike the article presented in [18], DMCR oper-
ates with a discontinuous modulation scheme (DMS). Finally,
this article is also different from the article presented in [24] and
[25], which, even though focused on three-phase conversion, do
not involve IM.

The rest of this article is organized as follows. In Section II, the
impact of magnetic integration of the inductors on the stability,
power quality, and efficiency of the DMCR is analyzed. In
Section III, several computer-aided designs (CAD) of the IM
are pursued to achieve a design with optimal performance. In
Section IV, the experimental validation of the IM for the DMCR
is presented and the results are compared with that obtained us-
ing DM. Subsequently, IM designs with four different coupling
factors were tested and compared. Finally, in Section V, the
conclusion of this article and its implications are outlined.

II. IMPACT OF IM COUPLING ON THE DMCR

The IM-based DMCR is illustrated in Fig. 1. The source- and
load-side inductor currents of the DMCR, operating with DMS
[24], are shown in Fig. 2. The source-side inductor of the DMCR
converter module is subjected to low-frequency sinusoidal and
high-frequency switching currents, while the load-side inductor
is subjected to low- and high-frequency currents but with an
added dc bias.

Fig. 3. Impact of the IM coupling factor on the open-loop response of the
duty-cycle-to-input-current transfer function of one of the DMCR modules.

A. Stability

One of the objectives of the proposed IM is to achieve a
reasonable stability margin, while flux cancelation and power
quality are ensured. The implementation of magnetic coupling
between the source- and load-side magnetics results in a feed-
forward path from the input to the output. This added path may
affect the stability of the DMCR.

The open-loop duty-cycle-to-input-current frequency re-
sponse of one of the modules of the DMCR is shown in Fig. 3
where that part of the frequency spectrum, which is affected by
the IM, is primarily demonstrated. It shows that the amplitudes
of the resonance peaks increase with increasing coupling factor.
This resonance frequency in the DMCR, if excited by an input,
cause spikes or oscillations. To control these oscillations, either
damping needs to be introduced, which will result in losses [26],
or the coupling of the IM should be controlled.

The bandwidth of the open-loop transfer function is another
important factor for the DMCR application. To perform power-
factor correction without complicated control, the bandwidth
of the open-loop transfer function needs to be high enough to
carry out the current control and input-voltage tracking. The
bandwidth of the DMCR with varying coupling factor for the
IM is captured in Fig. 4. Operating the DMCR with the duty
cycle close to unity yields a drop in the bandwidth. Therefore,
a high coupling factor needs to be avoided.

B. Total Harmonic Distortion

The high- and low-frequency current pathways for the IM-
based DMCR are shown in Fig. 5. The amplitude of the nth har-
monic of the high-frequency current ripple (ΔiL) is expressed
as follows:

Ih (n) =

(
2ΔiL
π2

) (
1

(2n− 1)2

)
cos

(
2π (2n− 1) t

T

)
.

(1)

Improving the current ripple, which can be controlled by
varying the coupling factor (k) of the IM, and as demonstrated
in Fig. 6, improves the DMCR’s input-current THD, as given
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Fig. 4. Bandwidth of the open-loop duty-cycle-to-input-current transfer func-
tion for the IM-based DMCR with varying coupling factor.

Fig. 5. Current pathways in the IM-based DMCR module.

Fig. 6. Impact of the IM coupling factor (k) on the amplitude of the harmonic
current over the low-frequency (60 Hz) half-a-line cycle.

by THDI =
√∑

n�=1 Ih(n)
2/If , where If is the fundamen-

tal components of input current. Implementing effective ripple
mitigation in the IM yields an adequately effective input induc-
tance protecting the ac source from high-frequency harmonics
resulting in reduced need for the line inductance.

Fig. 7. High-frequency core and copper losses of the IM for varying coupling
factor over half-a-line-cycle operation of the DMCR.

C. Efficiency

The core loss in the magnetic devices is dependent on the fre-
quency of flux cycle, dc current level, and ripple magnitude [27],
[28]. For the DMCR, the load-bias current level and the ripple
change over a line cycle. Using the IM, via ripple cancelation,
the flux swing in the magnetic core is reduced, which in turn
results in a smaller traverse of the B–H curve. The quantity of
loss depends on the B–H curve and the material properties of
the IM core. An iron-powder core material is used in this article
and the coupling factor is optimized based on the core property.

It should be noted that the effect of coupling on the DMCR
efficiency is twofold. First, the ac flux density swing, associated
with the Steinmetz loss component [29], is reduced through
flux cancelation. Second, the high-frequency current resistance,
which is directly proportional to the current ripple, diminishes
as well. The impact of the IM coupling on these losses is shown
in Fig. 7 for a half-a-line cycle.

III. DESIGN OF THE IM

To realize different coupling factors and flexibility in ma-
nipulating the flux paths, an EE core geometry is chosen for the
IM. EE core is doubly stacked to increase the effective core area.
Furthermore, a doubly stacked core is capable of handling higher
energy, which in turn results in higher power density. To achieve
a flexible coupling factor, the source-side winding of the IM is
distributed on the left and middle limbs and the load-side wind-
ing is distributed on the middle and right limbs. One variation is
illustrated in Fig. 8(a). The percentage of the overall inductance
in each one of these coils is the main design control for the
coupling factor and flux attenuation/amplification. Iron-powder
material (Kool μ) from Magnetic, Inc., with a high dc-bias
threshold, is chosen as the base material for the core to avoid
saturation.

The interactions among the fluxes generated by each coil and
winding are shown in Fig. 8(b) in the terms of their respective
coupling factors. The direction of the generated flux in each
coil within the structure can be either the same (blue arrow) or
in the opposite (red arrow), as depicted in Fig. 8(b). Symbols
k12 (=k21), k13 (=k31), k14 (= k41), k23 (=k32), k24 (=k42),
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Fig. 8. (a) Layout and (b) couplings of the IM windings. (a) Location of the
source- and load-side coils on the core. Ns1 and Ns2 are the number of
turns of the source-side winding (marked in red) placed on the left and middle
limbs, respectively, and N l1 and N l2 are the number of turns of the load-side
winding placed on the right and middle limbs (marked in blue), respectively.
(b) Couplings within and between the source- and load-side windings.

and k34 (=k43) represent the couplings between {Ns1, Ns2},
{Ns1, Nl2}, {Ns1, Nl1}, {Ns2, Nl2}, {Ns2, Nl1}, and {Nl1,
Nl2}, respectively. k11, k22, k33, and k44 are the diagonal
entries on the coupling matrices and refer to the coupling of
each coil to its own flux.

To achieve high efficiency, high-power density, and desired
coupling in the IM, four winding-distribution configurations
[following the generic configuration in Fig. 8(a)] are considered
for IM. Using the magnetostatic analysis tool available in AN-
SYS’ Maxwell, coupling factors between the coils are simulated
and captured in matrices [30] k(a)fem–k(d)fem

k
(a)
fem =

⎡
⎢⎢⎣

1 0.513 −0.517 −0.160
0.513 1 −0.869 −0.520
−0.517 −0.869 1 0.486
−0.160 −0.520 0.486 1

⎤
⎥⎥⎦

k
(b)
fem =

⎡
⎢⎢⎣

1 0.531 −0.537 0.163
0.531 1 −0.988 −0.531
−0.537 −0.988 1 0.537
0.163 −0.850 0.537 1

⎤
⎥⎥⎦

k
(c)
fem =

⎡
⎢⎢⎣

1 0 0 −0.155
0 0 0 0
0 0 0 0

−0.155 0 0 1

⎤
⎥⎥⎦

Fig. 9. CAD representation of the four winding distributions, as detailed in
Table I, and their corresponding flux densities.

TABLE I
COMPARISON OF THE FOUR WINDING CONFIGURATIONS FOR THE IM DESIGN

IN MAXWELL

(1)Calculated bare wire area.
(2)Weight of the bare copper.
(3)Collective resistance of all coils in the configuration.

k
(d)
fem =

⎡
⎢⎢⎣
0 0 0 0
0 1 −0.855 0
0 −0.855 1 0
0 0 0 0

⎤
⎥⎥⎦ .

Furthermore, these four winding configurations of the IM are
simulated and compared in flux density and overall coupling
factor among the other parameters in Fig. 9 and Table I. It should
be noted that the presented values in Table I are calculated,
and the experimental values reflect these numbers closely and
presented in Section IV.

Table I presents that the coupling requirement for ripple
reduction is achieved with winding distribution instead of airgap
implementation. Furthermore, a wide range of coupling factors
can be achieved with relatively low impact on the losses (dc and
ac resistance) and size (winding weight and area).

The winding distribution in this section is designed to enve-
lope three general cases. First, the coupling of about −0.5 as
per analysis in Section II is desired for best performance. The
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Fig. 10. (a) IM- and (b) DM-based power-board designs for the DMCR. The
IM-based DMCR has only three coupled inductors, while the latter has six
discrete inductors.

TABLE II
EXPERIMENTAL SPECIFICATION OF BOTH IM-BASED AND DM-BASED BOARDS

(1)Refer to Fig. (5) for the symbol in the circuit.

configurations in Fig. 9(a) and (b) both give∼−0.5 with different
winding placements. Second, the high coupling is aimed for
winding with both coils on the middle limb. It is achieved in the
configuration in Fig. 9(d) with a coupling of −0.855. Finally,
the low coupling is designed on the same core by putting the
coils on the far sides of the core. This gives the coupling of
−0.155. All the couplings are desired to be negative to achieve
ripple reduction in the DMCR. The experimental measurements
and testing in the DMCR are presented in Section IV for all
configurations and closely correlate to these values.

Between two different winding placements of configurations
in Fig. 9(a) and (b), the asymmetric implementation of the
configuration in Fig. 9(a) is preferred and chosen to be compared
with DM-based DMCR. According to Table I, same inductance
is achieved in configuration (a) with lower resistance, copper
weight, winding area. Also, considering the field around the
core, the magnetic field is more contained inside the core in the
configuration in Fig. 9(a) as opposed to that in Fig. 9(b), where
the higher portion of the inductance is one of the side limbs.

IV. EXPERIMENTAL REALIZATION AND RESULTS

To experimentally validate the proposed IM for the three-
phase DMCR, two power-board designs based solely on IM and
DM are carried out (see Fig. 10). In the IM-based design, the
source- and load-side inductors of a DMCR module, as shown
in Fig. 1, are coupled, while for the DM-based design, these
inductors are discrete and have no coupling. All other power-
stage parameters besides these differences remain the same for
both the boards, as given in Table II. The core details for IM
and DM are tabulated in Table III. The control approach for the
DMCR is described in [24] and is the same for all magnetic and
power-board variations.

TABLE III
CORE SPECIFICATIONS FOR THE EXPERIMENTAL DM AND IM

Total of six and three such DM and IM devices are required for the DM- and
IM-based DMCRs.
(1) Manufactured by Magnetics, Inc.

Fig. 11. Printed circuit board layouts and footprints of (a) DM- and (b) IM-
based DMCR boards.

A. Discrete Versus IM

As outlined in Section III, the aim of the proposed IM design
is to implement ripple reduction while maintaining the current
control stability, enhancing power quality, and efficiency. The
purpose of the experimental boards is to enable the validation
and comparison of the electrical performances of the magnetic
devices. Using these IM and DM devices, two DMCR boards,
as indicated earlier, are fabricated, as shown in Fig. 10.

In that regard, and to begin with, it is shown in Fig. 11 that
the length of the high-frequency layout length for the IM-based
DMCR board is 133 mm, while that of the DM-based DMCR
board is 203 mm. The 70 mm reduction in the width with a 2 oz
four-layer copper board where the forward and return paths are
separated with FR4 will result in 51.5 nH and 3.3 mΩ reductions
in parasitic inductance and resistance. Furthermore, the footprint
of the IM-based board is reduced as well as given that the core
volume of the DM is about twice that of the IM.

IM is compared with DM for one of the phases of DMCR
in Fig. 12(a). The coil terminal locations and flux directions
for winding configuration (a) is shown in Fig. 12(b). Flux
cancelation is implemented in the middle limb. Furthermore,
enough leakage is provided between the two coupled inductors
to reduce the current ripple and achieve a reasonable tradeoff in
size and efficiency.
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Fig. 12. (a) Experimental DM and IM realizations. (b) Experimental winding
configuration for the IM before isolation and coating.

Fig. 13. Ripple current comparisons of the IM- and DM-based DMCR.

Fig. 14. Efficiency comparison of the IM- and DM-based DMCR.

The parametric comparison of the IM with the DM in these
key aspects is demonstrated in Figs. 13–16. Current ripples of
the source- and load-side discrete and coupled inductors of the
DMCR are compared for the IM- and the DM-based designs
in Fig. 13. For the IM-based DMCR, the ripple currents of the
coupled inductors are reduced by approximately 30%.

In Fig. 14, efficiencies of the IM- and DM-based DMCRs
are compared with variation in the input rms voltage. For this
experiment, the input current of a DMCR is controlled at a peak
value of 8 A. At lower voltages, when the core loss is small,
the DM yields better efficiency. However, beyond ∼40% of
the nominal output power (corresponding to over 60% of the
nominal input voltage for a finite load), the IM-based DMCR
yields higher efficiency. The overall efficiency of the DMCR is
higher using the IM since the IM, compared with the DM-based

Fig. 15. Power factor of the IM- and DM-based DMCR.

Fig. 16. Input-current THDs of the IM- and DM-based DMCRs.

DMCR, yields lower loss at higher voltages where, for the
unity-power-factor DMCR, the instantaneous output power is
higher as well. This is the tradeoff in the IM and DM designs
that was indicated in Section III.

Next, the impact of IM on the power quality of the ac input
of the DMCR is explored. Fig. 15 demonstrates the input power
factor of the DMCR with varying output power for the IM- and
DM-based DMCRs, demonstrating an improved performance
for the former. In Fig. 16, the input-current THDs of the DMCRs
using the IM- and DM-based designs are provided. For a wide
range of output power, the IM-based design provides a tangible
reduction in low-frequency harmonic distortion.

In Fig. 17, using the time-domain experimental results, the
performance and stability of the IM- and DM-based experimen-
tal DMCR prototypes are demonstrated. It is apparent from the
two sets of waveforms that while both the designs are inherently
stable at the 60-Hz time scale, the IM-based design yields
reduced input-current distortions.

B. IM With Varying Winding Configurations (Coupling
Factors)

Four winding configurations formerly introduced in Sec-
tion III are experimentally fabricated and tested on the IM-based
DMCR board. Core specifications in all cases are provided in
Table III. In Fig. 18(a)–(d), four different IM configurations are
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Fig. 17. Time-domain experimental results of (a) IM- and (b) DM-based
DMCRs with controlled 8 A input peak current. Blue, yellow, and purple traces in
(a) and (b) phase-A current (10 A/div), phase-B current (10 A/div), and phase-C
current (10 A/div). Green trace: line-neutral voltage at 80 V/div in (a) and at 60
V/div in (b).

Fig. 18. Fabricated IM for the DMCR in different winding configurations to
achieve various coupling factors (a)–(d) corresponding to Fig. 9(a)–(d).

presented. The experimental inductances are measured with an
HP 4192A LF impedance analyzer and presented in Table IV.
The coupling matrices of each configuration are measured for
all the coils on the core and are as follows:

k(a)exp =

⎡
⎢⎢⎣

1 0.480 −0.477 −0.132
0.480 1 −0.873 −0.876
−0.477 −0.873 1 0.455
−0.132 −0.876 0.455 1

⎤
⎥⎥⎦

TABLE IV
MEASURED INDUCTANCE AND RESISTANCE OF CONFIGURATIONS, AS SHOWN

IN Fig. 9(a)–(d)

(1)Collective resistance of all coils in the configuration.

k(b)exp =

⎡
⎢⎢⎣

1 0.478 −0.486 0.144
0.478 1 −0.964 −0.461
−0.486 −0.964 1 0.471
0.144 −0.461 0.471 1

⎤
⎥⎥⎦

k(c)exp =

⎡
⎢⎢⎣

1 0 0 −0.141
0 0 0 0
0 0 0 0

−0.141 0 0 1

⎤
⎥⎥⎦

k(d)exp =

⎡
⎢⎢⎣
0 0 0 0
0 1 −0.815 0
0 −0.815 1 0
0 0 0 0

⎤
⎥⎥⎦ .

These coupling matrices experimentally measured (k(a)exp −
k
(d)
exp) are closely following the finite-element prediction in Sec-

tion III (k(a)fem − k
(d)
fem).

As explained in Section III, due to amplified flux coupling
between the coils of the same inductor (see Fig. 8, blue arrows),
the inductances are highest for configurations, as shown in
Fig. 9, with higher couplings among those coils. Consequently,
the configuration in Fig. 9(a) will result in a lower inductance
compared with that Fig. 9(b), although they have approximately
the same coupling factor between the load- and source-side
windings. The latter will result in higher THD but reduced losses.

To experimentally validate the effect of the IM coupling on the
performance parameters of the DMCR, as explained in computa-
tional results and analyses in Section II, winding configurations,
as shown in Fig. 9(a)–(d), are subsequently implemented on
the same core (K5528E060), as shown in Fig. 18(a)–(b). In
this section, the time-domain performance, THD, losses, and
thermal performance of these configurations are explored. All
tests in this section are conducted on the IM-based board, as
shown in Fig. 10(a). The four winding configurations alluded to
above are compared regarding their coupling factors. The control
architecture and compensation gains are kept unchanged while
comparing all of these four cases.

The time-domain three-phase currents are shown for the fur
winding configurations, as shown in Fig. 19(a). The peak current
is controlled at 4 A with an input voltage of 120 V rms in all
configurations (1 kW). The time-domain performance of the
DMCR is consistent in all cases.

The frequency decomposition of the input line current of
the DMCR is shown in Fig. 19(b). It demonstrates that the
amplitudes of the input-line-current harmonics increase with
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TABLE V
EXPERIMENTAL AND PREDICTED LOSS BREAKDOWN OF THE DMCR FOR THE FOUR WINDING CONFIGURATIONS OF THE IM

Fig. 19. Comparison of the time- and frequency-domain performances of the
four experimentally realized winding configurations of the IM. The results are
obtained using a TPS 2024B oscilloscope from Tektronix.

higher coupling factors, which matches the predictions of the
analyses and simulations, as conducted in Section II.

The thermal images of the cores and windings of the IM
are shown in Fig. 20 in the IR format taken by FLIR one
thermal camera. The thermal images of the IM are captured along
with the thermal images of the SiC-MOSFET C2M0080120D to
provide a relative comparison. A natural-conduction cooling
is adopted for both the SiC MOSFET and the IM. The thermal

Fig. 20. Thermal performances of the IM for the four winding configurations.
The windings are annotated as “W,” magnetic cores as “C,” and device as “D.”

performances of all the windings for the four IM configurations
are found to be similar. For the four IM winding configurations,
the core temperature rise for the IMs (as captured in Fig. 20)
is found to be 4.2 °C, 4.9 °C, 7.8 °C, and 4.4 °C and the
winding temperature rise is 6.5 °C, 8 °C, 11.8 °C, and 6.7
°C, respectively, above an ambient room temperature of 25
°C. This increase in the temperatures of the four IM parts is
primarily attributed to their copper and core losses, as captured
in Table V.

The loss breakdowns of the IM in DMCR for all of the four
winding configurations of the IM are presented in Table V. These
data are compared with the experimental losses at 1 kW for all
configurations. The switching loss is calculated following the
method, as presented in [31], based on the charge-equivalent
approximation of the SiC-MOSFET capacitances relying solely
on the datasheet parameters. The conduction loss is calculated
based on the measured rms current through the source-side
and load-side inductors. The winding ac and dc resistances are
measured following the algorithm outlined in [32]. The magnetic
core losses are calculated based on the reluctance model of the
IM winding configuration and fitting the material curves given
in the manufacturer’s datasheet [33].

As stated earlier, the magnetic losses (core and ac copper) are
the lowest in the configuration in Fig. 19(d) (that has the highest
coupling factor), while it is the highest in the configuration in
Fig. 19(c) (that has the lowest coupling factor). The experimental
results show a close correlation with the design prediction.
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However, as given in Table V, the other components of the IM
loss are also affected by changing the winding configuration (that
affects their coupling factors). It is noted that the copper losses
follow the winding configurations and ultimately will affect the
overall losses. The lowest coupling yields the highest copper loss
captured by the brighter thermal image, as indicated in Fig. 20.
Since the ripple current increases with a lower coupling factor,
the ac copper loss for such an IM configuration increases as
well. The device losses are closely matched in all cases so that
the difference in the experimental results is caused by changes in
core and ac copper losses due to the coupling variations. On the
other hand, as shown in Fig. 19, the THD is adversely affected
at higher couplings. It should be noted in all configurations that
the ripple cancelation is done to some extent.

V. CONCLUSION

In this article, the realizability and validation of an IM design
for a three-phase DMCR have been presented. The IM has been
optimized after pursuing several winding-distribution scenarios
and simulated using circuit and finite-element-analysis tools.
Subsequently, its performance and efficacy have been validated
using experimentally realized and tested prototypes at the com-
ponent and converter levels. It has been shown that, for the
symmetric DMCR topology, the coupling factor of the IM can
be modulated to yield reduction in aggregate loss and size of the
IM (compared with the DM) devices aside from providing an
acceptable THD and ensuring converter stability. The outlined
IM has the potential for high-efficiency and high-power density
applications.
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three-phase differential-mode Ĉod inverter,” IEEE Trans. Power Electron.,
vol. 31, no. 3, pp. 2654–2668, Mar. 2016.

[26] N. Kumar, M. Mohamadi, and S. K. Mazumder, “Passive damping
optimization of the integrated-magnetics based differential-mode-Cuk-
rectifier,” IEEE Trans. Power Electron., vol. 35, no. 10, pp. 10008–10012,
Oct. 2020.

[27] J. Wang, K. J. Dagan, X. Yuan, W. Wang, and P. H. Mellor, “A practical
approach for core loss estimation of a high-current gapped inductor in
PWM converters with a user-friendly loss map,” IEEE Trans. Power
Electron., vol. 34, no. 6, pp. 5697–5710, Jun. 2019.

[28] J. Mühlethaler, J. Biela, J. W. Kolar, and A. Ecklebe, “Core losses under
the dc bias condition based on Steinmetz parameters,” IEEE Trans. Power
Electron., vol. 27, no. 2, pp. 953–963, Feb. 2012.

[29] W. T. McLyman, Designing Magnetic Components for High Frequency
Dc-Dc Converters. Idyllwild, CA, USA: Kg Magnetics, 1993.

[30] Z. Zhang, “Coupled-inductor magnetics in power electronics,” Ph.D. dis-
sertation, Dept. Eng. Appl. Sci., California Inst. Technol., Pasadena, CA,
USA, 1987.

[31] D. Christen and J. Biela, “Analytical switching loss modeling based on
datasheet parameters for mosfets in a half-bridge,” IEEE Trans. Power
Electron., vol. 34, no. 4, pp. 3700–3710, Apr. 2019.

[32] B. X. Foo, A. L. F. Stein, and C. R. Sullivan, “A step-by-step guide
to extracting winding resistance from an impedance measurement,” in
Proc. IEEE Appl. Power Electron. Conf. Expo., Tampa, FL, USA, 2017,
pp. 861–867.

[33] Magnetic Powder Core Cataloge, 2020. [Online]. Available:
https://www.mag-inc.com/Design/Technical-Documents/Powder-Core-
Documents.html

https://www.mag-inc.com/Design/Technical-Documents/Powder-Core-Documents.html


10570 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 9, SEPTEMBER 2021

Moien Mohamadi (Student Member, IEEE) re-
ceived the M.Sc. degree in electrical engineering
from the Isfahan University of Technology, Isfahan,
Iran, in 2017. He is currently working toward the
Ph.D. degree with the Laboratory for Energy and
Switching-Electronics Systems, University of Illinois
at Chicago, Chicago, IL, USA.

Since 2014, he has been working in power elec-
tronics research and development and a member of
the PES community. He is currently involved in the
research of highly efficient and compact fast battery

charger. His research interests include optimal design and hardware realization
of highly efficient and compact power electronics converter, high-frequency
magnetic design, optimization, and hardware realization, and soft-switching
power electronics.

Sudip Kumar Mazumder (Fellow, IEEE) received
the M.S. degree in electrical power engineering from
Rensselaer Polytechnic Institute, Troy, NY, USA, in
1993, and the Ph.D. degree in electrical and com-
puter engineering from Virginia Tech, Blacksburg,
VA, USA, in 2001.

He has been a Professor with the University of
Illinois at Chicago (UIC), Chicago, IL, USA, since
2001, and the President of Next Watt LLC, Chicago,
IL, USA, since 2008. He has around 30 years of
professional experience and has held R&D and design

positions in leading industrial organizations and has served as a Technical Con-
sultant for several industries. He has developed novel multiscale methodologies
for controlling power-electronic systems and networks at wide-/narrow-bandgap
semiconductor device level resulting in a plurality of practical applications. He
has also made multiple novel contributions to the areas of high-frequency-link
power electronics, including hybrid modulation and differential-mode-converter
topology, and optically-controlled power semiconductor devices and power
electronics.

Dr. Mazumder was a recipient of several IEEE awards, including the Prize
Paper Award from the IEEE TRANSACTIONS ON POWER AND ELECTRONICS and
IEEE International Future Energy Challenge Award, the U.S. National Science
Foundation CAREER Award in 2003, the U.S. Office of Naval Research Young
Investigator Award in 2005; at UIC, University Scholar Award—the highest
award of the university in 2013, Inventor of the Year Award in 2014, and the
Distinguished Researcher Award in Natural Sciences and Engineering in 2020.
He was named a fellow of the American Association for the Advancement
of Science in 2020 for distinguished contributions to the field of multiscale
control and analysis of power-electronic systems. From 2016 to 2019, he was
a Distinguished Lecturer for IEEE PELS and currently serves as a Regional
Distinguished Lecturer for the U.S. region. He currently serves as the Editor-
in-Chief at Large for the IEEE TRANSACTIONS OF POWER ELECTRONICS and
the leading journal in Power Electronics. He was an Administrative Committee
Member and a Member-at-Large for IEEE PELS in 2015 and 2020, respectively,
and the Chair for the IEEE PELS Technical Committee on Sustainable Energy
Systems from 2015 to 2020.

Nikhil Kumar (Student Member, IEEE) received the
B.E. degree in electrical engineering in 2011 from
the Delhi College of Engineering, Delhi, India, and
the M.S. degree in electrical engineering in 2015
from the University of Illinois at Chicago, Chicago,
IL, USA, where he is currently working toward the
Ph.D. degree with the Department of Electrical and
Computer Engineering.

His research interests focus on the analysis and
design of wide-band-gap device-based high-power
electronics converters for dc fast charging and mi-

croinverter applications.
Mr. Kumar serves as a reviewer for the IEEE TRANSACTIONS ON POWER

ELECTRONICS and IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


