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Letters

Magnetic Integration of Three-Phase Buck Converter With Three-Pointed Star
Core Geometry

Zhe Zhang , Senior Member, IEEE, Jie Jin , Student Member, IEEE, Chao Liu , Member, IEEE,
and Yu Tang , Senior Member, IEEE

Abstract—In this letter, a planar magnetically integrated induc-
tor design method is proposed for a direct coupled three-phase
interleaved Buck converter (three-phase IBC) with a three-pointed
star (TPS) core geometry. Through a comparative analysis of
various magnetic core structures, a TPS core featuring magnetic
integration is selected, and the air gap positions are determined
to effectively mitigate the eddy current loss on the PCB windings
introduced by the fringing flux. Following this, the winding ar-
rangement of the planar inductor is systematically analyzed, and an
improved layout scheme is proposed, which significantly improves
magnetic coupling and reduces inductor core losses. Finally, a 2 kW
three-phase IBC prototype with a peak efficiency of 98.3% is built
and tested. The results validate the effectiveness of the proposed
design method and its theoretical analysis.

Index Terms—Air gap distribution, direct coupled, magnetical
integrated inductor, winding arrangement.

I. INTRODUCTION

W ITH the advances of wide band-gap (WBG) semicon-
ductor devices, power converters are evolving toward

higher frequency, higher efficiency, and increased power den-
sity [1], [2]. As a typical passive component which may
dominate the size and weight of a power converter, planar
inductors are gradually replacing traditional wound inductors,
attracting growing attention [3], [4]. Numerous studies have
explored different magnetic integration schemes for various
converter topologies. In [5], a design approach integrating three
transformers into a single core was proposed, where the leakage
inductance between the primary and secondary windings served
as a series inductor, achieving both structure simplification
and improved power density. [6] presented a two-stage dc–dc
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Fig. 1. Three-phase IBC topology.

converter in which the two-phase inductors of a Boost stage were
magnetically integrated with the transformer of a downstream
LLC stage. An analysis of winding arrangements was conducted
to reduce losses and further optimize performance. In [7], tra-
ditional two-phase inductors were integrated into a four-leg
EI-type magnetic core with optimized air gap placement, leading
to reduced core loss and component size.

In the context of multiphase converter designs, [8] introduced
a cubic magnetic core integrating four inductors for a four-phase
Buck converter. This structure utilized magnetic flux “peak
flattening” to decrease core loss and volume while resolving
current imbalance issues. In [9], I-cores are incorporated to
enhance the coupling between phases and channels in inter-
leaved three-phase ac–dc converters. As a result, the proposed
modular-monolithic structure not only improves power density,
but also provides additional harmonic suppression. In [10], a
butterfly-style interleaved winding structure was used to develop
a four-phase reverse coupled integrated inductor that effectively
suppressed proximity effects. The authors in [11] proposed an in-
tegrated design of three phase integrated inductor with optimized
turn numbers and air gap sizes, aiming to reduce coupling by in-
creasing the magnetic volume. However, the influence of wind-
ing arrangement on coupling behavior and magnetic losses was
not thoroughly addressed, leaving room for further optimization.

In this letter, a magnetic integration approach for the three-
phase interleaved Buck converter (3-phase IBC), as shown in
Fig. 1, based on a three-pointed star (TPS) core geometry is
proposed and the new contributions are as follows.

1) The impact of different shaped core structures on core loss
is addressed and analyzed.
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(a) (b)

Fig. 2. Magnetic core structure and reluctance model. (a) Magnetic core
diagram, unit (mm). (b) Reluctance equivalent circuit.

2) The position of the air gap is systematically designed based
on performance evaluation.

3) A comparative analysis of various winding arrangements
is conducted, leading to the identification of the improved
winding configuration.

II. MAGNETIC INTEGRATION THEORY ANALYSIS

For the integration of the three-phase IBC direct coupled
inductors, this letter proposes a magnetically integrated structure
in which three inductors are symmetrically arranged at 120◦

intervals, and each winding is placed clockwise with N1 turns
on one of the side limbs of the core, while the other two windings,
withN2 andN3 turns respectively, are distributed on the rest two
magnetic legs.

The detailed magnetic core structure and its corresponding
equivalent magnetic reluctance model are illustrated in Fig. 2.
The reluctance of the air gap is significantly higher than that of
the magnetic core, causing the main magnetic flux to complete
its path predominantly through the central circular leg. Since
the currents in the three-phase windings are equal in magnitude
and phase-shifted by 120◦, the net magnetic flux variation–
particularly in the central leg of the core–is significantly reduced,
resulting in improved magnetic flux cancellation and therefore
lower core loss. Based on the reluctance model, the inductance
characteristics of the three-phase coupled inductor can be rep-
resented, as shown as follows:

L =

⎡
⎢⎣
L11 M12 M13

M12 L22 M23

M31 M32 L33

⎤
⎥⎦ (1)

where Lii denotes the self-inductance of phase i, and Mij

denotes the mutual inductance between phases i and j. The
corresponding formula is expressed as follows:

Lii =
3∑

j=1

N2
j

R+ 3Rm
· R+ 2Rm

R ≈
3∑

j=1

N2
j

R (2)

Mij =

3∑
0<m<n

NmNn(R+ 2Rm)

(R+ 3Rm)R ≈
3∑

0<m<n

NmNn

R (3)

where R and Rm denote the magnetic reluctance of each phase
core and the air gap, respectively, with Rm � R.

Fig. 3. Relationship between inductor loss and air gap length.

Then, the coupling coefficient k can be calculated as follows:

k =
N1N2 +N2N3 +N1N3

N2
1 +N2

2 +N2
3

. (4)

In the three-phase IBC, the introduction of direct coupling
reduces the sum of the three-phase inductor currents by a fac-
tor of (1 + 2k) compared to the uncoupled case, as shown in
(5). A higher coupling coefficient k thus leads to lower total
current ripple, improving current control accuracy and filtering
performance

ΔIcpl
ΔIuncpl

=
1

(1 + 2k)
(5)

where ΔIcpl and ΔIuncpl represent the sum of the three-phase
inductor currents under coupled and uncoupled conditions,
respectively.

According to (6), a larger k demands a higher switching
frequency (fsw) to keep single phase inductor current ripple
Δi constant. To ensure the ripple remains within a controllable
range, a switching frequency of 250 kHz is selected for inductor
design, with a 50 kHz margin. The required self-inductance can
be calculated Lii = 17.3µH. For fsw = 300 kHz, the coupling
coefficient should be limited to k ≤ 0.21 to ensure stability and
acceptable ripple performance

Δi =
(UH − UL)D

(1−k)(1+2k)

1+(1+ 2D
1−D )k

Liifsw
. (6)

Based on the magnetic core structure shown in Fig. 2(a), an
iterative magnetic design is performed to achieveLii = 17.3µH
by adjusting the winding turns and air gap length. The relation-
ship between copper/core loss and air gap is illustrated in Fig. 3,
indicating that an air gap of 2 mm yields the optimal trade-off.
At this point, the required number of primary turns is N1 = 10,
and according to (4), the resulting winding turn ratio is 10:1:1.

III. MAGNETIC INTEGRATION OF THREE-PHASE DIRECT

COUPLED INDUCTORS

A. Magnetic Core Design

Compared to discrete magnetic cores, integrated magnetic
cores exhibit certain differences in the magnetic flux return path.
Moreover, the geometric design of the core’s top and bottom
regions significantly influences the distribution and direction
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Fig. 4. Schematic of magnetic core structure and winding configuration.
(a) TPS core. (b) Round core. (c) Hexagonal core. (d) Discrete core. (e) Matrix
core.

TABLE I
PARAMETERS OF DIFFERENT STRUCTURES

of magnetic flux. Therefore, this letter analyzes the impact of
the magnetic core structure on core loss, considering various
configurations, including TPS, round, hexagonal, matrix, and
discrete core as shown in Fig. 4.

In this letter, the simulation is carried out using the Maxwell
finite element (FEM) software. And the simulation parameters
are set as follows: a 300 kHz current with a peak value of
20A is used as the excitation source. Magnetic integration leads
to a 27.4% reduction in inductor core loss, as summarized in
Table I. As shown in Fig. 5, the magnetic flux is most concen-
trated at the junction between the winding legs and the base in all
four designs. In the comparison among Fig. 5(a)–(c), although
the TPS core exhibits a slightly higher flux density in the base
region, the difference in core loss among the three remains within
8.5%, and the TPS core requires the smallest volume.

The matrix core achieves a 40.90% lower core loss than the
TPS core, owing to its extended magnetic path and improved flux
cancellation. However, its copper loss is 76.91% higher than that
of the TPS design, due to the distributed air gaps that generate

(a)

(d) (e)

(b) (c)

Fig. 5. Comparison of magnetic flux distribution: (a) TPS core. (b) Round
core. (c) Hexagonal core. (d) TPS core with no auxiliary windings. (e) Matrix
core.

Fig. 6. Air gap position of inductor. (a) Top. (b) Upper side. (c) Middle.

significant stray flux. This leakage flux penetrates adjacent phase
windings, increasing their ac resistance and resulting in higher
overall copper loss. Therefore the TPS core is deemed the
optimal choice.

Beyond core shape optimization, the introduction of auxiliary
windings presents a trade-off between copper and core losses.
Specifically, the copper loss increases from 9.41 to 11.43 W
due to the extended conductor length. The magnetic flux dis-
tributions of the core, with and without auxiliary windings, are
illustrated in Fig. 5(a) and (d). The auxiliary windings partially
cancel the main flux generated by the self-windings along the
central leg, effectively reducing the core loss from 17.67 to
12.17 W. Despite the increase in copper loss, the total loss is
reduced by 7.5%, demonstrating the effectiveness of magnetic
integration. Moreover, the auxiliary windings help alleviate
magnetic saturation and contribute to improved overall system
performance.

B. Analysis of Air Gap Position

To minimize the impact of edge effects caused by the air gap
on the magnetic field distribution and overall inductor perfor-
mance, thereby reducing copper loss. This letter proposes three
different air gap positions, as shown in Fig. 6. FEM simulation
of the model were conducted using Maxwell. The simulation
results are shown in Fig. 7, which illustrates the current density
distribution of the winding under different air gap positions.

Case I: To reduce the impact of edge effects, the windings are
placed below the core window. The current density distribution
for this configuration is shown in Fig. 7(a). It can be observed that
the winding current density is relatively uniform, with minimal
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Fig. 7. Simulation of the effect of air gap position on winding current density.
(a) Top. (b) Upper side. (c) Middle.

Fig. 8. Main and leakage fluxes of different windings.

edge effect near the air gap. The current distribution is balanced,
resulting in reduced copper loss.

Case II: The windings are still placed below the core win-
dow. Fig. 7(b) displays the current density distribution in this
configuration. Compared to the Case I the edge effects around
the air gap become more pronounced, leading to increased local
current density nonuniformity, particularly in the region below
the air gap, where the current density is higher. Moreover, the
area affected by the air gap expands, and although the edge effect
is smaller compared to the Case III, it still causes significant
losses.

Case III: To minimize the impact of the air gap on the winding,
the windings are distributed on both the upper and lower sides
of the core window. The current density distribution is shown in
Fig. 7(c). In this case, the edge effects near the air gap affect both
the upper and lower windings, leading to a significantly uneven
current density distribution. The areas close to the air gap exhibit
higher current densities, and the region influenced by the air gap,
as well as the number of winding turns affected, are the largest.
This results in increased ac resistance, significantly raising the
copper loss of the planar magnetic integrated inductor.

C. Winding Arrangement Analysis

As magnetic flux in PCB inductors concentrates near the air
gaps, leakage flux is assumed to occur only at these locations.
As illustrated in Fig. 8, the leakage flux caused by the air gap
penetrates multiple winding layers. Specifically, the leakage flux
Φm2 generated by the Mth layer winding (in blue), from top
to bottom, mainly closes through its adjacent winding paths,
while the more distant N-th layer winding (in green) is almost
unaffected. In contrast, the flux generated by the Nth layer
almost entirely closes through the Mth layer path. Therefore,
the magnetic coupling strength between the Mth and Nth layers
exhibits a clear asymmetry. This characteristic indicates that the

(a) (b)

(d)

(c)

Fig. 9. Comparison of winding arrangements. (a) Benchmark configuration.
(b) Proposed configuration. (c) Worst-case configuration. (d) Physical configu-
ration of the windings.

Fig. 10. Comparison of the air gap position. (a) Coupling coefficient.
(b) Inductor loss.

arrangement order of the windings has a significant impact on
the interlayer coupling coefficient and the inductor loss.

Fig. 9(a) illustrates several constructed “sandwich”-type
winding models. The winding direction is indicated by the
arrows, and the same winding direction is adopted in the other
configurations, though not explicitly shown. By adjusting the
number of layers M where phase A is placed above phase B,
and the number of layers N where the phase A winding is
inserted between phases B and C, several distinct interlayer lay-
out schemes were formed. Based on finite element simulations,
the coupling coefficients and inductor losses under different
winding arrangements were calculated and compared.

The specific simulation results are presented in Fig. 10.
The winding configuration with M = 9 and N = 0, shown in
Fig. 9(b), yields the maximum achievable coupling coefficient of
0.162 among phase windings. As discussed in Section II, optimal
performance is achieved when k approaches 0.21. Therefore,
this configuration is selected as the optimal arrangement to
approach the desired coupling level. In contrast, the worst perfor-
mance is observed when M=0 and N=0, as shown in Fig. 9(c).
These results suggest that, in the design of magnetically coupled
inductors, windings with fewer turns should be placed on the
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Fig. 11. Photograph of the converter.

TABLE II
KEY PARAMETERS OF THE PROTOTYPE

bottom layers, and an interleaved (cross-layer) arrangement
should be employed to achieve optimal electromagnetic perfor-
mance. Accordingly, Fig. 9(d) illustrates the detailed winding
configuration corresponding to Fig. 9(b), with corresponding
terminals marked to ensure direct coupling among the three
phases.

IV. RESULTS AND ANALYSIS

To verify the rationality of the proposed design, a three-phase
IBC prototype was developed, as shown in Fig. 11. The dimen-
sions of the converter are 14 cm × 8 cm × 2.5 cm. The detailed
specifications of the converter are listed in Table II.

Fig. 12 shows the experimental waveforms of the inductor
current under full load at UH=400 V and 133 V, respectively. In
the waveforms, US1u represents the voltage between the drain
and source of the switch S1u. It can be observed that the valley
current of the inductor reaches −2 A and soft switching is
successfully achieved in all cases.

Fig. 13 shows the thermal image of the TPS inductor operating
at full load with enhanced forced-air cooling. The maximum
temperature of the PCB windings reached 51.5 ◦C, while the
core temperature remained at 36.5 ◦C. The result confirms that
the temperature rise is well within an acceptable range.

Fig. 14(a) presents the efficiency curves of the converter
under input voltages of 133 V, 200 V, and 400 V. At an input
voltage of 133 V, the converter reaches its peak efficiency of
98.3% . The corresponding loss breakdown at this operating
point is depicted in Fig. 14(b). As illustrated, the inductor
loss–encompassing both copper and core losses–together with
the MOSFET switching device loss constitute approximately
80% of the total power loss. This highlights the importance of
carefully addressing these two loss components in the design of
a three-phase IBC to improve overall system efficiency, thermal
management, and power density.

Fig. 12. Three-phase inductor current waveforms under different duty cycles.
(a) D = 0.33. (b) D = 0.75.

Fig. 13. Physical and thermal photograph of the TPS inductor. (a) Physical
image. (b) Thermal image.

Fig. 14. System efficiency distribution. (a) Efficiency curve versus output
power. (b) Loss distribution diagram.

V. CONCLUSION

With the unique TPS core geometry, a high efficient planar
integrated magnetics design approach for three-phase IBC. A
planar magnetic integrated inductor design method is proposed
for direct coupled inductors, and a TPS core structure is de-
veloped accordingly. By optimizing the air gap position, the
edge effect around the gap is effectively suppressed, significantly
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reducing its impact on the current density distribution in PCB
windings and thereby lowering copper losses. An improved
winding strategy is also presented, which enhances the coupling
coefficient of the integrated inductor without changing the wind-
ing configuration. To validate the theoretical analysis and design
methodology, a 2 kW prototype of a three-phase IBC converter
was developed. Experimental results show that the converter
achieves a peak efficiency of 98.3%, fully demonstrating the
correctness and superiority of the proposed planar magnetic
integration design method.
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