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Mathematical Modeling and Multiobjective
Optimization of Negative-Coupled Inductor in
Multiphase Interleaved DC-DC Converter

Ze Liu"”, Guohua Zhou

Abstract—To optimize the converter efficiency, footprint and
volume of magnetic devices simultaneously, this article proposes
a mathematical modeling and multiobjective optimization method
based on multiphase negative-coupled inductor (NCI) in inter-
leaved dc—dc converter, and elaborates on the specific details by
taking interleaved buck converter (IBC) and four-phase NCI as an
example. First, flux cancellation is employed to design a four-phase
NCI without core center column. Next, comprehensive mathemati-
cal models of NCI are established considering essential parameters.
Subsequently, the Pareto Front of the objective function and con-
verter efficiency constraint is identified through the multiobjective
optimization based on the modeling results, enabling tradeoff for
optimal parameters selection of NCI. Finally, an experimental
prototype of 300 W demonstrates that compared to separate in-
ductors, NCI reduces footprint and volume by 41.31 % and 60.90 %,
respectively, while achieving the magnetic device power density of
7376 W/in3, the 1.45% improvement of rated efficiency and better
transient performance of IBC.

Index Terms—Four-phase negative-coupled inductor (NCI),
interleaved buck converter (IBC), mathematical modeling,
multiobjective optimization.

I. INTRODUCTION

HE rapid development of industries such as aerospace, mil-
T itary equipment, electric vehicles, and green data centers
has imposed new demands on the high efficiency, high power
density, light weight, and miniaturization of intermediate-stage
low-power nonisolated switching power supplies [1], [2], [3].
To minimize output current ripple, intermediate-stage converters
frequently employ the multiphase interleaved dc—dc converter,
such as multiphase interleaved buck converter (IBC), which is
exhibited in Fig. 1.
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However, magnetic devices typically account for over 30% of
the power supply volume and are critical factors influencing its
power density and output characteristics [4], [5]. To further de-
crease the footprint, volume, and loss of magnetic devices while
enhancing the efficiency of power supply, magnetic integration
serves as an effective solution [6], [7], [8].

Integrating multiple separate inductors (SI) can effectively
enhance the efficiency and power density of converters [9],
[10]. Segmented windings enable the integration of multiple
SI onto a single magnetic core, thereby reducing the volume
and weight of magnetic device as well as the converter loss
[11]. However, this method employs a decoupled integration
approach, which limits volume and weight reduction compared
to SI, because phases hardly share the magnetic flux paths
with each other. Positive-coupling is usually used to achieve
specific converter functions, such as soft-switching for losses
reduction and zero output current ripple [12], [13]. However,
positive-coupling is rarely applied in multiphase interleaved
dc—dc converters, because the currents of phases will cause
the fluxes to superimpose and enhance each other in the core,
which often leads to the increase in phase current ripple and
core saturation at high load conditions. The negative-coupling
method effectively mitigates the common-mode noise of the
converter by constructing a specific equivalent circuit [14], [15],
[16], [17]. And experimental results demonstrate that besides
reducing noise, negative-coupled inductor (NCI) significantly
reduces magnetic devices volume by flux cancellation, enhances
converter power density and electromagnetic compatibility, and
improves converter efficiency and phases current sharing. Fur-
thermore, the NCI also can improve the transient performance of
converter [18]. However, the NCI cores in [14], [15], [16], [17],
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Fig. 2. Deduction process of four-phase NCI. (a) Traditional single-winding
inductor with an EE-type core. (b) Two-phase coupled inductor with an EE-
type core. (c) Two-phase NCI without center column. (d) Process of deducing
four-phase NCI without center column.

and [18] are modified based on traditional EE-type cores, the
volume of cores can be further optimized due to the existence
of center columns.

For converters utilizing printed circuit board (PCB) based
magnetic devices, the design of planar integrated magnetic
devices is becoming increasingly standardized and process-
oriented, the design process typically considers various factors,
such as footprint and volume [19]. During the multiobjective
optimization design for coupled inductor, multiple parameters
are commonly used to model and optimize the inductor loss,
thereby obtaining parameter values that meet the design require-
ments [20], [21]. However, this approach does not account for
the effects of switching frequency and coupling coefficient on
loss, and due to the lack of key constraints, the computational
complexity of the optimization process becomes relatively high.
Ulteriorly, by adding converter efficiency as a constraint, the
Pareto Front of the coupled inductor volume and converter
efficiency is studied [22], [23], [24]. Nevertheless, the influence
of winding turns on winding loss is neglected, leading to reduced
accuracy of the loss model at high frequency, besides, focusing
solely on volume of magnetic devices cannot satisfy modern
design requirements, and as the number of iteration parameters
increases, the curve of Pareto Front will become unsmooth, seri-
ously affecting the subsequent parameter tradeoff. Overall, due
to the limitations of variables in loss model and deficiencies in
optimization process, the aforementioned approaches fail to pro-
vide adequate guidance for modeling and optimization of NCI.

In order to minimize the footprint and volume of the core
to the greatest extent while avoiding core saturation, this article
adopts the NCI structure for design. To achieve the simultaneous
optimization of converter efficiency, footprint, and volume of
magnetic devices, this article proposes a mathematical modeling
and multiobjective optimization method for the multiphase NCI
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in interleaved dc—dc converter, with the IBC and a four-phase
NCT serving as a specific example. The main contributions of
this work are summarized as follows:

1) A multiphase NCI without core center column is deduced
systematically by flux cancellation, and a four-phase NCI
with high power density is designed as a specific example.

2) The comprehensive mathematical models for the four-
phase NCI and IBC are proposed, accurately representing
their characteristics using the most basic variables.

3) A modeling-based multiobjective optimization method for
four-phase NCI and IBC is proposed. Normalization and
weighting ensure consistent optimization of footprint and
volume, while dividing the Pareto Front by the value of
winding turns makes the parameter tradeoff more intuitive.

The rest of this article is organized as follows. Section II

details the derivation process of the four-phase NCI. The math-
ematical modeling of NCI is discussed in Section III. The multi-
objective optimization method and the corresponding results are
elaborated in Section I'V. Section V provides the experimental
results. Finally, Section VI concludes this article.

II. NCI STRUCTURE DEDUCTION

For the multiphase IBC in Fig. 1, a four-phase configuration
is taken as an example for the mathematical modeling and
multiobjective optimization of NCI based on planar PCB.

It should be emphasized that the reason for selecting the IBC
as an example is to demonstrate the practicability of the designed
NCI, proposed mathematical modeling and multiobjective opti-
mization methods in this article. In fact, the content presented in
this article is not only applicable to the IBC, but also applicable to
other multiphase interleaved converters that satisfy the following
conditions.

1) The converter operates in continuous current mode, and
the inductor current comprises both dc and ac components
before coupling.

2) The amplitudes of the current in each phase are equal, their
directions are consistent, only the phase differences exist.

Identifying the NCI core shape is a critical step in magnetic
device design and serves as a fundamental prerequisite for
effective modeling and optimization. The evolution process of
the four-phase NCI core is presented in Fig. 2. Fig. 2(a) depicts
a traditional single-winding inductor with an EE-type core.
By winding two separate windings on the two side columns
of the core, a two-phase coupled inductor can be formed, as
illustrated in Fig. 2(b). For the coupled inductor in Fig. 2(b),
due to negative-coupling, the coupling coefficient between the
two phases is relatively big, the change in air gap of the center
column has no significant impact on it. Therefore, as stated in
Fig. 2(c), a two-phase NCI without center column is formed
by removing the center column and bringing two side columns
closer. The coupling coefficient is adjusted by changing the air
gap of the two side columns.

Furthermore, by integrating two two-phase coupled inductors
depicted in Fig. 2(b), extending the upper and lower cover plates
and the core center column, a four-phase coupled inductor can be
formed. Subsequently, by removing the center column, a four-
phase NCI without center column can be obtained, the process
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Fig. 3.

Process of deducing n x m multiphase NCI.

is illustrated in Fig. 2(d). Compared to SI, this modification
not only effectively exploits the dc flux cancellation to achieve
a low-height core design, but also reduces the core magnetic
reluctance, ensuring more uniform flux distribution [25].

Similar to the four-phase NCI derivation, multiple two-phase
coupled inductors using EE-type core are arranged horizontally,
while multiple units consist of center and side columns are
added vertically. Extending cover plates and center columns
achieves negative-coupling among multiple phases. Since air
gap variations in the center columns barely affect phases cou-
pling coefficients, an n x m multiphase NCI can be obtained by
removing center columns and bringing phases closer. The pro-
cess is shown in Fig. 3. For multiphase NCI, mutual-inductances
are more complex, requiring specific analysis for each phase. As
flux cancellation degrees of phases vary, not all winding current
are the same, therefore, parameters of each phase should be
calculated according to the specific requirements. Moreover, the
high-order harmonics brought by multiphase coupling cannot be
ignored.

In fact, the mathematical modeling and multiobjective op-
timization method proposed in this article are not only ap-
plicable to the matrix NCI but also can be extended to other
configurations and geometries of planar NCI, such as circular
and polygonal structures. However, to enhance the utilization
efficiency of the NCI core and present the universality of the
proposed method, this study focuses exclusively on the matrix
NCI, and takes four-phase NCI as an example.

As shown in Fig. 2(d), the shape of four-phase NCI should be
further optimized. The aspect ratio of the core column is defined
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Fig. 5. General derivation flow of the multiphase NCI core structure.

as b (I, = b x [,). Finite element analysis (FEA) is used to
simulate the NCI under various b. The parameters of the NCI
and core losses are shown in Fig. 4.

As shown in Fig. 4, when b equals 1, core losses are minimum
at all frequencies. The increase of b leads to more core loss.
This is because as b increases, the uniformity of flux distribu-
tion within the core decreases, and the complexity of mutual-
inductances increases, which aggravates the deformation of
winding current and generates more high-order harmonics. All
these factors result in the increase of NCI core loss. Therefore,
a design with a square cross-section for the core column is
adopted, with its side length is set as /. Furthermore, to enhance
the magnetic shielding effect of the core, minimize interference
with surrounding electronic components, and improve heat dis-
sipation, the cover plates of the NCI core are extended to fully
cover the windings [26].

By combining the design of the multiphase NCI core structure
and focusing on the core column with rectangle cross-section,
the general derivation process for the shape of multiphase NCI
core can be obtained, the flowchart is shown in Fig. 5. It should be
noted that the parameters are set merely for simulating the NCI
core loss and do not need to be set according to the actual NCI
core and current excitation. The derivation of the four-phase NCI
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Fig.6. Four-phase NCI presented in this article. (a) Platform view and winding
phase sequence of NCI. (b) Front view and key parameters of NCI core.
(c) Four-phase IBC utilizing NCI.

core shape can be regarded as a specific instance of the process
shown in Fig. 5.

The abovementioned process results in the final four-phase
NCI in this work, as illustrated in Fig. 6(a), with the winding
sequence arranged in a counter-clockwise direction. The front
view and key parameters of the four-phase NCI are depicted
in Fig. 6(b). Fig. 6(c) presents the schematic diagram of the
four-phase IBC utilizing NCI.

For design simplicity, the columns of the NCI core in
Fig. 6(a) are designed to have uniform height. In four-phase NCI,
the mutual-inductances between adjacent phases and diagonal
phases are different, represented by M, and My, respectively.
Additionally, k, and k4 are employed to represent the coupling
coefficients of the adjacent and diagonal phases. The relation-
ships between k., kq and M,, My can be expressed as

M, = koL, My = kqL (1)

where L presents the self-inductance of per NCI phase.
As for Fig. 6, the footprint /P and volume V. of the four-phase
NCI can be derived as

{FP = (20, +41.)*
(

Vi = (hy + 20)FP = @

(hy + 2h) (21 + 41.)*

where h and [. represent the thickness of each cover plate
and the width of winding turns, as illustrated in Fig. 6. Since
NCI utilize PCB winding, and four-phase negative-coupling
effectively reduces dc flux in two cover plates, the core window
height &, is set to 2 mm for design simplicity.
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Fig. 7. Magnetic reluctance model of four-phase NCI.

III. MATHEMATICAL MODELING OF FOUR-PHASE NCI

After determining the shape of four-phase NCI core, the math-
ematical modeling processes of four-phase NCI are conducted to
establish a practical foundation for multiobjective optimization.
These models contain the magnetic reluctance model, electrical
characteristics, and loss model. All expressions are formulated
based on the side length of the core column, air gap, switching
frequency, and winding turns. The three modeling parts can
be regarded as the processes of numerically representing the
characteristics of NCI and IBC using several basic parameters
from different dimensions.

A. Magnetic Reluctance Model

The magnetic reluctance model for the first phase of the four-
phase NCl is illustrated in Fig. 7. To simplify the design process
while ensuring the consistency of four phases parameters, the
number of winding turns N is uniformly set to the same value.

In Fig. 7, ir,; represents the current of the first phase, Ry
denotes the magnetic reluctance of the core column, R indicates
the magnetic reluctance of air gap gs, R, and Ry correspond to
the magnetic reluctances of the cover plates for the adjacent
and diagonal phases, respectively. All above variables can be
expressed as follows:

R = ngg’Rgzzgs 3)
Rd—fR _Q\fﬁfj

where 1o and p, represent the permeability of the vacuo and the
relative permeability of the magnetic material, respectively.
Furthermore, by applying the equivalent magnetic circuit
method, self-inductance L and mutual-inductances M, and My
can be derived. Their respective expressions are as follows:

L= N
Ri+Rg+(Ra+Rs+Rg)|[[(Ra+Rs+Rg) /2]
M [(Rd+Ra+R )‘|(Ra+Rs+Rg)] (4)
(Rd+R<+R )[(Ra+Rs+Rg)+Ra+Rs+Rg
My = M(Ra+Rs+Rg) /2

T (RatRoFRg)/2+Ra+Rot Ry
where M is an intermediate variable, its expression is

(Ra + Rs) || [(Ra+ Rs)/2] + Ry
(Ra + Ry) || [(Ra + Rs)/2] + Ry + 4R, /3’

FEA is employed to validate (4) under the condition of
N =15, h=1mm, and varying [, and g5 within specified ranges.

M=-L

)
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Fig. 8.

The results are shown in Fig. 8, where the surfaces represent the
theoretical values calculated by (3)—(5), and the dots indicate the
deviations between simulation and theoretical results. It can be
observed that the deviations remain within 0.5 /H across the pa-
rameter variation ranges, confirming the accuracy of (3)—(5) and
providing a substantial theoretical foundation for the subsequent
optimization process.

B. Electrical Characteristics

The four-phase negative-coupling in IBC splits the winding
current into 8§ segments per switching period. In four-phase IBC
with NCI, as illustrated in Fig. 6, the current phases increment
sequentially by 90°. This results in different trends of winding
current variations within different duty cycle ranges, as depicted
in Fig. 9.

In Fig. 9, taking the first phase as an example, the winding
current is segmented into 8 modes over fy—tg, each mode cor-
responding to an equivalent modal inductance Ly,0q; (j = 1, 2,
...8). Because the duty cycle varies, the winding current exhibits
different modal characteristics, leading to different expressions
for the equivalent steady-state inductance Lgs within different
duty cycle ranges. Equation (6) presents the formula for calculat-
ing Lss when 0.25<D<0.5, as illustrated in Fig. 9(b). Similarly,
the corresponding expressions of Lgs for other duty cycle ranges
are summarized in Table I

D
L= oo 1 oo D €1025,09). ©
L mod1 L mod 2 Lmoas

The winding current ripple Aip s of the IBC using NCI within
each switching period can be calculated as follows:

Uin — Us
LSSfS

where Uj, and U, represent the input and output voltages,
respectively, while f; denotes the switching frequency.
Assuming the inductance before coupling is L, under identical
operating conditions, the comparison of winding current ripples
after and before negative-coupling reveals that, based on Table I
and (7), the ratio is a function regarding to L, M,, M4, and D.
Consequently, the ratio of k, and kq is defined as g (k, = g X
kq). Fig. 10 illustrates the ratios of winding current ripples after

Aip g = D @)

AM,: M, a_simulated ~ M, a_calculated
@ M, calculated by (3)-(5)
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Fig. 9. Winding current of four-phase NCI under different duty cycle.

(a) 0<D<0.25. (b) 0.25<D<0.5. (c) 0.5<D<0.75. (d) 0.75<D<1.

and before negative-coupling under varying D and kq when g
equals 1.1 and 1.5.

As shown in Fig. 10, the ratios of the winding current ripples
after and before negative-coupling is divided into four regions
based on different duty cycle ranges, which is consistent with
the description of Lg in Table 1. Furthermore, it can be ob-
served that within specific ranges of D and coupling coefficient,
negative-coupling reduces the winding current, with the most
significant effect occurring at the boundary values of D in four
ranges. Additionally, it can also be concluded that as the coupling
coefficient increases, the winding current ripple decreases.

In addition, Fig. 10 can also illustrate the ratio of inductance
values before and after coupling, L/Ly, under various duty cycles
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TABLE I
EXPRESSIONS FOR Lgs ACROSS VARIOUS DUTY CYCLE RANGES

Duty cycle Expression of Lss
D-1)L-M\L -4M > +2LM, + M
0<D<0.25 (D-1X W) . JTM)
(D=L +2M +2DM M, - DM, —=LQ2DM, + M,)
2D -1)D(L — ML —2M, +M,)L+2M, +M,)
0.25<D<0.5 M, (M, -~ L)+2D°(L—M )L —-2M, +M,)-2Dx
x= (L +L(M,-2M,)+2M (M, - M,))
2D -1)D(L - M, )L =2M, + M )L +2M, +M,)
0.5<D<0.75 20(D* —D)+ M, (M, —L)Y4D" 4D+ 1)+ y
y=(4M —2LM )1~ D)-2M (D’ —2D +1)
D(L—-ML —4M +2LM, + M ")
0.75<D<1

2 2
My =2M =2M M +LQ2M +M ) +z
z=D(L-M,)L-2M, +M,)

Ay /Ay,
Surface for Aipg/Air 3

25

Plane for Aiyg = AiL

2

Fig. 10. Ratios of winding current ripples after and before negative-coupling.

and coupling coefficients while ensuring the winding current
ripple remains constant.

C. Power Loss Model

When converter operates at high frequency, the magnetic
flux density must remain within the characteristic range of the
magnetic material. In addition, magnetic flux density is a critical
factor influencing core loss. Consequently, before establishing
the loss model, it is essential to analyze both the magnetic flux
and flux density of four-phase NCI.

Based on Faraday’s law of electromagnetic induction, the
expressions for the dc flux @44, and the amplitude of ac flux
A® in four NCI core columns are as follows:

Dyqe = IL]\[]ISS
A(P _ Ui“(lfD)D (8)

where /1, denotes the average value of the single-phase winding
current.
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According to (8), the maximum flux density By,.x of the core
column can be derived as follows:
204 + AD, 2ILLssfs + Uin(l — D)D
Biax = D) = D) .
2, 2N fsleo

Due to the negative-coupling, the dc fluxes of the four phases
are canceled out within the cover plates, while the amplitude of
ac flux in the cover plates does not exceed its value in any single
core column. To maintain consistency between the maximum
flux density in the cover plates and core columns with a certain
margin, the thickness 4 of each cover plate is determined by
the amplitude of the ac flux density in single core column. The
expression of £ is given as

AV Unle(1—D)D
AeBmax  4fsILLg +2Un(1 — D)D’

The core loss of NCI can be calculated using the modified
generalized Steinmetz equation, which can be presented as

Po=F+ B,
P, = 4’ (hy—ge ke BacBfa !
47 (148)(1+5+a)
P, = 22letdlo)® hhke BroSfo !
47 (1+6)(1+5+a)
where k¢, o, and (3 represent the characteristic properties of
magnetic material, B,. denotes the amplitude of the ac flux
density in the NCI core column, and Py and P}, correspond to
the losses in the core columns and cover plates, respectively.
The winding loss of four-phase NCI is expressed in (12),
where Pcy de and Pcy_ac denotes the four-phase winding dc
and ac losses, respectively, and Pcy_ac is obtained from FEA.
To reduce the winding current density, the winding width /. is set
to 1.5 mm. Additionally, each turn of the winding is configured
as two parallel layers, with a copper thickness of 30z per layer,
resulting in a total thickness /. of 60z

{PCu = PCufdc + PCufac

Pey ge = 412 Ry = 4112 pw_

&)

h= (10)

(1)

12)

Each converter phase includes two MOSFETS operating com-
plementarily. The total MOSFET loss (Py,0s) in IBC can be given
in (13). The losses of MOSFET mainly comprise turn-ON loss
(P on), turn-OFF loss (P opy), and conduction loss (Pqs). Where
R ox and R o5y represent the ON-state and OFF-state resistances,
respectively. Qg and Qg4 denote the gate-source and gate-drain
charges of MOSFET. Vi}, and V. correspond to the threshold and
Miller-platform voltage of MOSFET

Pros :4(Pon+P0ff+Pds)

Py = I, Ry

Pon - RonIL(]infs(

Porr = RoffILUinfs(Vi?_g‘s/c + Qvgj)

Based on (11)—(13), the rated efficiency 7 of four-phase IBC
utilizing NCI can be expressed as
B P0+Pe+PCu+Pmos.

All aforementioned analysis and modeling methods are also
applicable to the multiphase NCI shown in Fig. 3 and other

2Qgs _|_ di ) (13)

Vint+Ve Ve

7 (14)
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Fig. 11.  Relationships among various variables.

dc—dc converters, excepting that certain steps need to be adjusted
according to the specific number of phases.

By rearranging (2), (4), (9), (14), and Table I, the relationships
among all abovementioned variables are illustrated in Fig. 11.
Ly and hare mutually dependent and satisfy an implicit function.
By decoupling these two variables using (10) and Table I, it can
be derived that 4 is a function of /., gs, N, and f;.

IV. MULTIOBJECTIVE OPTIMIZATION OF NCI

In the design of planar magnetic devices on PCB, itis essential
to comprehensively consider crucial parameters such as the
volume and footprint of the magnetic devices, the efficiency
of the converter, and the saturation flux density of the magnetic
core.

In this article, the volume and footprint of four-phase NCI are
normalized and weighted as the objective function. Based on
the modeling results, by continuously adjusting the efficiency
constraint, the Pareto Front of efficiency constraint and objective
function is derived. Finally, optimal parameters are selected
based on practical tradeoff to achieve a balanced optimization
among IBC efficiency, NCI volume and footprint, thereby en-
suring the practical significance of the parameter selection.

A. Process of Multiobjective Optimization

The material of NCI core employed in this article is
CETCORS53. This material exhibits a saturation flux density of
0.45 T at an ambient temperature of 25 °C. To avoid saturation
of the NCI core, the flux density limit By, is set to 0.35 T.

By analyzing (2), (9), and (14), it is evident that optimizing
NCl in this article includes setting the NCI footprint and volume
as the optimization objectives, with IBC efficiency, flux density,
and value of Lyy serving as constraint conditions. Given the
different numerical ranges and units of the footprint and volume,
the minimum-maximum normalization method presented in (15)
can be employed to linearly map the two function values into
the range of [0, 1]. The normalization ensures the optimization
consistency of the footprint and volume of NCI

_ _FP—FPyi,
WEp = F Prax—F Prin (15)
w — e Ve _min
Ve ‘/e_max - ‘/e_min

where wpp and wy, indicate the normalized values of the NCI
footprint FP and volume V., respectively. Across all parame-
ter variations, FPp, and FPp .y represent the minimum and
maximum of FP, while V¢ pmin and Vg max correspond to the
minimum and maximum of V.
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TABLE II
PARAMETERS OF FOUR-PHASE IBC

Description Parameter Value
Input voltage U/V 28
Output voltage U,/V 12
Rated output current I/A 25
Reference of L, separate inductor Lyy/uH 2.2
Minimum power density limit of NCI \ 5000 W/in®
Minimum footprint of NCI FP,i/mm? 64
Maximun footprint of NCI FPy/mm? 676
Minimum volume of NCI Ve min/mm’ 129.076
Maximum volume of NCI !/(U,m,(/rrlnq3 7261.05
TABLE III
ITERATION AND INCREMENT OF PARAMETERS
Parameter Iteration range Increment
l./mm 1-10 0.1
N 2—6 1
g/mm 0-2 0.01
f/MHz 0.1-5 0.1
Miim 90%—100% 0.1%

To ensure the multiobjective optimization results are practi-
cally meaningful, the relevant parameters of the four-phase IBC
are presented in Table II. For integrated magnetic device in IBC
applications, a key designing principle is to maintain identical
load characteristics when using either NCI or SI. Consequently,
the design value of Lyy for NCI should be close with the value
Lgep, of SL.

In process of parameter iteration, the optimization function
for NCI under efficiency constraint during the jyy, iteration can
be expressed as (16) and (17). Where wgrp and wvy, represent
the normalized values of the NCI footprint and volume. An
denotes the efficiency constraint increment. By, corresponds to
the maximum flux density of the NCI core. Ly refers to the
calculated equivalent steady-state inductance

min(wFpJ + wVeJ») (16)
Mim_j = Mim_j—1 + A7
s.t. BmJ < Blim (17)

|Lgs j — Liep| < 0.1 Lgep.

As shown by the above functions and Fig. 11, the designed
objective function and constraint functions of NCI are related
to le, N, gs, and f;. Consequently, the optimization process can
focus solely on these four fundamental variables.

Because of the limited variability in number of N, the re-
maining three parameters are involved in the iteration under
fixed N and efficiency constraint 7j;,, to obtain the optimal
objective function. Subsequently, by iterating over both 7;;y,, and
N, the Pareto Front of the efficiency constraint and the objective
function under various N can be obtained. The iteration range
and parameters increment are presented in Table III.
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Parameters initialization:
N =2, #iim = 90%, [ = lmm, g, = Omm,
fs=0.1MHz, calculate Pc, .. by FEA

Determine the expression of Ly according
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Calculate: 7 by (10);
L, M,, My, Ls; by (3)-(5) and Table I;
Binax by (9);
FP, Vc, WFpTOye by (2) and (15),
Pe, Pcy, Pros, 71 by (11)-(14) and FEA results
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. Iteration of /. —Iterate onle
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Iterate on NV

. Iteration of N

Record the non-dominated solutions of
objective function and #, for different N

Fig. 12. Multiobjective optimization process for NCI.

The multiobjective optimization process for four-phase NCI
in this article is illustrated in Fig. 12. The detailed procedures
are outlined as follows.

Step 1: Initialization. Define the initial value for the funda-
mental parameters /e, gs, N, and f;, initialize the recorded value
of wrpp+wvye to 0 under different values of N, and calculate
Pcy_ac under different variables using FEA.

Step 2: Decoupling. Based on the input and output voltages
of the IBC, determine its steady-state duty cycle D. Referring to
Table I, identify the equation for Lys according to the range of
D. By solving (4) and (10) simultaneously, decouple Lss and &
to derive their respective expressions.

Step 3: Calculation. Calculate % using its defined expression.
Compute L, M,, and M4 by (3) and (4), and calculate Lgs based
on these results. Evaluate By, .« using (9). Utilize (2) and (15) to
calculate FP, V., and the objective function value wrp_j+wve_j.
Assess core loss, winding loss, and MOSFET loss through (11)-
(13) and FEA results, then finally compute the rated efficiency
1 of IBC based on these losses.

Step 4: Judgment. Verdict whether the computed values sat-
isfy all constraints. If all constraints are satisfied, document the
current wrp_j+wve_; as the minimum of the objective function,
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Fig. 13.  Pareto Front of efficiency constraint and the objective function values
under different winding turns.

then concurrently store all fundamental parameters before going
to Step 5. If any parameter fails to meet the constraint require-
ments, proceed to Step 5 without altering the recorded value of
the objective function.

Step 5: Tteration. Proceed parameter iteration onf, gs, le, Mlim,
and N in turn. Within the numerical range of each parameter, if
the parameter in the current iteration loop is altered, all preceding
iteration loops must be fully traversed.

Step 6: Recording. Document the nondominated solutions
(Pareto Front) for 7, and wrpp+wvye under varying values of
N.

By employing multiple iteration loops, the minimum of the
objective function satisfying all constraints under different wind-
ing turns and efficiency constraint can be obtained.

B. Results of Multiobjective Optimization

After calculation, analysis, and recording, the Pareto Front
of efficiency constraint and the objective function is divided
according to the value of N, several curves representing Pareto
Fronts under different N are presented in Fig. 13. From Fig. 13,
it is evident that under the same 7y, the value of wrp+wve
decreases as the value of N increases. Furthermore, the variation
in the weighted value between N = 3 and N = 4 is less distinct
compared to that between N = 2 and N = 3. Additionally, N =
5 and N = 6 do not lead to higher efficiency. Considering the
complexity of PCB design and manufacturing cost, N = 3 is
selected as the optimal choice.

Furthermore, as can be observed from Fig. 13, the variation
curve for N = 3 is partitioned into three areas according to the
regional change rate. It is evident that in Area3, the change rate
of wrp+wye With respect to 7yi,, increases significantly com-
pared to the other two areas. By comprehensively evaluating the
converter efficiency, as well as the NCI footprint and volume in
this article, the design point corresponding to 7y, = 94.2% and
wrp+wye = 0.28 is selected for the magnetic device designing.
It can be seen from Fig. 13 that dividing the Pareto Front by
the value of N avoids the problems of excessively high cost and
design difficulties caused by too many winding turns, which
makes the parameter tradeoff more intuitive.
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TABLE IV
DESIGN RESULTS OF KEY PARAMETERS FOR NCI

Description Parameter Value
Number of turns N 3
Column side length [./mm 3.9
Air gap in column g/mm 0.15
core window height hy/mm 2
Thickness of cover plates h/mm 0.75
Switching frequency f/MHz 0.98
Self-inductance L/uH 3.25
Mutual-inductance M,/pH -0.98
Mutual-inductance My/uH -0.91
equivalent steady-state inductance L/uH 2.17
Footprint of NCI FP/mm? 190.44
Volume of NCI V/mm? 666.54

Fig. 14 presents all design results regarding to N = 3 and
Mim = 94.2%, and the minimum point is indicated. Based on this
point, the key parameters of the four-phase NCI are presented
in Table I'V.

Based on the aforementioned parameters in Table IV, a mul-
tiobjective optimized four-phase NCI model is structured. NCI
is simulated using FEA, as illustrated in Fig. 15, the flux density
distribution of NCI core at various time points depicted in Fig. 9
are relatively uniform and remain below 0.35T, satisfying both
the design requirements and flux density constraint.

The multiphase NCI shown in Fig. 3 can also be optimized
by employing the aforementioned multiobjective optimization
method, according to the specific application of converter.

V. EXPERIMENTAL RESULTS AND ANALYSIS

As shown in Fig. 16, the designed four-phase NCI using
the parameters obtained from the multiobjective optimization
process and the designed EE-type magnetic core of SI based
on the AP method are compared, while illustrating the winding
distribution applied within the four-phase NCI.

In Fig. 16, the two magnetic devices exhibit identical maxi-
mum flux density and winding parameters. An air gap is located

Fig. 15.
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FEA results of magnetic flux density in NCI at different times.

Core height
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Fig. 16.  SI and optimized NCI. (a) SI EE-type core. (b) Optimized NCI core.
(c) Winding distribution applied within four-phase NCI.

in the core center column, with the Ly, = 2.2 uH for SI. By
comparison, under identical operating conditions, the optimized
four-phase NCI demonstrates a 41.31% reduction in footprint
and a 60.90% reduction in volume. Furthermore, by applying
the deduction process in Fig. 2 to SI core shown in Fig. 16(a),
the four-phase NCI before optimization can be obtained, with
a power density of 3633 W/in. After optimization, the power
density of NCI achieves 7376 W/in?, representing a 103.03% im-
provement compared to the unoptimized design, while satisfying
the design requirements. These results validate the advantages
of negative-coupling and the rationality of the multiobjective
optimization.
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Fig. 18.  Control flowchart of the four-phase IBC in this article.

TABLE V
PARAMETERS OF THE EXPERIMENTAL PLATFORM

Description Parameter Value
Input voltage Un/V 15—45 (rated value 28)
Output voltage U,/V 12
Rated output power PJ/W 300
Switching frequency f/MHz 0.5-2 (rated value 0.98)
Input filter capacitor Cin/uF 200
Output filter capacitor Co/uF 250
MOSFET \ GS61004B (V3 =3.3V)
Driver chip \ LMG1205 (Vs =5V)
Controller \ TMS320F280049C

Based on the parameters provided in Table IV, a prototype
experimental platform for a four-phase IBC is provided, as
depicted in Fig. 17. And its control flow is shown in Fig. 18.

The parameters of the experimental platform are presented
in Table V. Comparative experiments are performed on the two
magnetic devices depicted in Fig. 16.

The experimental waveforms of the four-phase IBC at rated
load power are shown in Fig. 19, which include output voltage,
output current, and four-phase winding currents. As illustrated
in Fig. 19, the four-phase winding currents operate with a phase
increment of 90°. In Fig. 19(b), the winding current is seg-
mented into § intervals due to the influence of negative-coupling,
aligning with the configuration shown in Fig. 9. Moreover, the
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Fig. 19. Experimental waveforms of four-phase IBC at rated load power.
(a) IBC with four-phase SI. (b) IBC with four-phase NCI.

winding current ripple Ay, and Aip s in both Fig. 19(a) and (b)
are measured at 3.19 A and 3.20 A, which not only corresponds
to the parameter characteristics of the converter but also satisfies
the design and optimization objectives of NCI.

Based on the parameters listed in Tables IV and V, supplemen-
tary experiments are carried out under two special conditions:
the input voltage is adjusted to 21 V and the air gap is set to
0.6 mm. The corresponding waveforms are presented in Fig. 20.
It is evident that when U;, = 21V, the steady-state duty cycle D
equals 0.57, and the four-phase current ripple remains identical
to that observed at U;;, =28 V, which aligns with the descriptions
provided in Fig. 10 and Table I. Furthermore, when the air gap
gs of NCI is set to 0.6 mm, L is calculated as 1.18 pH, and the
phase current ripple is measured as 6.00 A. Both aforementioned
results are consistent with the theoretical calculations derived
from (3)—(5) and Table I, as well as the description provided in
Fig. 10.

It is important to note that, owing to the variation in g, the
parameter characteristics of the NCI differ from those presented
in Table IV. Consequently, the IBC cannot operate at the rated
state, as doing so would lead to saturation of NCI core. Hence,
the waveform depicted in Fig. 20(b) corresponds to the IBC
operating under half-rated load. Fig. 20, thus, validates the
correctness of the theoretical expressions and inferences related
to the NCI.

As shown in Fig. 21, the transient experimental waveforms of
IBC using two types of magnetic devices from half-rated load to
rated load are presented. From the area marked by the dashed box
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Fig. 21.  Experimental waveforms of four-phase IBC utilizing two types of
magnetic devices under transient load. (a) IBC using SI. (b) IBC using NCI.

in figure, it can be observed that compared with SI, the IBC using
NCT exhibits a faster regulation time and smaller overshoot and
undershoot of output voltage and winding current during load
transients, despite employing the same control strategy and con-
trol parameters. This is because negative-coupling effectively
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reduces the energy stored in the inductor, enhances the speed
of energy transfer. Meanwhile, as shown in the Bode plots of
the IBC loop gain in Fig. 22, compared with SI, the IBC using
NCT has a larger voltage and current loop cross-over frequencies
and phase margins. Therefore, negative-coupling optimizes the
loop characteristics of the converter, thereby shortening the
regulation time and reducing the overshoots and undershoots
of voltage and current. In conclusion, Figs. 20 and 21 indicate
that NCI is beneficial to improving the transient performance of
the converter.

The efficiencies of the converter operating based on the pa-
rameters listed in Table V are measured when using two different
magnetic devices, as depicted in Fig. 23. Fig. 23(a) shows the
efficiencies at different f; when Uj, = 28 V, and Fig. 23(b)
shows the efficiencies at different U;,, when f; = 0.98 MHz. The
harmonic distribution of winding current in Fig. 19 is measured,
as shown in Fig. 24.

As illustrated in Fig. 23(a), when the converter operates at
fs = 0.98 MHz, the rated efficiency of IBC using NCI achieves
1.45% higher than that obtained using SI, with measured values
of 95.06% and 93.61%, respectively. Additionally, the rated
efficiency of IBC with NCI satisfies the designed efficiency
constraint 73, = 94.2%.

In addition, as shown in Fig. 23(a), the efficiency of IBC
using optimized NCI is generally superior to that using SI with
the EE-type core within full load range. Despite both having the
similar winding current ripple, the root mean square value of the
winding current in NCI is reduced due to the negative-coupling
effect, thereby minimizing the associated loss. Moreover, under
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TABLE VI
COMPARISON OF DESIGNED NCI WITH OTHER REFERENCES

Num. of Converter .
References NCI core 1 Num. of - Output Optimization method optimization efficiency Power density
structure phases power P of NCI
objectives at full load
[16] Laddercore  103kHz 3 j0kw  Pareto Front-based multi-objective 2 98.00% 1244 W/in®
optimization
[27] PCB-embedded 20 MHz 4 2w Trade-off bef‘“’ee". NClloss and 2 95.00% 20802 W/in®
ootprint
[28] P 1a2acr$rr:n\:nh 500 kHz 4 162W  Optimization avoiding core saturation 1 84.22% 1529 W/in®
[29] Plazacroch‘l’:n”;“h 700 kHz 2 700 W Tradeoff among 6 parameters 3 97.57% 2424 W/in®
[30] Planar core 30 kHz 2 50 kw Design and optimization from - - 3472 W/in®
experience
[31] EE-type core 2.2 MHz 2 3 kW - - 96.86% 2842 W/in®
[32] EE-typecore 100 kHz 2 jokw  Designand "ﬁi:}iizﬁ‘m using AP 2 97.50% 529 Wiin®
[33] EE-ypecore  100kHz 2 400w  Trade-offbetween Aii and coupling 2 96.41% 12.6 Wiin®
coefficient
[34] Ladder core 10 kHz 3 goow  Fareto Front-based multi-objective 2 ; 1821 W/in®
optimization
[35] EE-type core 150 kHz 2 logw  Fareto Front-based multi-objective 2 90.27% 4189 W/in®
optimization
article Planar matrix 980 kHz 4 300 W Pareto Front-b.asef'd multi—objective 3 95.06% 7376 Wiin®
core optimization
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86% Z —o—Four-phase NCI, 0:5MHz
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849 —* Four-phase|NCI, 2MHy 25% 50% 75% 100% 25% 50% 75% 100%
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P ° @) (b)
(a)
96.5% Fig. 24. Harmonic amplitudes of the NCI and SI winding current under
270 different loads. (a) NCI current harmonics. (b) SI current harmonics.
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Zos o ' loss red 11 efficiency, thus validating the rationality of
5 — e 0ss re qces. ov.era e | c.1enc.y, thus validating the rationality o
é 94.5%;f the multiobjective optimization.
H 940, [ e Ay 94,21 y 1 From Fig. 23(b), it can be seen that when Uy, is within the
03,59 / A Do range of 15 V to 45 'V, the rated efficiency of IBC using NCI
70 ;Z i igo “;“ud _"_;; ;30‘;/“;““(1 all meets the constraint 7, = 94.2%. Whether at 50% load
——N(I, oad |—o— oa . . ..
93% > > or 100% load, the efficiency of IBC using NCI is higher than
15 20 25 30 35 40 45 50 55 . .
Input voltage U,/V that using SI. Moreover, the IBC using NCI can operate at Uj,
®) = 45 V (rated load) because the flux cancellation reduces the
saturation of the core. Fig. 23(b) demonstrates the rationality of
Fig. 23. Efficiencies of four-phase IBC. (a) Efficiencies at different ;. the multiobjective optimization method proposed in this article

(b) Efficiencies of 50% load and 100% load at different Ujy,.

the same flux density, NCI exhibits a smaller footprint and
volume, leading to relatively lower core loss. In contrast, when
fs = 0.5 MHz, the larger winding current ripple results in higher
loss. When f; = 1 MHz and 2 MHz, the increase in switching

and indirectly indicates that compared with SI, NCI is beneficial
for extending the Uy, range of IBC to some extent.

In Fig. 24, whether using NCI or SI, the dc components in
harmonic are similar. Although compared with SI, NCl increases
the fourth and eighth harmonics due to four-phase negative
coupling, it reduces fundamental harmonic and nearly eliminates
the third harmonic. Therefore, NCI introduces no significant
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changes in IBC core loss or electromagnetic noise, both remain-
ing acceptable.

The comparison among this article and other relevant studies
is presented in Table VI. By comparison, it can be concluded that
the PCB-based planar matrix NCI core designed in this article
has more advantages in reducing magnetic volume and improv-
ing integration with the converter. Through normalization and
weighting of the optimization objectives (FP and V,) in the
Pareto Front-based multiobjective optimization, simultaneous
optimization of NCI footprint, volume, and IBC efficiency is
achieved, leading to high NCI power density and acceptable
IBC efficiency. In comparison, the NCI in this article has higher
power density, it actually demonstrates the practicality of NCI
structure design, the accuracy of mathematical modeling, and the
practicality of the multiobjective optimization method in this
article to some extent. Although compared to [27], the power
density of the NCI in this article is lower, it has advantages
in terms of power and switching frequency. And the full-load
efficiency of the converter in this article remains comparable as
those in other works. Considering a larger 7y, in the parameter
tradeoff can improve the converter efficiency, but at the expense
of the NCI optimization.

In general, Figs. 16-24 and Table VI present a comprehen-
sive evaluation of the optimization for magnetic devices in
terms of footprint, volume, and converter efficiency through
comparative analysis and experiments. They demonstrate that
the multiobjective optimization successfully fulfills the design
objectives of four-phase NCI. Furthermore, these figures and
table not only emphasize the superiority of NCI over SIregarding
footprint, volume, efficiency, and power density, but also confirm
the validity of the optimized four-phase NCI structure as well
as the feasibility of the proposed mathematical modeling and
multiobjective optimization methods.

VI. CONCLUSION

To simultaneously optimize the converter efficiency, the foot-
print and volume of magnetic device, this article proposes a
comprehensive mathematical modeling and multiobjective op-
timization method for multiphase NCI in interleaved dc—dc
converter, and concentrates on the specific content by taking
four-phase NCI and IBC as an example. A novel four-phase NCI
without core center column is designed utilizing flux cancella-
tion. Based on the NCI and IBC, mathematical models are estab-
lished regarding essential parameters to accurately describe their
characteristics. A multiobjective optimization process based on
modeling results is employed to obtain the Pareto Front of
efficiency constraint and objective function. Referring to the op-
timization results, NCI is manufactured according to optimal pa-
rameters. Compared with SI, the designed NCI reduces footprint
by 41.31% and volume by 60.90%, achieving a power density of
7376 W/in? after optimization. A 300 W IBC prototype is used
for comparative experiments, showing that IBC using NCI has
1.45% higher rated efficiency and better transient performance
than using SI, while satisfying the design requirements. The
research provides valuable guidance for designing multiphase
coupled inductor and related converters.
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