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Abstract—This paper investigates the matrix coupled ¢all-
in-one” magnetic structure that combines both series coupling
and parallel coupling for pulse-width-modulated (PWM) power
conversion. A systematic analysis of the current ripple reduc-
tion mechanism is performed. Current ripple steering among
asymmetric series coupled windings is discussed. The transient
performance of the matrix coupled inductor is demystified,
providing insights for analyzing converter dynamics and large-
or small-signal modeling. To quantify the benefits of matrix
coupling, a figure of merit is defined by comparing the current
ripple of a matrix coupled inductor to that of a discrete inductor
given the same transient speed. The comparison results indicate
that a higher number of phases and a stronger matrix coupling
coefficient amplify the benefits of matrix coupling. A 1 V-to-5 V
input, 1 V-to-5 V output, four-phase matrix coupled synchronous
SEPIC converter with planar PCB integrated magnetics is built
and tested. The matrix coupled SEPIC prototype can support
load current up to 185 A at 5 V-to-1 V voltage conversion
with a maximum power density over 470 W/in®. Compared to
commercial discrete inductors, the matrix coupled inductor has
a 5.6 times smaller size and 8.5 times faster transient speed
with similar current ripple and current rating. The experimental
results validate the matrix coupling concept and the theoretical
analysis, opening the possibilities toward wide adoption of “All-
in-One-Magnetics” in PWM topologies.

Index Terms—Coupled inductor, inductance dual model, mul-
tiphase interleaving, integrated magnetics, current ripple reduc-
tion, PWM converter, SEPIC converter.

I. INTRODUCTION

AGNETIC components, including inductors and trans-
formers, play critical roles in power electronics con-
verters. They can provide various functions such as filter-
ing, galvanic isolation, voltage conversion, etc. Traditionally,
magnetic components of different functions are implemented
individually as discrete components, taking up a large portion
of the converter volume. Coupling multiple inductors and
transformers with a shared magnetic core offers reduced
magnetic size and loss, increased level of integration, higher
converter efficiency, and higher power density [2]-[7].
There are two fundamental ways of coupling magnetic
components: series coupling and parallel coupling [8], each
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Fig. 1. Coupled magnetic structures: (a) series coupled; (b) parallel coupled;
(c) matrix coupled.

offering distinct advantages in reducing current ripple and
magnetic size for power converters. In the series coupled
magnetic structure, windings with in-phase voltages are cou-
pled by a serial flux linkage, as shown in Fig. la. Examples
are multi-winding transformers and series coupled inductors.
For the multi-winding transformer, cross-sectional area of
the magnetic core doesn’t scale up with the winding count,
but depends on the maximum volt-second-per-turn of all the
windings [9]-[14]. The total VA power rating scales faster
than the transformer volume [2]. Thus, integrating many
transformers into a single multi-winding transformer with the
same total power rating can reduce the overall transformer
size. For the series coupled inductor, winding current rip-
ple can be reduced given the same self inductance. It has
been successfully implemented in lots of topologies such as
Cuk, SEPIC, and tapped-inductor buck or boost converters,
and has been proven to offer improved efficiency, reduced
converter size, and more benign control characteristics [15]-
[19]. Moreover, by adjusting the leakage inductance and turns
ratio, current ripples can be steered among the series coupled
windings [15], [16]. With appropriate configuration, current
ripples on specific windings can be significantly decreased,
even to zero, which is beneficial to ripple-sensitive applications
like microprocessor power supplies [20].

Figure 1b plots the parallel coupled magnetic structure,
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Fig. 2. Example PWM topologies that may apply matrix coupled magnetics: (a) multiphase SEPIC; (b) multiphase ZETA; (c) multiphase Cuk; (d) multiphase
tapped-inductor buck; (e) multiphase tapped-inductor boost; (f) multiphase flyback.

where windings on multiple core legs are coupled by parallel
flux linkages. Parallel coupled inductors are widely used in
interleaved multiphase topologies [21]-[30]. In these convert-
ers, interleaved winding voltages lead to ripple cancellation
between winding currents. The resulting reduced current rip-
ples in all circuit components (switches, inductors, capacitors,
etc.) and PCB traces decrease power losses and extend the
operation range of continuous-conduction mode (CCM). In
parallel coupling with equally-shared phase currents, magneto-
motive forces (MMF) from parallel coupled windings cancel
each other. Almost entire dc inductive energy is stored in
leakage fluxes. Due to current ripple reduction, small leakage
inductance is allowed, which can reduce total energy storage
and boost transient performance [24]-[31]. Since the majority
of dc fluxes are leakage fluxes that flow through high reluc-
tance paths, current saturation ratings are greatly improved.
This paper presents a matrix coupled magnetic structure
that combines both series coupling and parallel coupling, as
shown in Fig. 1c. Motivations for merging multiple discrete
magnetics into one origin from their voltage relationships —
magnetics with in-phase voltages can be coupled in series on
the same core leg, while magnetics with interleaved voltages
can be coupled on parallel core legs. Benefiting from both
series and parallel couplings as well as interleaving, matrix
coupled magnetics can achieve miniaturized magnetic size
and inductive energy storage, reduced current ripple and
power loss, and improved transient response. Similar coupled

magnetics applied in current doubler rectifier [32], [33], dual
flyback [34], multiphase LLC [35], and cross commutated
buck converters [36] are a subset of the generalized matrix
coupled magnetic structure presented in this paper. A sys-
tematic analysis of the current ripple reduction mechanism is
performed, revealing the fundamental benefits of matrix cou-
pling. The transient performance of matrix coupled inductors
is demystified, providing guidance on large- and small-signal
modeling. A figure of merit (FOM) based on current ripple
and transient performance is defined to quantify the benefits
obtained from matrix coupling.

To validate the matrix coupled magnetic structure and
theoretical analysis, a four-phase matrix coupled synchronous
SEPIC converter with planar PCB integrated magnetics is
designed and tested. The prototype measures 0.392 in? in vol-
ume and is capable of flexibly delivering power from 1~5 V
input to 1~5 V output. At 5 V-to-1 V voltage conversion, the
prototype can support load current up to 185 A with power
density over 470 W/in®. Compared to discrete commercial
inductors of similar current ratings and ripples, the matrix
coupled inductor reduces the magnetic component size by over
5.6 times and increases the transient speed by over 8.5 times.

In the remainder of this paper, Section II demonstrates
several example PWM topologies that may apply matrix
coupled magnetics. Section III performs a systematic analysis
of current ripple reduction for matrix coupled magnetics.
Section IV reveals the transient performance, quantifies the
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matrix coupling benefits, and provides insights for large- and
small-signal modeling. Section V details the design of a four-
phase matrix coupled synchronous SEPIC prototype. Exper-
imental verifications are summarized in Section VI. Finally,
Section VII concludes this paper.

II. EXAMPLE PWM TOPOLOGIES WITH MATRIX COUPLED
MAGNETICS

Matrix coupled magnetics are generally applicable to power
converters that have both in-phase and interleaved voltage
relationships between magnetic components. In-phase voltages
motivate series coupling to reduce cross-sectional core area,
and interleaved voltage excitations motivate parallel coupling
to reduce ac current ripples. Typical examples are multiphase,
multi-order PWM converters [37], as shown in Fig. 2.

Figures 2a-2c plot a series of multiphase buck-boost topolo-
gies (SEPIC, ZETA, and Cuk) with matrix coupled inductors.
Each topology contains two inductors and one capacitor per
phase. Given that the capacitor maintains stable dc voltage,
two inductors of each phase have identical square wave
voltages and thus are coupled in series on the same core leg.
Many phases on different core legs are coupled in parallel
and are operated in interleaving. Figures 2d-2e plot some
multiphase tapped-inductor topologies, where two windings
of each tapped inductor are originally series coupled. The
turns ratio can be adjusted to enlarge voltage conversion
ratio, but in-phase square wave voltages are always applied
to the series coupled windings. Through parallel couping
and multiphase interleaving, ac current ripples on the tapped
inductors are decreased, enabling the use of a smaller magnetic
core with faster transient speed. Figure 2f shows an isolated
matrix coupled converter based on flyback topology. In the
flyback converter, transformer windings are coupled in series.
While providing the functions of galvanic isolation and voltage
conversion, the transformer also needs to store energy due
to dc magnetizing current. Applying matrix coupling and
interleaving operation to the multiphase flyback converter can
help reduce the required energy storage in the transformer.

Matrix coupled converters in Fig. 2 are constructed based
on identical switching converter cells connected in parallel.
One can also combine multiple switching cells of different
types into a composite converter [38] or sigma converter [39]
to leverage the resulting mutual advantages.

III. CURRENT RIPPLE REDUCTION MECHANISM OF
MATRIX COUPLED MAGNETICS

This section systematically analyzes the current ripple re-
duction mechanism of the matrix coupled magnetics when
operated under PWM voltage excitations. Fundamental ripple
reduction benefits from both parallel and series couplings are
revealed. The analysis is first performed based on symmetric
matrix coupling structures where series coupled windings
of each phase have the same voltages, winding turns, and
leakage reluctance and winding configurations across parallel
coupled phases are identical. Matrix coupling structures are
then generalized as asymmetric series coupling plus symmetric
parallel coupling, in which the above-mentioned quantities
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Fig. 3. Equivalent magnetic models for the matrix coupled magnetics: (a)
magnetic circuit model; (b) inductance dual model.
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Fig. 4. (a) Interleaved winding voltages for parallel phases. (b) Modified
inductance dual model where windings of each phase are combined as one
port delivering the summed currents into the inductance network.

may vary across series coupled windings, but parallel phases
are still identical. In this case, current ripples can be steered
among the series coupled windings. Although asymmetric
parallel coupling is not elaborated in this paper, it shares the
same ripple reduction principles and benefits as the symmetric
cases. The discussed conditions herein already cover most of
the matrix coupling applications, especially the multiphase
topologies. Following current ripple analysis is based on CCM
operation, but related analysis in discontinuous-conduction
mode (DCM) can emulate the procedures presented below.

A. Phase Current Ripple Reduction by Parallel Coupling and
Multiphase Interleaving

Assume the matrix coupled magnetic component in Fig. Ic
contains M parallel core legs, and on each leg are wound
N series coupled windings. Figure 3a plots its equivalent
magnetic circuit model [40]. Each core leg is modeled as a
circuit branch with a leg reluctance Ry, and N MMF sources.
Given that parallel coupled phases are symmetric, the leakage
fluxes between phases can be modeled as a central branch with
an equivalent reluctance R¢c. Applying topological duality
to the magnetic circuit model leads to the inductance dual
model [41]-[44], as shown in Fig. 3b. In the inductance dual
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Fig. 6. Equivalent inductance dual model per phase for non-interleaved
voltage excitations.

model, effective resistance can be further added in parallel with
1/R¢ and 1/Ry, to capture the core loss of each portion of the
magnetic core, or in series at each port to capture the winding
conduction loss [8]. In a well-designed magnetic component,
these effective resistors are usually small enough and have
negligible impacts on the current ripple. Thus, they are ignored
in the analysis below.

As a start, symmetric series coupling with the same winding
voltages and number of turns (denoted as n) is considered.
Cases with unmatched voltages or number of turns can be
converted back to Fig. 3b as long as the series coupled
windings have the same voltage-per-turn. More general cases
allow unmatched voltage-per-turn for series coupling and are
discussed later in Section III-C. In the case of symmetric
coupling, series coupled windings driven by identical voltages
can be combined as one port delivering the summed winding
currents into the inductance network, as shown in Fig. 4b.
Summed current ripple of each phase is related to all the
voltage excitations vy, ...,vp7, Which become phase-shifted
square wave voltages (in Fig. 4a) under multiphase interleaved

operation. We analytically derive the current ripple based
on superposition. Figure 5 illustrates the key steps of the
superposition analysis. Denote the summed winding current
ripple in the k*" phase as Aiy. Interleaved voltage excitations
v1, ..., U3 have identical voltage patterns so that their positive
volt-second integrals of one cycle are the same (denoted as o).
M superposition subcircuits are created. In each subcircuit, the
square wave voltage results in triangular ac currents in the two
parallel inductors, and their peak-to-peak ripple values are:

(Bin)yy = L (Bicw),, = TC )
In the inductance dual model, each branch inductor (1/R},) is
only excited by its parallel voltage source, while the shared
inductor (1/R¢) is excited by all voltage sources. The overall
shared inductor current ripple (Ai¢) is the summation of the
interleaved triangular current ripples (Aicg) in all subcircuits,
so its peak-to-peak current ripple is:

M
. ) I'MoRe
(Aic),, = (Z Al0k> =—0 )
k=1 pp
where I is the ripple cancellation ratio of the summed inter-
leaved triangular currents [8]:
k+1—DM)(DM — k) k k+1
for —<D<—— (3
(1— D)DM? Vi @
Since Ai¢ and Airpy are synchronized to the PWM switching
clock, summing their peak-to-peak values results in the peak-
to-peak ripple of Aij for the interleaved operation:

.

. \interleave 1 . .
(i) = — (i) + (Dizk)pp)
o(TMRe + Ry) @

B) .

n
If the M phases are not interleaved and driven by synchro-
nized voltage excitations, the inductance dual model can be
equivalent to multiple standalone ones as shown in Fig. 6.
Then the peak-to-peak ripple of Ay becomes

. \non—interleaved a MfRC + jQL
(Alk)pp = % (5)
Define the parallel coupling coefficient as 8 = MR¢/Ry. A
higher 3 indicates a stronger parallel coupling. Define the ratio
between the peak-to-peak values of Aij with interleaved and

non-interleaved operations as 7:

. \interleaved
der  (Din)y _ (TMRo +Ry) _ 1460
(Aik)an—inte'rleaved (MCRC + :RL) 1+ ﬂ :

(6)

The analysis above reveals that the benefits of parallel
coupling fundamentally come from multiphase interleaving.
Similar conclusion is drawn from a different perspective in [8].
If parallel-coupled phases are operated in a non-interleaved
manner, they are equivalent to multiple discrete inductors of
Mﬂzziirﬂh’ as indicated by Fig. 6. In this case, phase current
ripples, power losses, magnetic energy storage, and transient
speed are all the same as the discrete ones. Only if the parallel
phases are both coupled and interleaved, the phase current
ripple is reduced by a factor of , which is determined by
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Fig. 7. Magnetic models when considering leakage inductance between series
coupled windings on each core leg: (a) magnetic circuit model; (b) inductance
dual model.
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Fig. 8. Mapping the inductance dual model back to the one without R .

£ and T'. As implied by (6), with a strong parallel coupling
coefficient (i.e., 5 — o0), v approaches I'. If the coupling
is weak (i.e., 8 — 0), v reduces to one, and then no ripple
reduction is achieved.

B. Impacts of Series Coupling on Winding Current Ripple
Reduction

Equation (6) reveals the benefits of parallel coupling as-
suming the series coupled windings are perfectly coupled. To
capture the impact of non-ideal series coupling, the leakage
flux between windings on the same core leg is modeled as a
leakage reluctance (R ) in parallel with each MMF source as
shown in Fig. 7a. In the inductance dual model of Fig. 7b,
the parallel leakage path is then converted to a series leakage
inductance (1/Rg) at each port. Define the series coupling
coefficient as « = NRg /Ry. We analyze the current ripple
under the impacts of series coupling by mapping its inductance
dual model (in Fig. 7b) back to the one without leakage
inductance R (in Fig. 3b). The mapping process is illustrated
in Fig. 8 with parameter mapping described as:

Rr
RC P ter Mappi :R/L

(Fig. 7b) |Rp| ———= TP, 1R, | (Fig. 3b). (7)
«a B

B

TABLE I
KEY PARAMETERS OF CURRENT RIPPLE ANALYSIS
FOR SYMMETRIC MATRIX COUPLING

Series Coupling Coefficient a= J\TWWLK

Parallel Coupling Coefficient B = Aggic

Matrix Coupling Coefficient Ko = %
Current Ripple Reduction Ratio v = %

o (MRc+Rp)|INRK)

non—interleaved
(A0 *

non—interleaved

(A’L )7,nte'rleaved X (Alk)pp

)1nterleaved (AZ )wﬂerleaved

1
(Alwzndl'ng N

Since the two inductance dual models in Fig. 8 are equivalent
and should have the same impedance matrix, the parameter
mapping relationship can be obtained as

=Ri||NRk
MRy = (R, + MRo)||INRg — R ||[NRg )
def M:R/C Ozﬂ
aﬂ *B =

R 1+a+p

K3, determined by a and 3, is the matrix coupling coeffi-
cient, which describes the overall coupling strength among all
the windings in the matrix coupled magnetics. After model
mapping, phase current ripple and its reduction ratio when
considering the series coupling coefficient can be analyzed in
the same way as in Section III-A.

Table I lists the summarized parameters of the current ripple
analysis for symmetric matrix coupling. Here, impacts of
both the series and parallel coupling coefficients are included.
As indicated by Table I, compared to the non-interleaved
operation, multiphase interleaving can reduce the peak-to-peak
phase current rip Cple by a factor of . The phase current ripple
((Aik);?)terleave ) is the summation of winding current ripples
in each phase and will be equally split across the series coupled
windings if they have the same leakage inductance (1/Rg). In
this case, « is also the current ripple reduction ratio for each
winding current:

interleaved

(Adwinding) (A 'k);;?;te’r‘leaved
! d = ; —i 1 a7
(Azwzndwzg)non interleave (Alk);:;n interleave

)
A higher o or 3 results in a higher K so that v will be lower.
Therefore, both strong series coupling and parallel coupling
are preferred in order to achieve lower current ripples and
larger benefits for matrix coupled magnetics.

C. Asymmetric Series Coupling and Current Ripple Steering

The above analysis is based on symmetric series coupling
when all windings are continuously conducting. In some appli-
cations, however, series coupled windings can have different
turns ratio and voltages (e.g., tapped-inductor topologies) or
intermittent winding currents caused by switching behaviors
(e.g., flyback topology). If certain windings are disconnected
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Fig. 10. Current ripple steering among the series coupled windings in the k"
phase. If the windings have identical volt-per-turn, the phase current ripple
Ay, will be linearly divided into each winding by a steering coefficient s;.

due to switching, current ripples will be distributed among
the other conducting windings, but the summed current ripple
of each phase still follows the analysis above as long as the
voltage relationships are always applied. Therefore, without
loss of generality, we assume all the windings are always
conducting. Figure 9 plots a generalized inductance dual model
referring to the series coupled windings in the k*" phase.
Winding voltage vy, turns ratio n;, and leakage inductance
1/R; are all independent. As shown in the figure, the multi-
source inductance network can be converted to a single-source
Thevenin-equivalent network with equivalent quantities as:

N Neq N :RKJ.U]‘
Reqg = ZRK]., Veq = 7 Z = a0
j=1 € =1 J

Neq 1 a reference turns ratio and can be anyone of n; ~ ny.
Then the Thevenin-equivalent network can be substituted into
the model in Fig. 8, following the same procedures above to
get the phase current ripple Aiy.

For general asymmetric series coupling, how phase current
ripple Aiy, is distributed into series coupled windings depends
on winding voltage, turns ratio, and leakage inductance. There
is no general solution to the winding current ripple. Instead,
it needs to be analyzed case by case. However, if all series
coupled windings share the same voltage-per-turn, Aij will be
linearly split into each winding, proportionally to its leakage
reluctance fRKj, as shown in Fig. 10. As explored in [15],
there are opportunities to steer the current ripple among series
coupled windings by adjusting the leakage reluctance. The
steering coefficient and current ripple for the ;" winding in
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Fig. 11. (a) Duty ratio command for each phase keeps identical during
transients. (b) Switching-cycle averaged voltage of each winding is identical.
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Fig. 12. (a) Switching-cycle averaged model for each winding. (b) Equivalent
inductance seen at each winding during transients.

the k' phase are:

— CRKJ' Ai _ Ai
= ﬂ, i = Sj X QAlg.
i=1 i

Equation (11) indicates that, with appropriate adjustment of
leakage reluctance, switching current ripples on specific wind-
ings can be reduced to nearly zero. Rippleless winding currents
can be used at important outputs to supply ripple-sensitive
applications or to reduce the filtering capacitor size.

(11

Sj

I'V. TRANSIENT PERFORMANCE AND FIGURE OF MERIT

Besides the current ripple, another important metric for a
matrix coupled inductor is the transient performance, which
impacts converter dynamics and control design. The transient
performance of the matrix coupled inductor can be analyzed
based on switching-cycle averaging. To analytically derive the
transient inductance, symmetric matrix coupling is assumed.
Asymmetric cases can emulate the analysis below.

In a multiphase PWM converter with the matrix coupled
inductor, duty ratios of parallel phases are usually identical.
Under the control methods that maintain the same duty ratio
for parallel phases during transients, all the windings will
always have identical square wave voltages (same amplitude
and pulse width), as shown in Fig. 11a. Applying switching-
cycle averaging to the inductance dual model (Fig. 11b),
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Fig. 14. FOM as a function of duty ratio (D) for various numbers of phases
(M) and coupling factors (K, g).

the averaged winding voltage is the same for each winding,
regardless of phase shifts. It indicates that in the switching-
cycle averaged model, all the windings are always driven by
identical voltage excitations. In this case, each winding can
be modeled as an individual inductance network, as shown in
Fig. 12a. Therefore, the equivalent inductance seen at each
winding during transient (defined as transient inductance L,
in Fig. 12b) is:

n2N

Ly = .
T (MR + Rp)|[NRg

12)

Ly, determines the transient performance of the matrix cou-
pled inductor under common-mode excitations. A smaller L,
enables the designer to achieve a faster transient response with
proper closed loop control [24]. This paper only discusses this
common-mode transient inductance, for it is typically used to
solve the input or output transient speed and can indicate the
scaling trend of the transient performance for matrix coupled
magnetics. Transient response for parallel coupled inductors
under differential-mode excitations is discussed in [30].

Under common-mode excitations, the averaged component
voltages and currents of using the matrix coupled inductor is
the same as using discrete inductors L;,.. Therefore, the large-
and small-signal models can be developed by treating the
matrix coupled inductor as multiple discrete Ly, as illustrated
in Fig. 13. To quantify the benefits of matrix coupling, a figure
of merit (FOM) is defined by comparing the current ripple of
a matrix coupled inductor (under interleaved operation) to that
of using discrete Ly,.:

. tric— led
FOM & (Adwinding)p, """ 14 Kol _ .
(Aiwinding)igscreteillh 1 + Kaﬁ

13)
The FOM describes the current ripple reduction ratio of using
a matrix coupled inductor compared to using discrete inductors
given the same transient performance. A lower FOM indicates
a lower current ripple than that of discrete inductors and larger
benefits. Accordingly, the effective steady state inductance L
that has the same steady state current ripple can be expressed
as: Lgs = Ly /7.

Equation (13) also implies that the ripple reduction ra-
tio between using matrix coupled inductor and discrete Ly,
equals the ripple reduction ratio between interleaved and
non-interleaved operations for the matrix coupled inductor
itself. This is consistent with the fundamental characteristics
of matrix coupling: L., is in effect the equivalent winding
inductance under common-mode voltage excitations, so it is
equal to the effective winding inductance when operated by
non-interleaved (synchronized) PWM signals. Consequently,
current ripple of discrete L., is the same as that of the matrix
coupled inductor under non-interleaved operation, and thus
FOM equals ~. Figure 14 plots the FOM as a function of
duty ratio with different phase numbers (M) and coupling
factors (K ). Conclusion can be drawn that a higher number
of parallel phases or a stronger matrix coupling coefficient
results in lower FOM across the full duty ratio range.

V. PROTOTYPE DESIGN OF A FOUR-PHASE MATRIX
COUPLED SYNCHRONOUS SEPIC CONVERTER

A. Matrix Coupled Inductor Design

To validate the matrix coupled magnetic structure and the
theoretical analysis, a four-phase matrix coupled synchronous
SEPIC converter is designed and built. Figure 16 shows the
circuit topology, in which eight discrete PWM inductors are
merged into one matrix coupled inductor. The matrix coupled
inductor is implemented as planar PCB integrated magnetics
utilizing a four-leg planar magnetic core as shown in Fig. 17.
The magnetic core is built with Ferroxcube 3F4 material and
takes up 12 mmx13 mm board area. Two core pieces are
stacked as an EE-type structure with 5.25 mm total height. The
magnetic core is four-way symmetric, allowing for identical
parameters across the four phases. Details about this core
shape design are provided in [29]. A ladder core structure
as presented in [8] is also applicable.

Figure 17b plots the cross-section view of the magnetic core
and annotated inductor winding configurations. The labeled
winding current directions follow the defined ones in Fig. 16.
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Fig. 15. Alternative winding designs of the matrix coupled inductor based on an 8-layer PCB board of 3-0z copper thickness: (a) side by side; (b) non-
interleaved overlapping; (c) interleaved overlapping. Assume each inductor current is I, MMF diagrams for windings in the window area are plotted along

horizontal and vertical directions.
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Fig. 16. Circuit topology of the four-phase matrix coupled synchronous

SEPIC converter.
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Fig. 17. Four-leg magnetic core built with Ferroxcube 3F4 material: (a) EE-
type core structure; (b) cross-section view and inductor winding annotations.

As shown in Fig. 17b, two inductor windings of each phase are
wound on the same core leg and their ac currents flow in the
same direction, whereas ac winding currents of neighboring
phases flow reversely in the shared window area. It might
lead to concentrated currents on adjacent conductor surfaces
between phases due to the proximity effect. Thus, an appro-
priate winding design is needed to reduce the ac resistance.

Figure 15 shows three feasible PCB winding designs based
on an 8-layer PCB board of 3-o0z copper thickness. MMFs
of the windings are plotted in both horizontal and vertical
directions across the window area. Figure 15a shows a side-
by-side winding design, where windings of neighboring phases
are placed side by side in the window area. Each inductor
comprises four layers of windings connected in parallel and
takes up half of the window width. Assume each inductor
current is I;. In the window area, MMFs of two reverse
inductor currents on the same layer cancel each other, so the
MMF along vertical direction remains zero. Along horizontal
direction, the opposite winding currents on the left and right
sides enhance the magnetic flux, resulting in a maximum MMF
of 2I;, in the center. Figure 15b shows a non-interleaved
overlapping design, in which windings between phases take
up the full window width and are overlapped in the window
area. Winding layers between phases are not interleaved but
separated into top and bottom halves of the PCB. Each
inductor is comprised of two layers of windings connected
in parallel. Due to the overlapped windings, MMFs of reverse
currents cancel along horizontal axis, but the opposite currents
of the top and bottom halves result in a maximum MMF of 27},
in the middle of vertical direction. Figure 15c¢ plots the inter-
leaved overlapping winding design, where windings between
neighboring phases are both overlapped in the window area
and interleaved across PCB layers. The interleaved winding
layers can effectively reduce the MMF along vertical direction.
The maximum MMF along vertical direction is Ir,/2, and
MMF along horizontal direction remains zero. Accordingly,
the interleaved overlapping winding design maintains low
MMFs in both the horizontal and vertical directions.

For the three winding designs in Fig. 15, dc resistance of
the windings in the window area is the same, but ac resistance
varies. Figures 18 and 19 shows the finite-element-method
(FEM) simulations of magnetic field distributions and ac
winding current distributions respectively. The simulations are
performed by applying a 1-MHz sinusoidal current excitation
of 10-A amplitude to each inductor, and eddy current effects
are captured for each winding. Since the core has a large
permeability ficore > po, the H field of leakage flux in
the window area is much higher than in the core. The FEM
simulation results are consistent with the MMF analysis in
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Fig. 18. FEM simulation of magnetic field strength distributions inside core and window area in the designs of (a) side by side; (b) non-interleaved overlapping;
(c) interleaved overlapping. Each inductor is driven by a 1-MHz sinusoidal current excitation of 10-A amplitude. Copper thickness and current directions are

consistent with Fig. 15.
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Fig. 19. FEM simulation of ac winding current distributions in the designs of (a) side by side; (b) non-interleaved overlapping; (c) interleaved overlapping.

Simulation conditions are the same as in Fig. 18.
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Fig. 20. PCB winding patterns on (a) layer 1 & layer 3, (b) layer 2 & layer 4,
(c) layer 5 & layer 7, and (d) layer 6 & layer 8.

Fig. 15. For the side-by-side or non-interleaved overlapping
design, the H field mainly flows vertically in the center
of the window area or flows horizontally and concentrates
between middle layers. As for the interleaved overlapping
design, the major H field in the window area also flows
horizontally along the conductor layers, but it maintains low
and is well balanced across different layers. The high H field
in the side-by-side and non-interleaved overlapping design
causes concentrated current at nearby conductor surfaces with
increased ac resistance, as shown in Fig. 19. Consequently,
the interleaved overlapping design has the most balanced ac
current distribution with the lowest ac resistance, and thus is

L

zZ
Nz
X

Fig. 21. 3-D structure of the matrix coupled inductor. Winding terminal
connections of phases 1 & 2 are plotted for demonstration. Phases 3 & 4 are
centrosymmetric to phases 1 & 2. The multilayer overlapped implementation
of multiple windings enables greatly reduced ac resistance.

IL12

selected.

Detailed winding pattern design on each PCB layer is plot-
ted in Fig. 20. Circuit connections and current flow direction
of each winding (as defined in Fig. 16) are labeled in the
figure. The overall 3-D structure of the planar matrix coupled
inductor is shown in Fig. 21, where parallel winding terminal
connections of phases 1 & 2 are drawn for demonstration.
Winding patterns and terminal connections of phases 3 & 4
are symmetric to phases 1 & 2.

B. Prototype of the Matrix Coupled SEPIC Converter

The matrix coupled SEPIC prototype is designed to flexibly
deliver power from 1 V~5 V input to 1 V~5 V output.
Figure 22 shows the annotated prototype from top, bottom,
and side views. The prototype measures 35 mm X 35 mm in
area and 5.25 mm in height. Its total volume is 6431 mm? (i.e.,
0.392 in’). On the converter, the matrix coupled inductor is
located in the center with four phases of SEPIC surrounding it.
As a result, both the matrix coupled inductor and the overall
converter structure are centrosymmetric, facilitating keeping
balanced parameters across the four phases.
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Fig. 22. Annotated matrix coupled SEPIC prototype: (a) top view; (b) bottom
view; (c) side view. The prototype measures 35 mm X 35 mm X 5.25 mm.

Fig. 23. External winding setup: (a) two winding options; (b) current
measurement setup; (c) compact winding setup for high power density;

In the matrix coupled SEPIC converter, blocking capacitors
might resonate with the leakage inductance of the coupled
inductor. To avoid resonance and keep the blocking capac-
itors working as dc sources, sufficient leakage inductance
is needed for maintaining the resonant frequency far less
than the switching frequency [36]. In this design, as shown
in Fig. 22, through-hole connections for external windings
are reserved to adjust the leakage inductance. Figure 23a
shows two alternative external windings: current measurement
loop (27 nH) and compact rectangular winding (10 nH),
and their assembly setups are shown in Figs. 23b and 23c,
respectively. To achieve high power density, the compact
rectangular winding is designed to reduce the height so that
the prototype thickness is only determined by the magnetic
core as shown in Fig. 22c. In the following experiments,
all the current measurements are performed with the current
measurement loop. Efficiency and maximum output power
are measured based on the compact rectangular winding.
As implied by Fig. 7, the external winding inductance can
be merged into 1/Ry to directly leverage the developed
analysis of current ripple and transient performance. Table II
lists detailed component descriptions and equivalent magnetic
parameters of the two external winding setups. Following
experiments are performed based on the parameters in Table II,
unless otherwise specified. The leakage inductance of external
windings can be further integrated into the matrix coupled
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TABLE 11
BILL-OF-MATERIAL OF THE MATRIX COUPLED SEPIC PROTOTYPE

Device & Symbol |

Low Side Switch, S11 ~ Sa1
High Side Switch, S12 ~ S42
Switch Gate Driver
Blocking Capacitor, Cg; ~ Cpy
Input Capacitor, Cyn1 ~ Crn4a
Output Capacitor, Coyr1 ~ Coura

Description

Infineon BSZ010NE2LS5
Infineon BSZ011NE2LS51
TI LM5114
X5R 6.3 V, 100 uFx6
X5R 6.3V, 100 uFx6
X5R 6.3 V, 100 uFx 10

Ferroxcube 3F4
1.02 x 106 H~!
19.9 x 106 H!

36.9 x 10 H~!
99.0 x 106 H~!
* Equivalent Ry, including the external winding inductance. (1) is for the
current measurement loop. @ is for the compact rectangular winding.

Core Material
Core Leg Reluctance, Rp,
Leakage Reluctance, R

Winding Leakage Reluctance, Ry,"
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Fig. 24. Measured two switch-node voltages, a blocking capacitor voltage,
and an inductor current (as defined in Fig. 16), when V;,, = 5 V, Vout =
3.3 V,Iout =50 A,and fs,, = 806 kHz.

inductor design for maximizing the power density.

Figure 24 plots the measured steady state operation wave-
forms when the prototype is switching at 806 kHz and
converting 5 V into 3.3 V with 50 A load current. As shown
in the figure, the blocking capacitor remains stable voltage
without resonance, functioning like a dc source as expected.
Inductor current ripple is reduced at a frequency of four times
the switching frequency due to the multiphase interleaving.

VI. EXPERIMENTAL RESULTS
A. Inductor Current Ripple and Converter Dynamics

Current ripple and transient speed are usually tradeoffs for
discrete inductors, whereas the matrix coupled inductor can
achieve both low current ripple and fast transient speed at
the same time. This subsection experimentally validates the
analysis of current ripple reduction, current ripple steering,
and converter dynamics as discussed in Sections III and IV.

Figure 25 plots the current ripple reduction ratio () as
a function of duty cycle (D) for the two external winding
setups and for the case without external winding. Larger
external winding leakage inductance leads to lower coupling
coefficient and larger transient inductance. According to the
magnetic parameters in Table I, matrix coupling coefficients
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Fig. 25. Current ripple reduction ratio as a function of duty ratio with different
external winding setups.

and equivalent transient inductances for the current measure-
ment loop and compact winding setups are: K,z = 37 & 56
and L;, = 52 nH & 35 nH respectively. When directly
connecting without external winding, they are K,z = 78 and
L, = 25 nH. Figure 25 implies that the coupling coefficients
with the two external winding setups are sufficiently high
so that the ripple reduction ratios with and without external
windings are similar. The major difference lies in the transient
inductance Ly, that varies from 25 nH to 52 nH, resulting in
the variation of steady state inductance L4 as well as winding
current ripple. The figure also indicates that inductor current
ripple of the four-phase matrix coupled SEPIC will approach
almost zero when D = k/4, k =1,2,3.

To verify the analysis of current ripple reduction, the matrix
coupled SEPIC prototype (with measurement loop) is tested
under both interleaved and non-interleaved operations when
converting voltage from 1 V to 3.3 V at 1 MHz switching
frequency. In this case, Ly, = 52 nH and L, = 1.07 pH,
as indicated by Fig. 25. Figure 26 shows the measured induc-
tor current ripples, which are well-balanced across the four
phases, indicating a good symmetry of the prototype. Under
interleaved operation, inductor current ripple is the same as
using discrete Lgs and is only 0.8 A. Under non-interleaved
operation, it is the same as using discrete L;, and increases
to 15.5 A. The measured ripple reduction ratio at this duty
cycle is 5.2%, reflecting about 20x current ripple reduction
compared to using discrete inductors with the same transient
speed. The measured current ripples under interleaved and
non-interleaved operations as well as ripple reduction ratio
match well with the theoretically calculated ones (0.72 A,
14.8 A, 4.8%).

The matrix coupled SEPIC prototype is also tested with
asymmetric series coupling to validate current ripple steering.
In the experiment, external winding leakage is adjusted by
changing the size of current measurement loop. Phases 1 & 3
are selected for demonstration. In phase 1, two external
winding leakages are identical (both are 27 nH), while in
phase 3, they are 22 nH and 37 nH respectively. Figure 27
shows the measured winding current ripples of phases 1 & 3.
As indicated by the figure, the summed phase current ripples
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Fig. 26. Inductor current ripple under (a) interleaved operation and (b) non-
interleaved operation. Vi, = 1V, Vout = 3.3V, fsww = 1 MHz, and tested
in the setup with current measurement loops.
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Fig. 27. Measured waveforms for verifying current ripple steering due to
asymmetric series coupling. In phase 1, two external winding leakages are
both 27 nH, while in phase 3, they are 22 nH and 37 nH respectively. The
ripple steering ratio is inversely proportional to external winding leakage
inductances.

are still balanced between phases 1 & 3 (i.e., 7 A = 6.9 A),
because the lumped leakage inductances of the series coupled
windings in the two phases are identical (i.e., 27||27 nH
~ 22||37 nH). Due to asymmetric series coupling, however,
phase current ripple is unevenly distributed between the two
windings in phase 3. The distributed ripple percentage is in-
versely proportional to external winding leakage inductances,
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(b)

Fig. 28. (a) Small-signal circuit model of the four-phase matrix coupled
SEPIC converter. (b) Simplified small-signal circuit model. D is the gate
driving duty ratio of the lower switch Sy, and D’ = 1—D. Assume blocking
capacitors have stable voltages and can be treated as constant voltage sources.

consistent with the analysis in Section III-C.

As discussed in Section IV, converter dynamics of the
matrix coupled SEPIC can be analyzed by replacing the matrix
coupled inductor with discrete L. Then existing modeling
methods for SEPIC converter can be directly applied. Fig-
ure 28 plots the small-signal circuit model of the four-phase
matrix coupled SEPIC. In Fig. 28a, each phase is modeled in
the same way as a conventional SEPIC converter with discrete
Ly,, and small-signal circuits of multiple phases are connected
in parallel. An R, is inserted to capture the power losses of
each phase. The simplified small-signal circuit of four parallel
phases is plotted in Fig. 28b, indicating that the matrix coupled
SEPIC converter is a second-order system. Accordingly, the
control (CZ) to output (0,,) transfer function can be derived:

(MRO - %Req - M%L”-S) ‘/}N
% + wiQ +1

Vout 1

d  MR,D?+ R,

(14)

2R., + 2M R, D"
Ltr Ro Cout ’

_ Vv 2LtrROCout
B Ltr + 2ReqRoCout

Wy, = (15)

To testify the transfer function, the matrix coupled SEPIC
prototype was operated at 3.3-V input to 3.3-V output with
2.5k R, and 168-uF effective C,,; (considering dc bias
degradation). The equivalent R, is 15.5 m{2. The control to
output transfer function is measured from gate signal to output
voltage in the same way as in [30]. Figure 29 compares the
measured and modeled transfer functions. The discrepancies
mainly come from the errors in the estimated resistance (f2¢,),
non-linear effects in inductors and capacitors, and other factors
that the small-signal circuit model doesn’t capture, such as
deadtime and switching loss.

Figure 30 shows the measured transients during a duty ratio
perturbation from 50 % to 53 %. In this test, the effective
output capacitance Cy,; = 8.8 puF, and the load resistance
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Fig. 29. Modeled and measured bode plots of the control (d) to out-

put (Vout) transfer function. Vi, = 3.3 V, Vour = 3.3 V, few =
1 MHz, effective Coyt = 168 pF, R, = 2.5 k2, and tested in the setup
with current measurement loops.
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Fig. 30. Duty ratio perturbation from 50 % to 53 %. Vi, = 3.3V, Vour =
3.3V, fsw =1 MHz, effective Coyr = 8.8 uF, R, = 0.4 €, and tested
in the setup with current measurement loops. Duty ratio is indicated by the
controller DAC output, using 0 ~ 3.3 V to represent 0 ~ 100 % duty ratio.

R, = 0.4 Q. According to Eq. (15), the resonant frequency of
the control-to-output transfer function is f, = 3= = 333 kHz.
The transient output voltage in Fig. 30 is a typical under-
damped second-order system response. The measured resonant
frequency of the output voltage waveform is 345 kHz, which
is close to the theoretical calculation.

B. Efficiency Measurement and Magnetics Comparison

Figure 31 shows the measured converter efficiency of dif-
ferent conversion ratios when switching at 806 kHz. The
peak efficiency and maximum output power for the 5 V-to-
33V,5 V-to-1 V, and 1 V-t0-3.3 V conversions are (93.2%,
430 W), (90.3%, 185 W), and (93.5%, 170 W) respectively.
The maximum output power in each case is obtained when
the hot-spot temperature reaches around 95 °C under 36 CFM
airflow, as demonstrated in Fig. 32. The measurement re-
sults indicate that the matrix coupled SEPIC prototype can
flexibly deliver power from 1 V~5 V input to 1 V~5 V
output and can deliver up to 185-A output current at 5 V-to-
1 V voltage conversion with power density over 470 W/in>.
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Fig. 31. Measured efficiency of different voltage conversion ratios at 806 kHz
switching frequency. Measured with compact winding setup until 95 °C hot-
spot temperature, when it is marked as the maximum power.

Fig. 32. Full-load hot-spot temperature of the prototype under 36 CFM
airflow. (‘/7,77, =5 V7 Vout =1 V7 Tout = 185 A7 and fsw = 806 kHZ)

Detailed power loss breakdown versus output current for the
5 V-to-1 V voltage conversion is plotted in Fig. 33a. In the
figure, the calculated efficiency based on the estimated power
loss is compared with the measured efficiency. Figure 33b
shows the power loss proportion in the peak-efficiency load
condition and full load condition. At light load, the switching
losses of high side and low side switches dominate and limit
the peak efficiency, while at full load, conduction losses of
inductor windings and high side switches dominate. In the loss
breakdown, winding conduction loss takes up a large portion,
especially at heavy load. Therefore, one straightforward way
of improving converter efficiency is to integrate the external
leakage inductance into the matrix coupled inductor to achieve
lower winding resistance. Besides, by replacing the switches
with lower current-rated ones that have smaller parasitic ca-
pacitance, the switching loss can be reduced, and converter
light-load efficiency (including the peak efficiency) can be
further improved. The tradeoffs are the increased Rgq(on) and
the decreased maximum power rating. It is noticeable that the
switching loss of low side switches is much higher than their
conduction loss, especially at light load. However, the low side
switches are still supposed to keep a similar current rating to
that of the high-side switches in order to maintain balanced
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Fig. 33. (a) Detailed power loss breakdown and calculated efficiency for
5 V-to-1 V voltage conversion at 806 kHz switching frequency. (b) Power
loss proportion in the peak-efficiency load condition (ot = 29 A) and
full load condition (Ioy+ = 185 A). Loss breakdown includes conduction
loss and switching loss of high side and low side switches, Pys. cond,
Prs.sw, Prs.cond> Prs.sw; ESR loss of blocking capacitors Poqp;
inductor winding loss and core loss, Pw inding> Pcore; conduction loss of
PCB traces and vias, PpcoB.

performance across wide buck and boost conversion range.

According to Fig. 25, the designed matrix coupled inductor
(with compact winding) has the same fast transient speed as
a 35-nH discrete inductor and maintains the same low current
ripple as a 302-nH discrete inductor at 5 V-to-1 V voltage
conversion. Figure 34 compares the matrix coupled inductor
with the state-of-the-art commercial discrete inductors. Here,
Coilcraft SER1412-301ME inductor that has similar current
ripple and current rating is selected. Both the magnetic core
and inductor windings (i.e., PCB & external windings) are
included in the matrix coupled inductor for the size compar-
ison. The box volume of eight discrete inductors and one
matrix coupled inductor are 16,978 mm?® and 3,024 mm?,
respectively, indicating over 5.6 times size reduction.

To further compare the converter performance, the four-
phase SEPIC prototype is also tested with discrete inductors as
shown in Fig. 35a. Figure. 35b plots the converter efficiency
with the matrix coupled inductor and with discrete inductors,
which are almost the same. It is consistent with the analysis
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Fig. 34. Size comparison between commercial discrete inductors and the
matrix coupled inductor. The background grid cell size is 1 cm. Comparison
is based on the same current ripple, similar winding dc resistance (DCR),
and similar current ratings (i.e., Irms > 40 A with inductor temperature
rise less than 40 °C) when converting voltage from 5 V to 1 V at 806 kHz
switching frequency. Box dimensions (lengthxwidthxheight) of the eight
discrete inductors and the matrix coupled inductor are 44 x30.48 x 12.66 mm?
and 24x24x5.25 mm?3, respectively.
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Fig. 35. (a) Four-phase SEPIC prototype equipped with discrete inductors.
(b) Efficiency comparison of the SEPIC prototype with one matrix coupled
inductor (compact winding) and with eight discrete inductors.

since they have the same current ripple and similar winding
resistance. Figure 36 shows the measured open-loop transient
response of the two inductor setups during a duty ratio
step change. As indicated by the figure, the matrix coupled
inductor can significantly improve the transient performance
by reducing both settling time and voltage overshoot. Con-
sequently, compared to commercial discrete inductors, the
designed matrix coupled inductor can reduce total magnetic
volume by over 5.6 times and improve the transient speed by
over 8.5 times (i.e., Ly, reduced from 300 nH to 35 nH) while
maintaining similar current ripple and current rating.

VII. CONCLUSION

This paper presents a matrix coupled magnetic structure
that combines both series coupling and parallel coupling. A
systematic analysis of the current ripple reduction is per-
formed, which implies that current ripple reduction funda-
mentally comes from multiphase interleaving, and coupling
coefficients will scale the ripple reduction ratio gained from
interleaving. To have lower current ripple, both stronger series
coupling and parallel coupling are preferred. Current ripple
steering due to asymmetric series coupling is discussed, and
steering ratios are derived. By adjusting steering ratios, ripple
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Fig. 36. Measured open-loop transient waveforms of the SEPIC prototype
with (a) matrix coupled inductor (compact winding); (b) discrete inductors.
Duty ratio steps from 17% to 41.9%. V;, = 5 V; Vout changes from 1 V to
33V, Iout =20 A; fsw = 806 kHz; effective Coyt = 300 pF.

can be steered away from specific windings, beneficial to
ripple-sensitive applications. The transient performance of the
matrix coupled inductor is demystified, providing guidance on
converter dynamics analysis and large- or small-signal model
derivation. To quantify the benefits of matrix coupling, a FOM
is defined by comparing the current ripple of a matrix coupled
inductor to that of a discrete inductor given the same transient
speed. The comparison results indicate that a higher number of
phases and a stronger matrix coupling coefficient will amplify
the benefits of matrix coupled inductors compared to discrete
ones. A 1 V-to-5 V input, 1 V-to-5 V output, four-phase matrix
coupled synchronous SEPIC converter was designed and built.
The matrix coupled inductor is implemented as a PCB planar
magnetic component with an optimized winding design to
reduce ac resistance. The matrix coupled SEPIC prototype
achieves a maximum power density over 470 W/in® at 5 V-
to-1 V voltage conversion. Compared to discrete commercial
inductors, the designed matrix coupled inductor has a 5.6 times
smaller size and 8.5 times faster transient speed with similar
current ripple and current rating. The experimental results
validate both the matrix coupling concept and the theoretical
analysis.
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