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A Discrete Coupled Multiphase Interleaved LLC
Converter With Symmetrical Components Analysis

Xiang Zhang *“, Shangzhi Pan

Abstract—This article proposes a coupling structure and a gener-
alized analysis approach for multiphase interleaved LLC converters
that applies to all odd phases that can simultaneously improve
the current balancing in all interleaved phases. First, a discrete
coupled inductor array (DCIArray) structure is proposed, and its
magnetic circuit model is analyzed in detail; then, the generalized
symmetrical component theory is introduced to decouple the in-
ductance matrix to the sequence impedance, with expansion to
all odd-phase LLC converters, and then, the sequence impedance,
coupling coefficient, components tolerance impacts, and extended
voltage gain with control architecture are discussed under the
corresponding models; finally, the recommended design for three-
phase and five-phase DCIArray was discussed. Experiments based
on both three-phase and five-phase prototypes have proved that
the proposed scheme has excellent current sharing in almost all
frequency ranges.

Index Terms—Coupled inductor, current balancing, interleaved,
multiphase LLC, sequence impedance, symmetrical components
theory.

I. INTRODUCTION

IGH-EFFICIENCY resonant dc—dc converters have now

been widely accepted and applied in industrial and com-
mercial fields, among them, the LLC converter is the most pop-
ular, thanks to its well-investigated electrical mechanism [11],
[18], [39], practical control techniques [12], [15], [20], and
possibility of integration in massive manufacturing [2], [19].
Therefore, it is not surprising that many researchers are pushing
LLC converter to its limit, especially in high current demanding
fields like modern telecom/ server, where paralleling and current
balancing become a problem.

The origin of current unbalance comes from deviated voltage
gain for different phases, as referred in [26], and a deeper reason
is impedance unmatching, in other words, the tolerance of the
components. Study in [32] has verified that only 5% resonant
components tolerance could cause extreme power distribution
uneven. This problem could be worse in parallel-input—parallel-
output system, where variable frequency control is not a practical
option to help the current sharing.

Manuscriptreceived 31 January 2023; revised 21 April 2023; accepted 20 May
2023. Date of publication 25 May 2023; date of current version 22 September
2023. Recommended for publication by Associate Editor X. Pei. (Corresponding
author: Xiang Zhang.)

Xiang Zhang and Praveen Jain are with the Department of Electrical and
Computer Engineering, Queen’s University, Kingston, ON K7L 3N6, Canada
(e-mail: xiang.zhang @queensu.ca; praveen.jain@queensu.ca).

Shangzhi Pan is with the School of Electrical Engineering and Automation,
Wauhan University, Wuhan 430072, China (e-mail: shangzhi.pan@whu.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2023.3279822.

Digital Object Identifier 10.1109/TPEL.2023.3279822

, Senior Member, IEEE, and Praveen Jain

, Fellow, IEEE

To tackle the difficulty of unbalancing current in multiphase
LLC, extensive method has been proposed. Modern current
sharing techniques in multiphase LLC converters can be catego-
rized into three types: control based, auxiliary circuit based, and
topology based. Most studies start with a simple two-phase LLC
converter module, to investigate the current balancing intrinsic,
however, it is remarkable that some strategies have the potential
to expand to multiphase and interleave scenarios, but some are
not.

A. Control-Based Techniques

Pure control-based techniques are cost-friendly and accessi-
ble for all LLC converters as long as the calculation resources
permit, among them the most feasible method is phase shifting.
The main idea of phase shift balancing is using controllable
unbalanced voltage excitation to adjust unbalanced current. The
authors in [23] and [30], respectively, proposed methods of
shifting the primary or secondary full bridges, by generating
a duty cycle adjustable three-level voltage excitation at the
primary or secondary side, to constrain the unbalancing current
in two resonant tanks, this method is straightforward, but each
module requires at least one full-bridge structure to make the
three-level excitation possible; Arshadi et al. [4] take advantage
of the natural current trigonometric principle of three-phase
star connection LLC, by changing the lagging phase angle of
the three phases voltage excitation to correct the unbalancing
current.

B. Auxiliary Circuit-Based Techniques

It is a common application to use auxiliary circuit for current
balancing, more flexible than other techniques but requires more
hardware resources. From a different technical perspective, the
balancing implementation is different.

One intuitive perspective is to control the resonant component
value directly, thus the tolerance of the current sharing sensitive
parameters are under control, for example, the authors in [16]
and [17] insert a full-wave or half-wave switches-controlled
capacitor (SCC) in each phase’s resonant tank, so the equivalent
resonant capacitor value in each phase is under control, and
current sharing is not a problem; the similar idea can be applied
to resonant inductors [27], [38], however, a controllable variable
inductor is much harder to realize in hardware, usually it utilizes
the saturation characteristic of the magnetics, which inevitable
increases magnetic losses.
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Starting with the perspective of partial energy processing, the
auxiliary circuit can deal with the differential power directly,
getting current in LLC modules back to even. Chen et al. [6]
start from an auxiliary winding buck regulator at the rectifi-
cation side; Wang et al. [37] start with an auxiliary winding
dual-active bridge circuit at primary side, both fulfill the purpose
of current sharing in LLC modules by partial energy processing.
Apparently, these balancing techniques require consistent power
monitoring and feedback calculation, and cannot be employed
in open-loop systems.

C. Topology-Based Techniques

Topology-based techniques mainly refer to those methods that
could take advantage of the native current balancing capability
of topology, without introducing extra sampling, calculation,
and control complexity, most of them could also work with the
combination of other control techniques to have better behav-
ior. They could be sorted into circuit topology dependent and
magnetic topology dependent.

1) Circuit Topology Dependent: In circuit topology depen-
dent, floating delta/star connection of the resonant capacitor at
the primary side has been adopted in three-phase interleave
LLC converters to reduce unbalance [13], [21], but they are
only suitable for the interleaved three-phase system; while
Wang et al. [35] used a CLC output filter to substitute the
traditional bulk C filter to suppress the worst case unbalance
current flow through the load, making the five-phase inter-
leaved LLC balancing possible, whereas inevitable introduce
more passive components. By sacrificing interleaving ability,
the authors in [31] and [33] used a common shared inductor
or capacitor as resonant components, and get a perfect current
sharing, naming it passive impedance matching technique, they
also give a detailed mathematical model to assess the balancing
effect.

2) Magnetic Topology Dependent: For magnetic topology
dependent, coupled inductor-based balancing techniques have
got attention by the researchers, in [25], researchers found
that a single balancing transformer could mitigate unbalanced
current in a three-phase interleaved LLC converter; this idea
was soon get verified by a four-phase LLC converters [1] with a
similar balancing transformer called interleaved current balanc-
ing coupled inductor; another group used an inversely coupled
inductors between three-phase LLC called multiphase inverse
coupled resonant inductor (ICRI) [36], providing current sharing
and extra leakage inductance for the converter. However, the
aforementioned coupled techniques either have limitations in
magnetics geometrical design or have shortages in interleaving
operation, these weaknesses will be discussed comprehensively
later in the content.

In fact, the idea of current sharing relying on a multiphase
coupled inductor commonly exists for a “generalized LLC con-
verter” as long as there exist sinusoidal like current flow through
the primary side; the coupled inductor is always an option to
balance the current. Guo et al. [14] have shown a multiparallel
inverter with all phases synchronized, although the converter
actually used a higher order resonant tank, rather than an LLC
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resonant tank, the current in the primary can still be balanced
due to the coupled inductor.

Another magnetic topology-dependent method attached their
attention to transformer coupling, since the extra output wind-
ings of one phase’s transformer can be utilized as a controller
factor in other phases, the multiphase LLC converter can be
coupled by grouping the windings of each phase’s transformer.
If the grouping happens in the secondary windings using se-
ries connection like [40], the tolerance of each phase will be
attenuated equivalently, with the cost of incapability of phase
interleaving; if the grouping happens in the primary like [8], [9],
then we can treat these extra windings as virtual controllable
voltage sources, with the help of phase shift control, the current
sharing can be obtained.

The main contributions of this article are as follows.

1) Proposed a magnetics coupling structure that inherently
balances the current in the multiphase interleaved LLC
converter, unlike traditional magnetic topology-based bal-
ancing techniques, this structure is free from the mag-
netics geometric shape, and the coupled inductor could
be reutilized as resonant elements, with the possibility of
integration in one core.

2) Proposed a generalized model using the symmetrical com-
ponents theory, expanding the coupled magnetics applica-
tion to all odd-phase interleaved LLC converters, provid-
ing an assessment method of the current balancing ability
under sequence impedance.

II. MODELING AND SYMMETRICAL COMPONENT ANALYSIS
FOR THE DISCRETE COUPLED MULTIPHASE INDUCTOR

In this section, the reluctance and corresponding inductance-
dual model of the three-phase DCIArray is derived based on the
proposed coupling structure. Then, the symmetrical components
theory is applied to evaluate the sequence impedance for this
model, with an expansion to the multiphase circumstances. Fur-
thermore, the influence of coupling coefficient and components
tolerance are discussed for the current sharing benefit. Finally, a
revised voltage gain characteristic of the proposed converter is
discussed with a feasible variable frequency control architecture.

A. Magnetic Model Derivation

Fig. 1(c) has shown the proposed schematic of a three-phase
discrete coupled LLC converter, as well as the winding structure
of a three-phase DCIArray. To demonstrate this structure math-
ematically, a reluctance model is used in Fig. 2. There are three
independent inductors L1, Ly, and L3 with the same core size
and the same air gap at the center leg, all windings are tangling
around the center leg, when each independent inductor includes
all different phasor’s winding, it is call “full stack,” otherwise
it is “nonfull stack.” Naming the center leg reluctances as Rp1,
R, Rps, and the leakage reluctance as Ri.

The balancing nature relies on the winding arrangements:
for each phase, the total winding turns should equal; for each
inductor, the total winding turns should also equal; in other
words, the winding structure for three phases should be ab-
solutely symmetrical. Therefore, the winding turns numbers
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Fig. 1. Latest magnetic-based coupling structure for the interleaved LLC.
(a) Three-phase LLC converter with a single balancing transformer (inductor)
in [1] and [25]. (b) Three-phase LLC converter with a single inversely coupled
multileg inductor in [36]. (c) Proposed three-phase LLC with three discrete
coupled inductor.
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Fig. 2. Reluctance and inductance dual model for the three-phase DCIArray.
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and arrangement order for each inductor is fixed, represented
as Nl, NQ, Ng on Lbls Ng, Nl, N2 on ng, and NQ, N3, N1
on Lps. Magnetomotive force (MMF) sources detailed this coil
connection method in this reluctance model.

Due to the high reluctance path of leakage flux and low
coil turns in practical coupled inductor design, the leakage flux
for each coupled inductor could be ignored, thus the flux flow
through each center leg can be considered as a direct collabora-
tive effect of the three-phase MMF source. Then, we can derive
the magnetic flux equation as

Oy = (N1iq+N2i,+N3zic)

Ro1
Bpy = (N31a+17\élb7;b+N2'Lc) (1)
_ (Naig+Nsip+Niic)
Pp3 =

Apparently, the coupled inductor magnetic flux does not need to
be zero since the coil turns Ny, No, and N3 can be any integer
value. The essence of reutilizing coupled inductors as resonant
components are to make full use of this nonzero magnetic flux.
It is worth noting a topological equivalent inductance dual
model [7] of the proposed reluctance model, which was shown in
Fig. 2. From the view of the multiwinding transformer, the cou-
pled inductor can be treated as a balancing transformer group.
This model is very conducive for manufacture measurement and
computer-aided simulation, since both the magnetizing and leak-
age inductance value for each coupled inductor element can be
easily obtained by an LCR meter, and the ideal transformer and
ideal inductor are available in almost every simulation software.
Besides, this approach also gives insight into simplifying the
inductance matrix as we will show in the following content.
Following the simplification methodology of omitting the
leakage elements, the total equivalent voltage across each phase
in the DCIArray can be obtained by Faraday’s law, expressed as

ad ad ad
VULeqa = N1z + N3 =% + No =5

dat
ULegy = Na TGt + Ny 9582 4 N ¥e 2
_ d®y, d®ys d®p3
VULeqe = N3 5+ + No =52 + N1

where vreqa, VLeqh» and vreqc are the total equivalent voltage for
phases A, B, and C, respectively. Then, we can substitute the
magnetic flux equation into (1) to get the inductance matrix of
the reluctance model, then we have For abbreviation purposes,
we denote the inductance matrix elements as self-inductance
and mutual inductance in (3) shown at the bottom of next page.
Lga, Lgp, and L. are the self-inductance for each phase; and
Mgy, My, and M, are the mutual inductance between phases
A and B, B and C, and A and C, respectively. The whole coupled
inductance matrix is marked as Z,p, then (3) can be simplified
as

dig dig
ULeqa Lsa Mab Mac dt dt
— di _ di

eq = a s c = 4iabce
VLegb M, b L b Mb # Z b #
ULeqe Mae My L die die
dt dt

“
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If it is possible to perfectly control the tolerance of reluctance
on each inductor, assuming Ry = Rp2 = Rpz = Ry = 1/ Ly,
then the self-inductance and mutual inductance values will be
related with winding turns and single turn inductance L; only,
this assumption can be taken down as

My = Moo = Mye = Ly, =(NaN1+NoN3+N3sNy) L.
(5
When the assumption does not meet, the tolerance of each
discrete inductor will weaken the balancing behavior, which will
be discussed in Section II-D.

{Lsa = Ly = Lye = Ly = (N2 + N2 + N2) L,

B. Symmetrical Components Analyze

The symmetrical component theory has been well investigated
and widely applied to the analysis of power system unsym-
metrical operation, imbalance fault of synchronous motors [3],
and voltage rebalance of STATCOM [5]. However, there are
rare topics concerning symmetrical theory application in high-
frequency multiphase resonant converters, even though LLC
converters perform perfect sinusoidal behavior. In this article,
the symmetrical component theory is utilized, combined with
the fundamental harmonics approximation (FHA) method, to
describe the balancing nature of the multiphase discrete cou-
pled interleaved LLC converter in the perspective of sequence
impedance. We first begin with a three-phase system.

In a steady-state three-phase circuit, any group of asymmetric
three-phase phasors (current or voltage) can be decomposed
into three groups of symmetrical components. When phase A
is selected as the reference phase, this relationship (take phase
voltage as an example)

Vsc 0 1 1 1 1 V. V.
Veer| =3 |1 al o [V =S|V (6)
Vie o 1 a? o |V Ve

where « in the transformation matrix S equals to €727/, and
Isc 0, Isc 1,and I, o are defined as the current phasors of zero-,
positive-, negative-sequence components, respectively. These
phase sequences can be depicted in the phasor diagram in Fig. 3.

Clearly, when the symmetric components of each sequence
are known, the inverse transformation can also be used to obtain
the three-phase asymmetric phasor (take current as an example),
namely
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Then, we can substitute the total equivalent voltage across the
inductor by symmetrical components into (4) as

dig
ULeqo0 ULeqa dt
Vreqi| =S |Vreqy | = SZabe | L2
ULeq2 ULeqe (fiiu
t

ISC,O ISC,O

=8ZabcS™" | s 1| = Zorz |Lc 1| (8
[sc,2 Isc,2

where Zg1 2 is the sequence impedance matrix to the correspond-
ing coupled inductance matrix Zapc.

Here, we first presume (8) satisfies the assumption condition
in (5) for a decoupling analysis, then we will look deeper into
the circumstances when the condition does not meet

Ls+2L,, 0 0
Zo12 = 0 L,— L, 0
0 0 Ls—L,,
= diag [Ler; Leqla Leq2] )
where
Lego = (N1 + Na + N3)? Ly
Leql = Leq2
= [N? + N3 + N3 — (N2N1 + NaN3 + N3Ny)] L.
(10)

‘When the reluctance on each inductor is identical, Zg12 will de-
generate into a pure diagonal array, making decoupling analysis
for symmetrical components possible.

From the Cauchy—Schwarz inequality, we know that

I, L o 1 1 1] [Leo (N1 + Ny + N3)* Ly
Q-1 2
Iy| =877 | Lsen| = |1 o8 a'| |Lea (7 > [NZ+ N2+ NZ— (NaNy + NoNj + N3Ny)| Ly > 0.
1. I o 1 o' ao? I o (11)
N? | NP NP N1 No N3Ny No N3 NiN3 | N3Ny Ny Ny di,
VLeqa (Rbl +Rb2 Rbs Rb1 + Rp2 + Rb3 Ro1 + Rb2 + Rbs ﬁ
Ni1No N3Ny N> N3 N3 NP NG No N3 Na Ny N3Ny diy,
ULeqb (Rbl T Rz T Ris ) (Rbl T Rz T R Ror T Rez T Ris a | G)
ULeqe NiNs | NsNo | NoN; NoNg | NoNy 4 Nyl N3 + N3 + NP di.
Ro1 Rp2 Rbs Rb1 Ro2 Ros Rp1 Rb2 Ros dt
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The first equality is obtained only when N; = Ny = N3 =0,
which can never be achieved because each inductor should
contain at least one turn; while the second equality is valid only
when N1 = N2 = N3.

The sequence current is related to sequence impedance, the
high sequence impedance will suppress the corresponding se-
quence current. Therefore, it is obvious that the zero-sequence
inductance Leqo has a much higher value than positive- and
negative-sequence inductance (Leq1, Leg2). We can have a basic
understanding of how the zero-sequence current in three-phase
LLC was suppressed thanks to this coupled structure.

C. Generalized Discrete Coupled Multiphase Inductor
Structure

In the previous section, three-phase discrete coupled LLC is
discussed from the perspective of sequence impedance, where
unbalanced phase currents are decomposed to three groups of
symmetrical current phasor, and different sequence currents will
encounter different sequence impedance. This methodology can
also be expanded to a multiphase system, by introducing the
generalized symmetrical component theory [22].

In this theory, we assume that the converter has a total of m
phases, where [}, is the current of the kth phase, similarly, there
will be m symmetrical components, let /5. 5 be the correspond-
ing kth sequence component current. Then, the transformation
matrix can be expressed as S in (12) shown at the bottom of this
page, where a equals to ¢/27/™ Then, a familiar transformation
as (8) will help us to transform the original inductance matrix
Z,, to the sequence impedance matrix Zg. as follows:

Zsc = SZmnSt (13)
Ly Mz Mg M
Mia Ls  Mog Moy,

Zm = Mz Mo L3 M3z, (14)
M 1m M. 2m M. 3m L sm

Following the same simplification process in the previous
section, if the reluctance assumption of Ry = Rpo = -+ =
Rim = Ry = 1/L;, remain valid, the inductance matrix Zyy, is

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 11, NOVEMBER 2023

matrix Z., can be written as

L= L= = Lo = (S0 D) Ly
M;j = (> N,N,) Ly
(p, q are clockwise interval |i — j],

e.9- NiNayji—jys N Njijy)-

5)

And the symmetrical component transformation will be a diag-
onalization process, the sequence impedance matrix could still
keep the diagonal form after the transformation.

Lgp 0 0 .- 0
0 Lz 0 - 0

Zooe| 0 0 Lo - 0
0O 0 0 Leg(m-1)

(16)

= diag [Ler; Leqla Leq27 s 7Leq(m71)] :

One thing should be noted in the sequence impedance matrix
Zs. is the parity of phase number m; for the odd-phase cou-
pled inductor, the symmetrical component transformation will
deduce a single zero-sequence impedance Leqo and a series
of positive- and negative-sequence impedance in pair; for the
even-phase coupled inductor, the transformation will give two
zero-sequence impedances Leqo and Leg(,, /2), With the same
positive- and negative-sequence impedance pair. This symmet-
rical impedance relationship can be depicted in Fig. 4(a).

For the even phases system, phase current can be decomposed
into two groups of odd phases current that balances with each
other. Since the current balance between these two groups is rel-
atively complicated, it is not the focus of this article. Therefore,
the following articles only discuss the case where m is an odd
number.

Then, we can obtained the diagonal elements in Zg. by
combining (13)-(16) together, shown as follows:

Ler = (Z:il Ni)2 Ly
Leqk = Leq(m—k)
=[>" N7 +2cos (k-1-25) Mi+2cos (k-2 2Z) M,

et 2008 (ke 2L ) M2 Ly(1 <k < m)

2

My =3 N;N;

(i,j are clockwise interval k, e.g., N1 N1 41, Nme) .

areal symmetrical matrix. Then, the elements in the inductance 17)
[ 1., ] a0 al al al 171, ] (1, ]
I.. . a0 all a2l a(m—1)1 I I
Isc,2 aO a142 a2<2 a(77171)42 I3 Ig
I s ) a0 al3 a23 a(m-1)3 I, I,
=—e =S (12)
I a0 alk—1)  g2(k-1) a(k—1):(k=1) 1. 1.
Isc(mfl) ad a1<(m71) a2<(m71) a(mfl)-(mfl) jm Im
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Fig. 4. Relationship of different sequence impedance. (a) Odd phases system.
(b) Even phases system.

The aforementioned equation discloses that the DCIArray intro-
duces a series of distinguishable positive- and negative-sequence
impedance to the system, among them only the first sequence
impedance Lcq; is responsible for the power delivery in the
multiphase converter; and zero-sequence impedance Leqo is
larger than Leq; and works as unbalancing factors. Therefore,
undesired current components can be drifted away from the
resonant point by properly designing the winding turns of dis-
crete inductors, in other words, some particular combination
of sequence impedance can suppress the undesired unbalanced
sequence current. This process will be similar to the filter design,
while the DCIArray performs like an unbalance current filter,
letting the balance current flow through the filter and block off
the unbalance current.

The generalized model also inspected the nonfull-stack
DCIArray and negative coupled DCIArray. Comparing two
different nonfull-stack coupling structures in Fig. 5, we can
simply change the sign of N5, and make N3 to be zero, then either
positively or negatively coupled inductor can be explained in the
same mathematical form. In this scenario, zero N1, No, ..., N,,
means that the corresponding phases are ruled out of coupling;
while negative Ny, Ns, ..., N, means that the inductors are
inversely coupled. As long as these coupled inductors maintain
the principle of symmetrical arrangements, the current balancing
ability of the coupled magnetics can still be kept.

For better understanding, the relation of different sequence
impedance, a graphical method can be utilized for impedance
design. Fig. 6(a) is aexample of three-phase full-stack DCIArray
impedance diagram, with No/N; and N3/N; as the variables,
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while Fig. 6(b) is the nonfull-stack impedance diagram, with N
and N3 as the variables.

The sequence impedance diagram suggested that no matter the
DClIArray is full stack or not, the changing trend of the sequence
impedance will perform similarly as a large turns ratio is applied,
the only difference is in neighborhoods of 1. If we draw a
diagonal slice plane on Ny = N3, then this minor difference
can be observed. In the full-stack case, it is possible to have zero
Leq1 and positive Leqo simultaneously (when Ny = N3 = Ny);
while in the nonfull-stack case, there is only the existence
of Leqo < Leq1 (positively coupled) or Leqg > Leqr (negative
coupled). This character can also be verified from the perspective
of the coupling coefficient, the point of 1 is a special case of
full-stack coupled DCIArray, with the system degeneration to a
full positive coupling manner as mentioned in [24] and [25].
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D. Coupling Coefficient and Tolerance Analysis

Looking back to a practical discrete coupled multiphase cou-
pled LLC converter, the impacts of the resonant components’
tolerance cannot be ignored. These components include leakage
inductor, resonant capacitor, magnetizing inductor, and the re-
luctance of DCIArray (or unit inductor ;). Since an analytic
expression between current sharing and tolerances is nearly
impossible to get, a numerical simulation based on the coupling
coefficient can be considered as a tool to find out the tolerance
impact on current balancing.

The general coupling coefficient can be calculated by (18),
which implied that the coupling coefficient of DCIArray is only
related to its winding turns.

Mi' _ ZNPN‘I _ ZNPN‘I

Kz" - = m - m = Ki* j
\ Lsisz Ez’:l Ni2 Zi:l N12 il
(p, q are clockwise interval |i — j|,
€.g. NlN(l—&-\ifj\)vaNHfj\) (18)

where M;; is the mutual-inductance between phase i and phase
J,and L; and L; is the self-inductance of phase 7 and phase j,
respectively. Review the mutual operator in (17), the coupling
coefficient has a very similar form to My, in fact once the value
of |i — j]| is the same, the corresponding coupling coefficient
will be identical.

Therefore, for the three-phase system, there will be only one
coupling coefficient, expressed as (19). Similarly, there will be
full-stack case and nonfull-stack case of coupling coefficient
diagram to plot, as depicted in Fig. 7.

NiN3 + N1N3 + NaNj
N2+ N2+ N2

For the full-stack case, the coupling coefficient ranges from
—0.5to 1, while in the nonfull-stack case, the ranges shrink
to —0.5 ~ 0.5. Information from Fig. 7 suggests that coupling
coefficient will change dramatically within the range of 0-5,
and 0.5 of coupling coefficient is easy to obtain once the
Ny = £Ns, soitis unnecessary to have a large turns ratio when
designing the DCIArray.

Now, a load current sharing error § can be defined to demon-
strate and compare the unbalanced behavior of the converter
based on each phase’s output current rms value, expressed as

maX{Il,IQ .. Im} — min{Il,Ig .. Im}
Egl I .

K3 =Ki3=Ks =

— K. (19)

6:

(20)
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Fig. 8. Three-phase LLC current sharing error with components tolerance.

(a) With £10% L, tolerance. (b) With £10%C,. tolerance. (c) With £10%L,,,
tolerance. (d) With +10% L, tolerance.

TABLE I
PARAMETERS OF (PSIM) SIMULATION SOFTWARE TOLERANCE SIMULATION IN
THREE-PHASE LLC

Symbol Parameter =~ Comments

Ly, 0.61 uH +10% for phase 1 and -10% for phase 3 in (a)
Cyr 82n F +10% for phase 1 and -10% for phase 3 in (b)
Lm 7.8 uH +10% for phase 1 and -10% for phase 3 in (c)
Ly — Leq1 0.61 pH +10% for phase 1 and -10% for phase 3 in (d)
fs 500 kHz  close to resonant frequency

Rioad 0.5 approximately 220 W output power

In order to concurrently display the tolerance impacts of leakage
inductance and DCIArray reluctance in the simulation, we as-
sume the system includes both leakage inductor and DCIArray,
and the Leq; of DCIArray is identical to the average leakage
inductance, so the influence between DCIArray and leakage
inductor on the resonant tank is equal. Four groups of parameter
deviation will be tested with +10%L,, +10%C,., £10%L,,,,
and +10% Ly, respectively. Results are shown in Fig. 8(a)—(d)
accordingly, with simulation parameters set as Table I.

Fig. 8(a) and (b) show a similar trend that the 10% tolerance
of Ly and C, will have similar effects on current unbalanc-
ing, and they reacted similarly toward the increasing coupling
coefficient, too; higher coupling coefficient will suppress the
tolerance influence. Fig. 8(c) also clarified that magnetizing
inductance variation has little impact on current balancing, and
coupling has little effect on improvements for L,, tolerance.
Moreover, Fig. 8(d) tells that the tolerance of DCIArray reluc-
tance will also introduce unbalance to the system, but compared
to Ly, the increasing of coupling coefficient will not simply
improve the sharing performance, a negative coupled DCIArray
will display a better balance between K = —0.3 ~ —0.1; while
positively coupled DCIArray will perform better when transfer
from nonfull-stack to full-stack case.
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Fig.9. Five-phase LLC current sharing error with tolerance and corresponding
current coupling phasors.

To summarize, components tolerance will cause a similar
unbalance current in uncoupled case, despite the possible ex-
tra error DCIArray may bring to the system, a coupled LLC
converter will have better power distribution compared to the
uncoupled case, and the increase of coupling coefficient will
generally improve this sharing performance. For negative cou-
pled, a lower coupling coefficient between K = —(0.2 ~ 0.3)
can suppress the sharing error from 40% to 5%; and a high
positive coupling coefficient of K = +(0.3 ~ 0.5) can take the
sharing error down to 10%. Typically, a DCIArray will bring
a balancing improvement by a factor of 4 ~ 8, in a practical
design, K = £(0.3 ~ 0.5) can be considered as it is easy to
implement.

When the theory is extended to a five, seven, or higher phase
system, the sharing behavior will be more complicated, the
reason is higher phase systems have more than one coupling
coefficient. Take a five-phase system as an example, there will
be two different coupling coefficients, according to (17), we have

Kig = Koz = K34 = K45 = K5

— NiNo+ Ny N3+ N3 Nat NaNs +Ns Ny
NZINZFNZ+NZ+N? 1

(21
K3 = Koq = K35 = Kq1 = Kso

— NiN3+ N3 N5+ NsNo+ NoNa+Na Ny _ e
NZ+NZ+NZ+NZ+N2 2

In order to investigate different coupling coefficients separately,
we choose a nonfull-stack DCIArrays with only Ny, No, and
N3 as nonzero windings. Simulation results can be plotted
in Fig. 9, with parameter settings in Table II. Converter will
suffer from different kinds of current unbalance under different
combinations of components tolerance, only in quadrant of
K, < 0and Ky > 0, all current sharing error can be constrained
in a low value.
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TABLE II
PARAMETERS OF PSIM TOLERANCE SIMULATION IN FIVE-PHASE LLC

Symbol Parameter ~ Comments

Ly, 0.61 pH +10% +5% -5% -10% for phase 1, 2, 4, 5 respectively in %10Lyy, test
Cr 82 nF +10% +5% -5% -10% for phase 1, 2, 4, 5 respectively in %10C, test
Ly — Leqn  0.61uH +10% +5% -5% -10% for phase 1, 2, 4, 5 respectively in %10Ly, test
Lm 7.8 pH not included in variance analyze due to weak influence

fs 500 kHz  close to resonant frequency

Rioad 0.5 approximately 220 W output power

We can explain this behavior from the perspective of five-
phase coupling phasor. When K; < 0 and Ky > 0, phase cur-
rents are resisting each other in a triangle behavior, as trigono-
metric current can automatically tune the current phase angle to
keep balance similar to [4]. Since DCIArray purposely related all
phases in a symmetrical manner, no phase is left out of triangle
balancing. Then, the unbalanced current caused by components
tolerance can be suppressed.

Another conclusion for the multiphase DCIArray is the limit
for coupling coefficient, in the full-stack case, the maximum
coupling coefficient for an m phase converter can be calculated
by following limit approximation:

>N,N, m—2

lim =
N2,Nj,....Ny—o0 3 it NZ?

— (22)

While in the nonfull-stack DCIArray, if there are n windings of
the m-phase system with a turn number equal to zero, then this
limit will be lower

lim NNy m—1-—n
m = )

Nui1,Nu'y2,sNip 00 S it N2

N1=0,N=0,...,N,,=0

(23)

m—n

Evidently, as the turns ratio gets higher, the coupling coefficient
will approach this asymptotic limit, so a nonfull-stack DCIArray
with a low turns ratio is adequate for current sharing improve-
ment.

E. Voltage Gain Characteristic and Control Architecture

In a multiphase discrete coupled LLC converter, coupled
inductors will participate the resonant process and perform as
a part of the resonant inductor, this was the combined effect of
mutual inductance between all coupled phases.

For multiphase coupled converters, the equivalent inductance
in different switching intervals is different, it should be sophis-
ticated to determine its value. However, for multiphase LLC
converters, since we can use the symmetrical component theory
to decouple the multiphase system into a series of independent
single-phase systems based on the current sequence, so the
determination of the inductance value can become quite simple.

When we look back at the equivalent circuit for the multiphase
LLC converter, the only tricky part is the independent unbal-
anced leakage inductances, which are always responsible for
the unbalancing phase current. And we cannot use symmetrical
component transformation to uncouple this unbalanced induc-
tance. Take the three-phase system as an example, the leakage
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Fig. 10. Equivalent one-phase circuit for the m-phase LLC converter.

inductance after transformation can be expressed as

Ly 0 0 L A A
S| 0 Ly 0 [S'=]Ay Ly Ay
0 0 Lis Ay Ay Ly
L = 3 (Lua + Lz + Lis)
Ay =3 (Lya + Lo + aLys) (24)
Ay =3 (Lya + aLyz + a®Lys) .

The unbalancing elements A; and Ao account for the unbal-
ancing current, but it is also miniature compared to the aver-
age leakage inductance Ly. So, the unbalance current will not
seriously influence the voltage gain, then we can use average
leakage inductance L;;, to substitute the leakage inductance in
each phase, intended to obtain the equivalent one-phase LLC
circuit.

Based on the FHA method, we first assume that the Vi, pua
and Vo pua represents the first harmonic wave effective value
of the input voltage and output voltage of the phase resonant
network, respectively. Then, we can draw the equivalent one-
phase circuit for multiphase LLC, as shown in Fig. 10 as

VinFHA = %Vm
Vourtia = 22V, (25)

T
— 8n?
Rac,phs =m:- :2 R.
Then, the revised resonant frequency and corresponding volt-
age gain can be expressed as

1

fr= — (26)
2 (Leq 1+ le) Cr
2nVouFHA
Gye = 2 outiHA
e Vin-rHA

jWLm//Rac,phs
jw (Leql + le) + ]-/.7"‘}07’ + jWLTl’L//Z:ia(i—li’hS

_ 1
Vit -] + [ (- £)]
fn = fs/fr
L, = —fm__
n Leqi+Lik 27)
Q. = (Le;iz)/cr

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 11, NOVEMBER 2023

1.6

14 ZVSregion

1.2+

Normalized Gain
(=]
o)

4
1
i

; : ;

ZCS region : ZVS region Q
0.6 !
|
0.4+ !
Load increase, i
0zr Q. increase |
1

0 = : L J

0 05 1 15 2

Normalized Freq fn

Fig. 11.  Voltage gain curve for the m-phase LLC converter.

where 7 is the turns ratio between primary and secondary wind-
ings; L, is defined as the inductance ratio of the transformer;
and Q). is the quality factor of the resonant tank.

This model is also valid for the m-phase LLC converter,
the impact of a DCIArray on the voltage gain is equivalent to
introducing a first-sequence inductance into the resonant tank.
By designing the winding structure and unit inductance L,
of the DCIArray, we can perfectly control this first-sequence
inductance, and further control the resonant tank parameters.

As soon as the voltage gain characteristic is determined,
we can design a control system for the multiphase discrete
coupled LLC converter. Since the voltage gain characteristic of
the proposed converter is identical to a traditional single-phase
LLC converter, the variable frequency control is still valid to
adjust the output voltage, as shown in Fig. 12. The output
voltage is sampled as feedback for frequency information, and
the frequency range should be set within the ZVS range of
Fig. 11. Then, fixing the phase shift angle of each phase gate
turning-ON signal as 27/m (¢1 = 0, ¢2 = 27/m ... etc), the
multiphase current will flow in a symmetrical manner.

III. RECOMMENDED DISCRETE COUPLED MULTIPHASE
INDUCTOR DESIGN FOR MULTIPHASE LLC

In this section, a recommended general coupling method for
easier phase expansion is considered based on the phasor dia-
gram. Then, a comparison between different coupling structures
is implemented based on the sequence impedance diagram, both
on three-phase and five-phase LLC converters.

A. General Recommended Coupling Method for Multiphase
LLC Converter

Even though all possible coupled structure (with all possible
winding turns) for the multiphase DCIArray is thoroughly dis-
cussed for theoretical needs, engineers do not want to apply too
complex coupled structures into their converters. This means
we should eliminate less-necessary windings and preserve the
windings that really matter, especially for higher phases con-
verters.
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Based on the analysis in Section II, a nonfull-stack DCIArray
with two different phases’ windings per inductor to associate all
phases may be more suitable for the real-world application. If
we fix the N} winding turn, the only problem is to find which
Ny, makes the best balancing behavior.

Fig. 13 provides a feasible coupling structure. If each phase
current is coupled with the other two largest phasor difference
phases, then the current suppressing ability will be most signif-
icant, in this case, Vi can be chosen as N, 1)/2 or N(p,4.3)/2-
From the perspective of sequence impedance, it represents the
circumstance that Leq; is the smallest in all sequence impedance.
This idea can also be reverified by the sequence impedance
diagram, which will be discussed in detail in the next sections.

B. Recommended Coupling Structure for the Three-Phase
Converter

The sequence impedance diagram for the nonfull-stack three-
phase DCIArray can be seen from Fig. 6(b), since the three-phase
system is highly symmetrical, letting /N1 to be zero is the same
on other winding, so there is no need to redraw the diagram.
From the diagram we know L is higher than Leq; only when
Ny and N3 have the same sign, which requires inductors to be
positively coupled; while N, and N3 has a different sign, Leqg
will be smaller than Leq1, which means inductors are inversely
coupled.

Although both coupled structures are capable of balancing
the current in the three-phase system, it does not mean their
balancing performance is the same on all frequency ranges. If
both coupled structure provides the same value of first sequence
impedance Lq; for the resonant inductor, both coupled structure
could provide a similar degree of balancing on the resonant
frequency as analyzed in Section II-D.
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However, as the switching frequency deviates from the res-
onant point, especially when the switching frequency is higher
than the resonant frequency, a positively coupled structure will
generally provide better balancing due to high zero-sequence
impedance.

1
2 (Leqo + LTk) C’r.

Jr(eq0) = (28)

The aforementioned equation provides the resonant frequency of
zero-sequence components, since the zero-sequence impedance
Leqo of the positively coupled LLC converter is always larger
than negatively coupled case (with same Leq1), the correspond-
ing zero sequence resonant frequency f.(eqo-p) 18 always lower
than fr(er—n)' If the converter works above the resonant fre-
quency, fs will approach f;.(cqo-n), Which will deteriorate the
balancing in the negatively coupled case.

Another special character for the three-phase discrete cou-
pled LLC converter is the third harmonic that comes from the
Fourier expansion of the interleaved input voltage. If the third
harmonic of the square wave is not negligent, then there will be
third harmonic sharing the path of zero sequence components,
introducing third harmonic current to the system, as shown in
the equivalent circuit for the third harmonic in Fig. 14. The
voltage gain of the third harmonic can be calculated by (29).
Then, we can plot the voltage gain of the third harmonic with
the fundamental in a single diagram.

1 jWLnL//Rac,phs
3 jw (Ler + le) + 1/jwcr +jWLm//Rac phs
(29)
Fig. 15 suggests that the third harmonic always has a higher
gain in negatively coupled compared to the positively cou-
pled case, this phenomenon can also be observed from the

Gac(3rd) =
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Fig. 16. Sequence impedance diagram for five-phase LLC. (a) With two non-
zero windings. (b) With three non-zero windings.

experimental waveform in the next section, therefore, positively
coupled DCIArray is more recommended for three-phase LLC
converters, as it keeps a better sinusoidal behavior.

C. Recommended Five-Phase Discrete Coupled LLC
Converter

Compared to three-phase LLC, five-phase LLC will introduce
another pair of sequence impedances in a different value, ac-
cording to the general sequence impedance equation in (17), the
sequence impedance can be calculated as

Leqo = (32124 N')2 Ly

Leql - eq4 [Zz 1 N2 + 0. 618M1 — 1. 6].8M2]

Leqp = Legs = [>_it N? — 1.618M; + 0.618M>]L

My = NiN3 + NaN3 + N3Ny + NyN5 + N5 Ny

My = NiN3 + N3Ns + N5 Ny + NoNg + Ny Nj.

(30)

If we choose a nonfull-stack DCIArray with only two nonzero
windings per inductor, there will be only two valid cases, either
each phase is coupled with the adjacent phase by interleaving
72°, or coupled with a nonadjacent phase of 144°. We can map
these coupling structures as depicted in Fig. 16(a).

We can also plot the diagram of three nonzero windings
DCIArray as Fig. 16(b), from all cases, we can find only in
one circumstance, where the first sequence impedance has the
least value among all sequence impedance, which is highlighted
as a yellow region.

Combining the analysis in Section II-D, we can verify that
higher sequence impedance will better suppress the correspond-
ing sequence current, so the recommended coupling structure
for five-phase LLC is each phase is only positively coupled with
a 144° nonadjacent phase.
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Fig. 17. Equivalent schematic of five-phase coupled LLC with DCIArray.

Fig. 17 is an equivalent circuit to insert the DCIArray into
the resonant tank of the five-phase system. By modifying the
DClIArray to a bidirectional routing method, each coupled in-
ductor can be directly coupled with the adjacent phases. In order
to maintain the 144° coupled structure, the switching order of
each phase leg should be modified as well, as depicted in the
schematic.

IV. TEST SETUP AND EXPERIMENT VERIFICATION

In this section, the balancing performance of the proposed
multiphase discrete coupled LLC converter is experimentally
verified based on both three-phase and five-phase platforms,
with different switching frequencies. Discussions on parasitic
capacitance influence on the converter performance and possi-
ble improvement is proposed. Efficiency comparison and loss
breakdown are exhibited with detailed measured parameters.

A. Testing Setup and Parameter Measurement

The testing bench setup for the three-phase and five-phase
LLC converters are exhibited in Fig. 18, the prototype to ver-
ify the proposed balancing theory was built using a modular
approach, the five-phase converter is formed by stacking up
two three-phase modules with one phase channel disabled. The
rectifiers for each phase are substituted by two active switches
with a commercial synchronous rectifier control driver to im-
prove the secondary side efficiency. The detailed part number
and parameters for the prototype are presented in Table III.

As Fig. 18(a) shows, all ferrite cores are selected in commer-
cially available types, and the geometrical arrangements of the
inductor array did not affect the balancing behavior of discrete
coupled LLC as long as the coil coupling schematic is main-
tained. The turns ratios for the tested three-phase nonfull-stack
DClIArray are chosen to be 2:2 for positively coupled and 2:-2
for negatively coupled, respectively; five-phase DCIArray are
chosen to be 2:1 with 144° coupling.

The measured inductance and capacitance values of the reso-
nant tanks are taken down in Table IV; compared to the resonant
capacitor, leakage inductance is much harder to control espe-
cially when the inductor is low and in the microhenry range. The
inconsistency of wire-wound inductors is the major unbalancing
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Fig. 19. Parasitic capacitance of two different discrete coupled inductors.
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Fig. 18. Photograph of the proposed interleaved converter in the modular

design. (a) Three-phase LLC testing setup. (b) Five-phase LLC testing setup.
Fig.20. Hand-made five-phase prototype and a possible ring-shaped pentagon

magnetic integration method.

TABLE III
HARDWARE PARAMETERS OF PROPOSED CONVERTER PROTOTYPES

Parameter Value \ \
Input voltage Vi, 36 ~ 54V A |
Output voltage Vout 12V . M r'101s'e due to t'he
Rated load resister 0.5 Q 0 interwinding capacitance
. 2m 2.002m 2.004m 2.006m 2.008m 2.0lm
Transformer turns ratio n 2:1:1 Time &)
me (s,
Switching frequency fs 300 ~ 700 kHz
Primary Switches ISCO802NLSATMAL Fig.21.  Simulation with a 100-pF interwinding parasitic capacitor per induc-
Secondary Switches BSCO040N10NS5 tor.
PWM micro-controller STM32G474 or 431
Synchronous rectifier controller NCP43080ADR2G
Transformer core PQ20-3F3 cause of multiphase dc\dc converters, so for higher power trans-
Coupled inductor core RM6S/1-3E3 formers, printed circuit board winding with planar integration
should be considered since better components consistency and
manufacturability can be confirmed.
TABLE IV

RESONANT TANK PARAMETERS OF PROPOSED CONVERTER PROTOTYPES
B. Parasitic Capacitance and Magnetics Integration Problems

Three-phase LLC converter

Parameters Phass A Phase B Phase C Nean Pafras%tlc capacfltance is another concern that blocks .the
LyplpH] 1114 1.052 1172 1112 application for higher frequency LLC converters. According
CrnF) 86 86 86 86 to [28] and [29], parasitic capacitance may cause transformer
Lum[pH] 6174 6750 6360 6.428 ltace distortion in licht-load i d hich
LofnF] 702 78 709 13 square-wave voltage distortion in light-load operation and hig
72 Ly pos [nH] 806 776 692 758 common-mode (CM) noise current in full-load operation. For
g Loneg[nH] 263 274 251 263 the coupling structure proposed in the article, since the phase
Raewind[m® 111 84 95 97 . - .
ac-wind [ : windings of coupled inductors overlap each other in the same
Five-phase LLC converter . . . B
Parameters Phase A Phase B Phase C_ Phase D Phasc B Mean leg of the core, the problem of parasitic capacitors will also arise
Lig[pH] 1397 1505 1508 1703 1411 1.505 in planar implementation. Fig. 19 is an illustration for a single
Cr[nF] 68 o8 o8 o8 o8 o8 inductor of nonfull-stack DCIArray, the estimated parasitic ca-
L[pH] 1297 1464 1441 1586 1514 1551 . . . .
LynH] 415 448 293 26 43 43 pacitance can be calculated using the equation provided by Saket

et al. [29]. There are intrawinding capacitors and interwinding
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Fig. 22.
LLC with fs < fr. (b) Uncoupled three-phase LLC with fs =

Experimental waveform of three-phase and five-phase interleaved LLC converters for both uncoupled and coupled cases. (a) Uncoupled three-phase

fr. (c) Uncoupled three-phase LLC with fs > f,. (d) Positively coupled three-phase LLC with

fs < fr. (e) Positively coupled three-phase LLC with fs = f,.. (f) Positively coupled three-phase LLC with fs > f,.. (g) Negatively coupled three-phase LLC with

fs < fr. (h) Negatively coupled three-phase LLC with fs =

fr. (i) Negatively coupled three-phase LLC with fs > f,. (j) Uncoupled five-phase LLC (ABCE).

(k) Uncoupled five-phase LLC (ABDE). (1) 144° coupled five-phase LLC (ABCE). (m) 144° coupled five-phase LLC (ABDE).

capacitors as shown in the figure.

1 €ge, A
Cinra = overlap — g%
2(n—2 t A
Cinter = adjacent — %EOW?t (€2))]

where A, represents the overlapping area between layers; ¢, is
the FR4 permittivity; d is the distance between two layers; A;
represents the total area of turns; ¢ is the thickness of copper; W
is the width of traces; and c is the clearance between adjacent
traces. When RM6 core is used in this letter, the estimated
intrawinding capacitor per inductor will be only 2.86"pF, which
has nearly no impact on the converter. Only if the capacitance
rises to about 100-pF level, then noticeable CM currents can
be observed from full-load simulation as shown in Fig. 21. The

simulation also suggests that intrawinding capacitance has low
impact on resonant tanks.

Because the high interwinding capacitance is the main re-
source of CM noise, one possible solution is avoiding the over-
lapping of different phase currents, as shown in Fig. 19. This
requires substituting center leg coupling to side leg coupling
and keeping the same coupling manner, which results in the uti-
lization of planar UI core and difficulties of full-stack coupling.
However, these problems can be optimized as a higher power
density is always a requirement. Fig. 20 provides the photograph
of the five-phase magnetic prototype of the proposed converter,
but because the discrete coupling method relies on the special
arrangement of windings, a foldback winding is unavoidable
in one phase, which may introduce a higher phase inductance,
therefore, a ring shape planar core as referred in [34] is needed
for further study in higher power integration.
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Fig.23. Lossbreakdown and measured efficiency for the proposed three-phase
LLC converter. (a) Loss breakdown comparison of at the full-load condition.
(b) Efficiency comparison of conventional and proposed method.

C. Experimental Results and Efficiency Comparison

Fig. 22(a)—(i) present the resonant currents of uncoupled,
proposed positively coupled, and proposed negatively coupled
three-phase converter. In order to perform a comparison under
the same condition, the output power and switching frequencies
for all corresponding coupled cases are fixed to be identical for
the corresponding switching frequency. Using the determination
from (26), the actual resonant frequency for the uncoupled case
should be around 402 kHz, while for the positively and nega-
tively coupled cases, it is around 397z and 394 kHz, respectively.

Fig. 22(b), (e), and (h) indicate a significant mismatch of
currents in the uncoupled case when f; = f,, = 400 kHz, while
both positively and negatively coupled cases can provide good
current sharing. Fig. 22(a), (d), and (g) show the different current
manner when switching frequency is lower than the resonant
frequency and equals to 314 kHz, where positively coupled can
maintain a better sinusoidal and low rms current; Fig. 22(c), (f),
and (i) provide the current distortion when f;=700 kHz is above
the resonant point, the waveforms are consistent to the third
harmonic analysis in Section I1I-B, where the negatively coupled
case will have the largest zero-sequence current compared to
two other cases due to higher third harmonic gain and low
Leqo (zero-sequence currents are obtained from the real-time
math function of the oscilloscope, by summarizing three-phase
currents). Overall, different discrete coupled inductors are both
providing a noticeable current balancing in all frequency ranges.

14163

Fig. 22(h)—(j) also provide the current balancing ability of
the five-phase discrete coupled LLC converter. The uncoupled
five-phase converter encountered a worst current sharing case
as referred in [35], where only three phases share the load
power. After introducing a nonfull-stack coupled array with 144°
coupling, the current sharing gets much better, which verified the
theory proposed in this article.

1) Magnetics Power Losses Estimation: The current and flux
in LLC converters follow perfect sinusoidal behavior and no dc
bais, so the magnetic loss per unit volume of the chosen core
shape can be computed by the conventional Steinmetz equation
given by [10]

Peore = kreABP AL (32)

where k. is the Steinmetz constants fitting from the manufac-
turer’s published data, A B is the ac flux density, typical values
of 3 ranges from 2.6 to 2.8, and A, and [, are effective area and
length of the selected cores.

In LLC converters, the ac flux A B is two times the maximum
flux in the core, we can directly use the measured inductance
information to calculate the ac flux

Ip.
AB = 2B, = 22k (33)

NA,
where I, 18 the peak value of each phase’s current, L is equal
to L,, in transformers calculation or L; in externally coupled
inductors calculation, and N should be correspondingly equal
to N, of the transformer or Ny, of the inductor.
As for conduction losses in the cores, we can directly use the
measure ac resisters value in Table IV

Pwind - Rac—wind-[%r»rmy (34)

By substituting the full-load current information of the converter
in Fig. 22(b), (e), and (h) into (32)—(34), the estimated losses
from the magnetics devices can be calculated.

2) Switches Devices Power Losses Estimation: If the ZVS
operation can be guaranteed, the turn-ON losses of all switches
can be ignored. Besides, the utilization of synchronous rectifier
controllers can decrease the losses in SR MOSFETSs, then the
switches losses can be calculated as

2
P pri-MOS — Rds—priI Lr-rms

Piecnmos = Rassr (nIprms)’ (35)

Then, the estimated losses breakdown can be plotted in
Fig. 23(a), which shows the major part of power losses con-
sumed on the transformer and inductor windings. Even though
discrete coupled converters introduce extra inductor losses, the
benefit of current sharing on other losses exceeds the drawbacks
it brings. To be specific, the balanced resonant currents will
decrease the conduction losses in both transformer windings and
active switches, since the power distribution is more even in the
ferrite, the core losses in magnetics will decrease, too. For active
switches, coupled LLC converters will go through lower uneven
stresses, which also decreases the switches’ losses. Overall, the
proposed discrete coupled structure may increase the efficiency
to about 1-2% and increase more as the power gets higher.
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TABLE V
COMPARISON OF CURRENT SHARING SOLUTIONS IN OTHER LITERATURES

Converter Inte‘r]eave(‘iAop- Cost Complexity of control Amflhary
eration ability devices
. Yes (Low) Fixed phase §
this work (Expandable) Low shift+frequency control DClArray
4] Yes (3¢ LLC Hish (High) Trigonometric ~ Phase current
only) & Phase shift sampling
Yes . (High) SCC compensa-  Extra SCC per
(161, 171 (Expandable) High tion control phase
Yes . (High) Phase shift for  Regulation
(61, 1371 (Expandable) High regulation circuit Buck or DAB
Yes (3¢ LLC (Low) Fixed phase
(131, (211 only) Low shift+frequency control No
35]  Yes Go LLC o, (Low) Fixed = phase g o ¢ fijqer
only) shift+frequency control
(Low) Frequency con- Common reso-
(311, 331 No Low trol nant Ind or Cap
Yes (Low) Fixed phase ICBT/ balanc-
(251, (1) (Expandable) Low shift+frequency control  ing transformer
Yes (3¢ LLC (Low) Fixed phase
1361 only) Low shift+frequency control ICRI
. (Low) Frequency con-  Secondary
(401 No High trol wind grouping
Yes . (High) Balancing  VCVS
91, 18] (Expandable) High phase shift control windings

Fig. 23(b) shows the measured efficiency curves of the con-
verter at different output power that generally matches the loss
estimation. The full-load condition is designed to be 220 W,
with an efficiency of 96.01% on positively coupled, 95.68% on
negatively coupled, and 93.73% on the uncoupled case. It can
be seen that the efficiency of the converter is the highest when it
works approaching 150 W. All cases perform similar efficiency
at very low power within 100 W, but positively and negatively
coupled converters show similar efficiency even to rated power,
both higher than the conventional uncoupled cases due to better
current sharing.

A comparative study was also completed to emphasize the
merits of the proposed multiphase discrete coupled LLC con-
verter. In Table V, a summary of the interleaving ability, cost,
control complexity, and auxiliary device requirement is shown
for the DICArray compared to other recently proposed LLC con-
verters. As seen from Table V, most current sharing techniques
cannot reconcile the dilemma of interleaved operation and less
control complexity and low cost; when both requirements are
taken into account, the balancing ability is always constrained
in a three-phase system. While proposed solution achieved a
highly expandable and easy integration of magnetic-based cur-
rent balancing with simple fixed phase shift control. Therefore,
we can conclude that DCIArray is a promising method for the
multiphase LLC converter.

V. CONCLUSION

This article presents an extendable and flexible coupling
structure that inherently balances the current in multiphase inter-
leaved LLC converters, with an analytical method using the gen-
eralized symmetrical components theory to better assess, design,
and improve the overall coupling performance. The performance
of the proposed method is validated through experiments both
on three-phase LLC converters and five-phase converters. All
efforts in this article can draw the following conclusion.
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Current magnetic-based balancing techniques for LLC
converters can find a general explanation and special
treatment using the proposed modeling approach. The
sequence impedance theory is helpful in identifying the
unbalance current in multiphase LLC converters.
Proposed coupling structure can maintain the benefit of
interleave operation as well as good current sharing perfor-
mance, which is a promising solution for the high-power
dc/dc power delivery system.

Magnetics integration and high-precise model-based con-
trol are required for future investigation, there are still
many remaining problems to solve in the multiphase LLC
converter to be a practical industrial application.
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