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Fabrication Tradeoff Based Optimal Synthesis of
Winding Configurations for Planar Transformer
in CLLC DC-DC Converter

Ashwin Chandwani

Abstract—Adhering to the objective of modeling and selecting
the most optimal winding configuration for a high-frequency pla-
nar transformer (HFPT) for auxiliary charging systems for more
electric aircrafts, this article elucidates numerous fabrication and
design-based constraints and correlations to enable parametric
modeling of various magnetic components. Instead of providing
generalized solutions, this article thoroughly characterizes all pos-
sible winding configurations for HFPT employed in a bidirectional
CLLC dc/dc converter. A detailed analytical study is presented
for each component and verified using several instances of three-
dimensional finite-element analysis based model to synthesize the
effective field and current density distribution in the windings. Sev-
eral design-based tradeoffs are graphically explained with various
criteria pertaining to optimal winding selection to study the inter-
dependence of the resultant parameters on hardware specifications,
such as the printed circuit board (PCB) thickness and its fabrication
layout, air gaps, and conductor thickness. The article presents a
comprehensive comparison between the analytical, simulation, and
experimental analysis that portrays a strong agreement between
these models with an average mismatch of up to 6.2%. An ex-
perimental prototype of CLLC converter rated for 1 kW nominal
power, operating at 500 kHz resonant frequency, is developed with
the optimal HFPT characteristics that yields a peak efficiency of
98.49 % with magnetics stage efficiency of 99.31%.

Index Terms—Finite-element analysis (FEA), interleaved

windings, planar transformer, stray capacitance.

1. INTRODUCTION

IGH-FREQUENCY isolated resonant converters have

found widespread application in the field of electric ve-
hicle (EV) charging and aircraft power supplies due to their
higher power density and superior conversion efficiency [1].
Specific applications include auxiliary power units (APU) used
in more electric aircrafts (MEA) that use fuel-cell-based system
at400-600 V dc [2] to serve battery loads at 24-28 V dc voltage
levels atlow load conditions. These battery loads also support the
main supply during heaving loading conditions, thus raising the

Manuscript received 31 May 2022; revised 9 October 2022; accepted 26
January 2023. Date of publication 31 January 2023; date of current version
10 March 2023. Recommended for publication by Associate Editor O. Onar.
(Corresponding author: Ayan Mallik.)

The authors are with the Power Electronics and Control Engineering Labora-
tory, Ira A. Fulton School of Engineering, Arizona State University, Mesa, AZ
85212 USA (e-mail: avchandw @asu.edu; ayan.mallik @asu.edu).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2023.3241135.

Digital Object Identifier 10.1109/TPEL.2023.3241135

, Student Member, IEEE, and Ayan Mallik ", Senior Member, IEEE

demand for bidirectional power flow [3]. In that context, bidirec-
tional CLLC resonant converter topology has proved to provide
various advantages, such as reduced losses due to soft switching
in the primary bridge [4] and synchronous rectification (SR) in
the secondary bridge [5], and no-load voltage regulation and
wider gain range over narrow frequency modulation zone [6].
Further, in such applications, high-frequency planar transform-
ers (HFPTs) have found wide acceptance due to their advantages
pertaining to lower profile, increased reliability, and modularity
[6]. However, these advantages can only be redeemed by precise
design and analysis of the equivalent parameters based on the
physical design of the transformer winding arrangement [7], to
obtain the desired gain characteristics, yet achieving the targeted
efficiency and power density.

Several articles have been published in the literature that
provide detailed analysis on modeling the HFPT focusing on the
aspects of reduced winding losses with interleaved arrangement
[8], issues pertaining to electromagnetic interference (EMI)
occurring due to stray capacitances and ways to reduce them
[9], [10]. The work presented in [11] focuses on the concept
of paired interleaved windings that explains its implications
related to reduced stray capacitance. It explains the tradeoffs
of having minimized overlapping of conductors to reduce the
stray capacitance with the variation in winding resistance on
account of skewed conductor placement (referred to as “alter-
nating winding layout”), affecting the MMF distribution. Several
winding configurations are proposed and tested with a target of
achieving minimized winding capacitances to mitigate corre-
sponding EMI noise. A detailed design-based tradeoff analysis
is presented in [12] with elaborate justification and verification
of the HFPT components. The article focuses on characterization
of stray capacitances by analyzing the electric field between two
consecutive layers in a printed circuit board (PCB). Based on the
formulated electric field between two overlapping conductors in
two consecutive layers and corresponding voltage gradient, the
effective winding capacitance is calculated. However, all the
abovementioned works portray a generalized model to charac-
terize the HFPT with assumptions pertaining to uniform wind-
ing arrangements. Due to these assumptions, the correlations
between the obtained equivalent parameters with the physical
constraints of a PCB such as its thickness and corresponding
insulation layer distribution, air gaps, and the conductor trace
thickness remain unexplored.
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Fig. 1. CLLC topology with zoomed in lumped magnetic model.

Considering the above limitations, the major technical con-
tributions of this article complementing the previous article
presented in [13] are as follows: 1) practical and realistic char-
acterization of the leakage inductance, and stray capacitance
of a HFPT accounting for various intricate fabrication-based
nonideal considerations and their effect on the system per-
formance, 2) graphically elucidated parametric tradeoffs and
guidelines related to conductor and insulator selection employed
for HFPT realization, 3) defining soft-switching-based design
and implementation constraints pertaining to optimal winding
structure selection criteria, and 4) thorough comparison of the
analytically derived model, with three-dimensional (3-D) finite-
element analysis (FEA) based simulations and experimental
analysis.

The rest of this article is organized as follows: Section II
introduces the lumped model for HFPT employed in a CLLC
converter and explains the deviation in the resultant gain caused
due to the stray elements. Further, a comprehensive analysis to
provide parametric modeling of HFPT is presented in Section III
with detailed characterization in context to the fabrication as-
pects of HFPT. Section IV elucidates the tradeoffs between var-
ious winding configurations and provides analysis to optimally
choose the winding configuration pertaining to design and op-
erational constraints of the CLLC converter. Section V provides
experimental justification with relevant results to benchmark the
performance of the developed experimental prototype of CLLC
converter rated for 1 kW nominal power. Section VI points out
the conclusive points with relevant discussions.

II. COMPREHENSIVE LUMPED R-L-C MODEL OF HFPT

Fig. 1 describes the lumped model for a leakage integrated
HFPT implemented in a bidirectional CLLC dc/dc converter
topology. As observed, L, signifies the magnetizing inductance
of the HFPT, while the leakage inductances obtained in the
primary and secondary windings (L, and L,, respectively) are
coupled with resonant capacitors (C), and C) with a resonant
frequency f,.. Additionally, as the topology is intended to run
at high switching frequency (f;), there exist significant com-
ponents of winding resistances R, and R corresponding to
the primary and secondary side, respectively. Further, due to
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Fig. 2. Voltage gain versus frequency trend of the designed CLLC converter.

potential difference between the winding layers and various
turns, stray inter and intrawinding capacitances are formed,
that appear as shunt elements. Cp;, and Cgj, represent the
equivalent intrawinding capacitances appearing in the primary
and secondary windings, respectively, while C'pgi, corresponds
to the equivalent interwinding capacitance between the two sets
of windings. Due to the stray components appearing in the equiv-
alent HFPT model, the converter tends to shift from its normal
operating gain curve obtained using the generalized harmonic
approximation (GHA) based model [5]. Thus, to minimize the
deviation from the predicted gain curve and effectively reduce
the losses in the transformer, it is important to analyze and model
each component and study its dependence on the fabrication
aspects of the transformer.

III. MATHEMATICAL MODELING AND ANALYSIS OF HFPT
PARAMETERS

Referring to the APU-based application of (400-600 V) to
(24-28 V) conversion, a turns ratio (n) of 22:1 is selected based
on the tradeoffs between the core loss and winding loss to adhere
to the unity nominal gain requirement of the CLLC converter
resulting in efficient voltage regulation [14]. Fig. 2 shows the
voltage gain magnitude versus the switching frequency (f;)
trend of the designed CLLC converter for the design specifi-
cations mentioned in Table VII. As observed, for a design gain
range from G = 0.88 (for 600 — 24 V conversion)toG = 1.54
(for 400 — 28 V conversion) corresponding to the corner oper-
ating conditions, with the selected turns ratio and resonant tank
parameter selection, the gain modulation is seamlessly achieved
by varying the operational frequency between 200 and 650 kHz.

Corresponding to the selected n, the number of turns selected
in each multilayer PCB are selected as per interconnecting and
packaging electronic circuits (IPC) 2221 standard [15] that pro-
vides the minimum copper conductor width required to ensure
the desired current flow for a defined copper conductor thickness
adhering to a maximum temperature rise limit in the winding.
The empirical formula to corelate the conductor width required
with respect to temperature rise is shown as follows:

PN C— 1)
(k x AT?)®
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Using the area of the conductor calculated by (1), the width

of the conductor is obtained as follows:
Ac

Y= by x 1.378 @
where A, is the area of the conductor in mils?, w, is the
conductor width in mils, I. is the current in the conductor
in amperes, AT is the temperature rise in °C, and h; is the
thickness of the conductor used in ounces (0z.) of copper.
The empirical constants k£, b, and c are obtained from curve
fitting to the IPC 2221 current carrying standard curves and
the numerical values are shown as follows: For external layers:
k = 0.048, b = 0.44, and ¢ = 0.725, while for the internal
layers: £ = 0.024, b = 0.44, and ¢ = 0.725. Further,
the spacing between the windings are decided by the voltage
gradient between the two windings to ensure desired creepage
to prevent any potential turn-to-turn short circuit.

To elucidate further, an analytical formulation for primary
winding configuration is shown that depicts the maximum and
minimum number of windings in the external and internal layers
adhering to the specifications shown as follows:

1) Magnetic core—FR45810EC planar ferrite core.

2) Window width (b;)— 21.4mm — 20 mm (clearance

from the core edges 0.7 mm each side).

3) I, (max) = 10 A.

4) Selected conductor thickness (h:) — 2 0z. copper.

5) Temperature rise (AT) limited to 40 °C.

With h; defined as 2 0z., the minimum conductor width (w..)
for external layers is 1.76 mm (selected to be 2 mm for safety
margin) and that for internal layers (w.;) is 3.49 mm (selected to
be 3.75 mm for safety margin). Additionally, corresponding to
per-turn voltage gradient ( % =890 — 27V), the safe creep-
age between the windings is selected to be 0.5 mm for external
layers (c.) and 0.25 mm for internal layers (c;).

Using the specifications for the winding thicknesses, the
maximum number of turns in external layers (/Ne max ) can be
derived as follows:

bt - Ne,max X We, + (Ne,max - ]-) X Ce (3)

20mm = N max X 2mm + (Nemax — 1) X 0.5mm  (4)
Nemax =82 ~ 8. (5)

As seen in (5), the maximum number of turns in external layer
(Ne,max ) is limited to 8.

Similarly, for internal layers, the maximum number of turns
in internal layers (NV; max) can be derived as follows:

bt = Ni,max X We,; + (Ne,max - ]-) X ¢ (6)

20mm = N; max X 3.75mm + (N max — 1) X 0.25mm  (7)
Nimax =5.06 ~ 5. (8)

As seen in (8), the maximum number of turns in internal layer
(IV;.max ) 18 limited to 5.

Using the abovementioned information, three noninterleaved
winding configurations are studied in this article (explained in
Table I). In addition to that, to explain the R-L-C modeling of

6245
TABLE I
WINDING CONFIGURATIONS UNDER STUDY
No. | No. of Primary Secondary Winding Turns
Layers per Winding (*Layers are Ratio
winding (series) connected in parallel)
1 4 layers 8P-3P-3P-8P | 1S*-1S*-1S*-1S*
2 4 layers 7P-4P-4P-7P | 1S*-1S*-1S*-1S*
3 4 layers 6P-5P-5P-6P | 1S*-1S*-1S*-1S* 22:1
4 8 layers Interleaved: 7P-1S*-1S*-4P-4P-1S*-
1S*-7P (*Layers 2,3,6,7 are connected
in parallel)
Top View

Expladed Isometric View

® R s  ———
//// Conventional Vias

Layer 2 (4 turns) Layer 3 (4 turns)  Layer 4 (7 turns)
Primary Winding - {7P-4P-4P-7P}
Top View

Layer 1 (7 turns)

Exploded Isometric View

=«
(i

=

Layer 1 (1 turn) Layer2 (1 turn) Layer 3 (1 turn) Layer 4 (1 turn)
Secondary Winding - {1S*-1S*-1S*-1S*}

*Layer 1,2,3,4 are connected in parallel

Fig. 3. PCB winding arrangement for noninterleaved {[7P-4P-4P-7P],[1S*-
1S*-1S*-1S*]} configuration.

an interleaved structure, one example of eight layers {7P-1S*-
1S*-4P-4P-1S*-1S*-7P}configuration is also explained.

As observed in Table I, for the noninterleaved winding config-
urations, the 4-layer primary winding consisting of 22 turns is re-
alized using different number of turns in each layer. The winding
structure and its PCB layout design for one such noninterleaved
configuration {[7P-4P-4P-7P],[1S*-1S*-1S*-1S*]} is shown in
Fig. 3. As observed, the nomenclature of the primary winding:
7P-4P-4P-7P denotes that seven turns of primary (P) winding
are placed in the first layer, followed by four in the second layer,
four in the third layer, and the rest seven turns in the fourth
layer. The insulation between the copper layers is enabled by the
prepreg and core layer of thicknesses h,, and h., respectively.
Further, the transition from one layer to the next one is realized
using conventional vias in the PCB, with their hole dimensions
matching the current carrying requirements of the windings as
per IPC 2221. Similarly, arrangement is observed for the other
two noninterleaved winding configurations with different num-
ber of turns in each of the PCB layer. The secondary winding in
the noninterleaved configurations is designed to portray a single
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o3 Terminal Points for, . 3
Top View primary  Exploded Isometric View

Conventional Vias
for Secondary

. Conventional Vias
. for Primary
\

Layer 1 (Primary
— 7 turns)

Layer 2 (Secondary
— 1 turn)

Layer 3 (Secondary
— 1 turn)

Layer 4 (Primary
— 4 turns,

Layer 5 (Primary
—4 turns)

Interleaved Winding - {7P-1S*-4P-4P-1S*-1S*-1S*-7P}
*Layer 2,3,6,7 are connected in parallel

Layer 6 (Secondary Layer 7 (Secondary  Layer 8 (Primary —
— 1 turn) —1turn) 7 turns)

Fig. 4. PCB winding arrangement for interleaved ({7P-1S*-1S*-4P-4P-1S*-
1S*-7P}) configuration.

turn, which is realized using one turn in each of the four layers
and using vias at the winding terminals to effectively connect
them in parallel. The nomenclature 1S*-1S*-1S*-1S* (*layers are
connected in parallel) is used to highlight the parallel connection
of the four layers, thus only extracting a single equivalent turn
from a four-layer PCB. In addition to that, Fig. 4 shows the
winding configuration of the interleaved winding structure. As
observed, the notation for interleaved winding configuration (as
seen in Table I) corresponds to an eight-layer PCB denoted as
7P-1S*-1S*-4P-4P-1S*-1S*-7P. In this case, the PCB winding
assembly is realized using seven turns of primary winding in
the first layer, followed by four turns of primary winding in
the fourth layer, four turns in the fifth layer, and finally seven
turns in the eighth layer, all connected through conventional vias.
The secondary winding is realized using single turn in second,
third, sixth, and seventh layer, all connected in parallel through
vias at their terminal points to realize one turn in the secondary
winding.

The respective 2-D (front view) illustrations of the winding
configurations mentioned in Table I are shown in Fig. 5. Cor-
responding to the winding configurations as shown in Fig. 5,
this section characterizes the transformer components in de-
tail and provides detailed tradeoffs pertaining to design and
fabrication-based aspects by analyzing the model through 3-D
FEA simulations and analysis.

A. Modeling and Controllable Synthesis of Leakage
Inductance

Several studies have emphasized on the modeling and con-
trollable reduction of leakage inductance focusing on the wind-
ing arrangement and interleaved structure [11], [12]. However,
with an objective to attain minimized switching losses (through
zero-voltage switching (ZVS)) and yet achieve the required gain,
this subsection focusses on the fabrication-based tradeoffs and

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 5, MAY 2023

elucidates the dependencies on various factors pertaining to the
orientation of the winding structures.

The configurations mentioned in Table I are assembled using
EE type of ferrite core, as observed in Fig. 6. To implement
a leakage integrated HFPT design, an air gap (h,) (as seen in
Fig. 6) is introduced between the cores, intentionally leading to
flux leakage from the core with the return path through the gap,
winding layers, and the insulation layers. Based on this structure,
as explained in [13], the magnetic energy (F}) associated with
the leakage flux is used to analytically formulate the leakage
inductance, highlighting its dependency on the conductor thick-
ness and insulator between them as follows:

Ho " 1
By =~ > Iy Hlibdl = 5 Lelfs ke {P.S} )

where 11, represents the permeability of the core, H denotes the
field strength, which is formulated by the ampere turns linked,
l; is the length of each winding, b, is the window width of the
core, and h; is the thickness of the conductor. Further, d{ is the
incremental thickness situated at a distance of [ from the inner
surface of the conductor, as observed in Fig. 5. Referring to (9),
(10)—(12) elucidate the formulation of the magnetic energy cor-
responding to the primary winding, secondary winding, and the
air gap, respectively, for a noninterleaved {[7P-4P-4P-7P],[1S*-
1S*-1S*-1S*]} winding configuration

2 2
2t () 4+ (57)
111p
by

Ep = % Iib,

2
x(ht+hpr+hA)+( ) (ht + he + ha)

151p >
+( bP> (ht+hpr+hA)
t

227p\ 2
+( bP> (ht+hA)
t

o lib Ipl\? 22Ip\*
ES:M;;[% 5”<P) dl+< P) (hi + ha)

(10)

2 bihy by
3375\ 117p\2
+(2ZL) (he+ hpe + ha) + L
bt bt
7N 2
X (hy + he + ha) + ( 2b ) (ht + hpr + ha)
t
(11)

o 227p >

By air = > l¢by - (ha)| - (12)
t

Further, analytical expressions corelating the leakage induc-
tances for the four winding structures with the conductor and
PCB insulator thickness (h,,, : prepreg layer and h.. : core layer)
are shown in Table II.

Referring to the interdependency of the leakage inductances
on the structural arrangement and related hardware specifica-
tions of the windings, the designer has the flexibility to obtain the
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(d)

Structural winding configurations with respective MMF distributions for (a) primary: 8P-3P-3P-8P (series); secondary: 1S*-1S*-1S*-1S*(parallel);

(b) primary: 7P-4P-4P-7P (series); secondary: 1S*-1S*-1S*-1S*(parallel); (¢) primary: 6P-5P-5P-6P (series); secondary: 1S*-1S*-1S*-1S*(parallel) configurations
with 4-layer PCB; and (d) interleaved winding configuration: 7P-1S*-1S*-4P-4P-1S*-1S*-7P with eight-layer PCB.

TABLE I
LEAKAGE INDUCTANCE ANALYTICAL MODEL FOR WINDING CONFIGURATIONS UNDER STUDY

Winding Primary Leakage Inductance (L,) = Secondary Leakage Inductance (Ly) = Leakage in the air gap
Configuration between the windings =
{8P-3P-3P-8P}, Uole [2617

{1S*-1S*-1S*-18%} b, = hy +260h,, + 121h, + 865hA] ol, [2745 - @h \11n
(7P-4P-4P-4P}, Kol, [2659 neb L 3 T2 ‘ Holt 1484n,)
{1S*-1S*-1S*-1S*} D Thl +274hy,,. + 121h, + 879hA] 1815 N ] b, A
L +
{6P-5P-5P-6P}, Uoly [2713 2 8
(1S*-18*-18*-18%) b Thl +292hy,, + 121h, + 897hA]
t
Interleaved ol [217 ol [461 18 N/A
(7P-1S*-1S*-4P-4P- b, Thl + 65h,, b, Thl + 65h,, + ThC]
1S*-1S*-7P}

required leakage varying the air gap (ha). Further, the leakage
inductances also depend on the thickness of the conductor (h1)
used for the PCB fabrication that typically ranges between 35
to 140 pm corresponding to 1 to 4 oz. of copper. To elucidate
this dependency, Fig. 7 portrays a plot of different values of
leakage inductances obtained from 3-D FEA simulations for

the abovementioned four winding configurations. As observed,
due to increased flux leakage with increasing values of air gap
between the winding, the resultant leakage inductances also
see a linear rise. In case of interleaved winding structure, due
to absence of airgap between the two windings, the leakage
inductance depends only the conductor thickness, which results
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Primary Winding PCB

¢Airgap between the cores (hy) Airgap between the
windings (h,)

Window Width (b,) Secondary Winding PCB

Fig. 6.  Arrangement of transformer windings in EE ferrite core assembly.

in a linearly increasing trend—matching well with the derived
analytical expressions (as shown in Table II).

Furthermore, as observed in Table II, the effective value of
leakage inductance also depends on the arrangement, width, and
thickness of the insulators used for PCB fabrication. This aspect
generally depends on the PCB manufacturing capabilities and is
defined according to the thickness of the fabricated PCBs [16].
The variation of the obtained leakage inductances with {[8P-3P-
3P-8P],[1S*-1S*-1S*-1S*] }configuration fabricated using vari-
ous PCB thicknesses () and corresponding thickness of insula-
tion layers (h,, and h.) for a typical four-layer PCB is illustrated
in Fig. 8. Please note that the solid lines show the trend of Lp
and Lgwith respect to variation in h,,., while the dotted lines
show the variation with respect to h.. Further, it is worthwhile to
point out that the flexibility provided due to the variation in Ay,
h¢, and h; is limited to the design phase of the PCB windings.
Once the PCBs are fabricated, the control parameter to tightly
modulate the leakage inductances is limited to h only.

As seen in the above analysis, the leakage inductance obtained
using interleaved winding is considerably smaller than that with
noninterleaved winding. This is because the magnetic energy
linked to leakage flux is significantly lesser due to absence of
interwinding air gap, leading to better flux linkage between the
windings and the core. In that context, Fig. 9 compares the MMF
distribution and field linkage of each layer of noninterleaved
{[7P-4P-4P-7P],[1S*-1S*-1S*-1S*]} and interleaved ({7P-1S*-
1S*-4P-4P-1S*-1S*-7P}) winding structures, obtained through
3-D FEA simulations. Relating these results to the MMF distri-
bution shown in Fig. 9, the resultant magnitude of H (A/m) is
found to be increasing while moving from the primary layer-
1 toward the air gap, reaching its peak for primary layer-4
and secondary layer-1, and consequently reducing at secondary
layer-4. With all the abovementioned considerations, the optimal
selection of fabrication parameters depends on the ZVS criteria
and the application specific voltage gain requirement, which are
covered in Section I'V.

B. Stray Capacitance Modeling

As explained in Section II, the switching performance of
the CLLC resonant converter majorly degrades due to presence
of inter and intrawinding capacitances in the HFPT. Several
techniques have been discussed in the literature that focus
on modeling these stray capacitances to enhance the EMI
performance and voltage regulation of the converters under
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various loading conditions [11]. However, all the works have
presented a generalized analysis to model these capacitors,
with several assumptions pertaining to nonuniformity in the
PCB insulation layers and winding configurations. For example,
Saket et al. [11] considered the overlapping area for all the
capacitors to be equal with equal spacing between the two
layers. However, as observed in Fig. 5, generally the winding
arrangement dictates the resultant stray capacitance with varying
winding widths adhering to PCB fabrication standards. Thus,
with an intent to provide intricate modeling while accounting
for the winding arrangement, insulation thickness, overlapping
area, and voltage gradient between the conductors, this section
provides a detailed model to formulate the stray capacitances
appearing in the primary and secondary windings.

Fig. 5(a) shows the voltage distribution of primary winding
of {[8P-3P-3P-8P], [1S*-1S*-1S*-1S*]} winding configuration.
The potential across the winding is assumed to vary linearly with
the turns. Thus, the potential at each turn of the winding (V)
can be written as

1 _
Wwye{l,m...,n}

v, = (13)
where 7 is the number of turns in the winding and V), is the
primary voltage excitation. Thus, a voltage gradient (V}, .) exists
between the two adjacent windings and the windings in two
adjacent layers, which essentially leads to formation of virtual
capacitors. This capacitance (Cy,.) can be formulated by ana-
lyzing the overlapping conductor area and the distance between
the two subsequent conductors as follows:
o €oEr Sy, 2
Y,z d

where ¢, and e, denote the permittivity of air and relative
permittivity of the dielectric material, respectively, .S, . is the
overlapping area between turns y and z as observed in (14), and
d denotes the spacing between the two conductors

Sy.. = [t w,dl

(14)

5)

where w, is the overlapping conductor width and dl; represents
an infinitesimally small sectional length of a turn, which is
integrated over the entire circumference to form a complete turn
of length /;.

Referring to Fig. 10, since the overlap area (| é‘ hi1dl) between
the two turns is very small with air (distance between the
conductors: h;s) being the dielectric medium between them,
the turn-to-turn capacitance is negligible, and thus, its effect can
be ignored. On the other hand, the capacitance between adjacent
layers can be formulated by analyzing the total energy associated
with the electric field between the two layers

l
"1
k= Z i[Cyszy%Z]layer (16)
=1
ln
E, =) E (17)
=1

where V,, . is the potential difference between two conductor
surfaces and E; denotes the total energy in a layer /.
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(a) 3-D plot comparing resultant leakage inductances for different A and h for noninterleaved winding configurations. (b) Plot corelating leakage

inductances for different h; for interleaved ({7P-1S*-1S*-4P-4P-1S*-1S*-7P} configuration.
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Fig. 8. Plots explaining the relation between (a) L pand (b) L g for different

hpr and h. corresponding to different PCB thicknesses for {[8P-3P-3P-8P],
[1S*-1S*-1S*-1S*]} winding configuration.

Thus, using (16)—(17), the effective inter or intrawinding
capacitance can be formulated as

l¢(no. of layers)

Z QVJ?Z,:&'

2
t=1 Y,z

Cin (18)

Referring to Fig. 5(a), the intrawinding capacitance between
first and second layer (C'pip,1) is similar to that of between third
and fourth layer (C'piy,3) and can be formulated as

Eobp

C’pin,l = h
pr

walpl + 211)1},0’1 + 211)1},072] f(l) dl = Cpin’g.
19)
Similarly, the intrawinding capacitance between second and
third layer of primary PCB is formulated as
Eofr
7= [3w,s] Jodl.
c
All three capacitances are in parallel and thus can be added
to formulate the overall primary intrawinding capacitance

Chpin2 = (20)

C'Pin = Cpl + Cp2 + Cp3. 2D

Similarly, the intrawinding capacitance for the secondary
winding can be formulated as

€0l
hpr

Csin,l = Csin,3 = wy, f(l) dl (22)

EoEr
Cnz = ==, [bal (23)
Ciin = Cs1 + Caa + Css. (24)

Following the same method, the interwinding capacitance
between primary and secondary board can be calculated as

€olr

ha

Cpsin = [8wy 1] 3 dl. (25)

A comprehensive comparison of the analytical formulation
to determine the inter and intrawinding capacitances for the
four mentioned winding configurations referring to Fig. 5 is
presented in Table III.

As observed in Table III, the capacitances depend majorly
on the overlapping area of the windings, airgap between the
windings, thickness of the insulation between the layers, and the
length of a conductor turn. Out of the abovementioned factors,
the overlapping area is dependent on the winding configura-
tion and relevant works [9] have provided methods to reduce
it by modifying the arrangement of turns. Further, the length
of the conductor also depends on the core geometry, which
solely depends on the application specifications. To elucidate
the dependency of the inter and intrawinding capacitances on
the insulator layer thicknesses, Fig. 11 shows the variation of
intrawinding capacitances (C'pj, and Cg;y, ) for {[8P-3P-3P-8P],
[1S*-1S*-1S*-1S*]}configuration, fabricated using various PCB
thicknesses (#) with respect to change in h,,, and h., obtained
through 3-D FEA simulations. Further, Fig. 12 shows the vari-
ation of interwinding capacitance for with respect to change
in ha for all the winding configurations. As observed, as the
airgap increases, the interwinding capacitance observes a steep
descent, and the trend becomes more flatter for higher values
of airgap, which matches the analytical formulations presented
in this section. Referring to the presented plots and analytical
formulations shown in Table III, it can be deduced that reduc-
tion in the intrawinding capacitance can be achieved either by
increasing the insulator thicknesses or by reducing the overlap
area of the conductors in two consecutive layers, as demonstrated
in [10]. Both of these aspects of stray capacitance reduction can
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4P-1S*-1S*-7P}) configuration.

TABLE III
STRAY CAPACITANCE ANALYTICAL MODEL FOR WINDING CONFIGURATIONS UNDER STUDY

Winding Primary Intra-winding Capacitance (Cp,) = Secondary Intra-winding Inter-winding Capacitance (Cps,,)
Configuration Capacitance (Cp, ) = =
{8P-3P-3P-8P}, 2e & ce le £,6 le
(18%-15*-15%-15%} == = (6w, + 2w, + 2wy, |+ ;’[3%2] dl (B, )
pr ’ ) < 0
2&,€ &€, le
{7P-4P-4P-4P}, 2¢e,¢ &€ ke [ L wy +——w, ]f dl €o&r G
{1S%-1S*-18*-18%} o 6w, +2wLP0,1]+;’l—r[4WzP2] dl L P S 7wl )l
pr c 0
{6P-5P-5P-6P}, 2¢ ¢ ce it P It
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Fig. 11.  Plots explaining the relation between (a) Cp, and (b) C's, for differ-
ent hy and h. corresponding to different PCB thicknesses for {[8P-3P-3P-8P],
Primary Winding [1S*-1S*-1S*-1S*]} winding configuration.
Layer 2 : 3 turns

airgap (ha) between the windings in the postfabrication phase,
Fig. 10. Intrawinding capacitance model for {[8P-3P-3P-8P], [1S*-1S*-1S*- adhering to the core dimensions.

1S*]} winding configuration.
IV. SELECTION OF OPTIMAL WINDING CONFIGURATION

be exercised in the PCB design phase only. However, the inter-
winding capacitance can be reduced externally by increasing the

As presented in the previous sections, the resultant values
of leakage inductance and stray capacitances depend on the
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Fig. 13.  Equivalent circuit for ZVS investigation.

winding orientation and corresponding PCB fabrication-based
specifications. However, it is important to understand the im-
plication of each configuration on the performance of the CLLC
converter and understand the specifics behind choosing the most
optimal one for enhanced efficiency and gain modulation. In
that context, factors like ZVS criteria, winding losses, and its
frequency dependency, resultant gain, and physical constraints
play a major role, as described in this section.

Unlike a conventional CLLC converter model, where a lag-
ging phase of primary current along with sufficient dead-time
intervals is sufficient to ensure ZVS [17], [18], [19], the inclu-
sion of nonidealistic components in the CLLC converter model
requires detailed investigation for understanding the conditions
for achieving ZVS. Here, the drain-to-source capacitance of the
MOSFET (Cl ) necessitates constraints in the form of minimum
equivalent impedance required to facilitate ZVS commutation.
In that context, an equivalent model is developed to comprehen-
sively analyze the ZVS constraints for different conditions for
each switch of the primary bridge as shown in Fig. 13.

As observed in Fig. 13, Z, gq represents the equivalent input
impedance of the CLLC converter, whereas Vpgq(t) represents
the equivalent voltage source, both referred to the primary side.
The equivalent topological structure of the CLLC converter with
the inclusion of parasitics is shown in Fig. 14 obtained by
reconfiguring the stray capacitance as a single lumped capac-
itance referred to the primary side [11], [20]. The equivalent
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Fig. 14.

Equivalent circuit with reconfigured stray capacitors.

Vero()>0

I)/2

(@) (b)

-Ip(1)/2

Fig. 15.
and Sy.

ZVS turn ON cases (a) for switch So and S3 and (b) for switch Sp

value of Cy, p can be formulated as follows:
Cstr,P = Cpstr + Csur
p,in + (1 - n) C’ps,in + HQCS,in -

n(n —1) Cpsn- (26)

Utilizing the equivalent circuit shown in Fig. 14, the an-
alytical formulation of Zj, gq (27) shown at the bottom of

this page, where ——w,_ = k:_—
p g f T m /7L‘ C.’ 1 Lp
L L L, L Car.p
kQ = LZL9 my = ?ia mo = Ryeq’ ms3 = R7;, ny = gp >
/
/
Rieq = Ro,ac + Ry, Ry = Rp + Reeq.

Further, following the derived equivalent circuit, the equiva-
lent voltage Vppq(t) can be derived as follows:

Zm (chu-,P + ZCP)
(Zp+ Zcy, ) (Zm + Zs)

Referring to the equivalent circuit shown in Fig. 13, two
commutation cases can be studied to examine the constraint for
the value of L, required to achieve ZVS as follows:

1) When switch S5 and S5 turn ON (Ip(t) > 0); as shown in

Fig. 15(a).
2) When switch S7 and Sy turn ON (Ip(t) < 0); as shown in
Fig. 15(b).

As the equivalent port voltage follows half wave symmetry,
the condition Vpgqg (t) = —Vpeo(mw + t) is implied. Thus, the
analysis for both the cases proves to be similar for formulating
the necessary constraint for ZVS. Focusing on the formulation
for case (a) (for S5 and S3), the energy sunk by the sources can

Verg (1) = Vs (1)

(28)

{G-12-20) (120 2) 2 ko) (£ 1) - p o) (5

. 1 1 2
Arrd) {2002 S stk G o |

27)

Zin,BQ =
fOny (L+g),i(g+¢) 54 2o (L_*_L),f‘L (177"1’“1)7#2
szP my g Wsz oy T Ty wmoLp \ ™M1 "W Lp w wLp

- (1—f2—f2k2)<1—f2n1>>}
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TABLE IV
MINIMUM VALUE OF PRIMARY LEAKAGE INDUCTANCE REQUIRED
TO ENSURE ZVS
No. Winding Configuration Minimum Lp required
(8P-3P-3P-8P}, {IS*-1S*-1S*-1S*} 22.15pH
{7P-4P-4P-7P },{1S*-1S*-1S*-1S*} 11.08H
{GP-5P-5P-GP },{1S*-1S*-1S*-1S*} 9.72uH

be formulated as follows:

Esunk - /Td (‘/PEQIP (C) - V;Hiin (C)) dt
0

= / ’ (Vi’EQ <_20()ss d:ijn )) dt = 2cossVinVPEQ (C)
0
(29)

where 7, is the dead time provided to the switches. Further, the
total energy in the switch remains constant during the commu-
tation interval, which helps formulate the necessary constraint
for ZVS for this case, as follows:

Esourced > Esunk = % |Zin,EQ‘ 1123 (C) > QOossMn‘/i’EQ (C) .
(30)
Thus, using (30), the minimum impedance for Vpgo(¢) > 0
can be analyzed as

3D

‘Z EQ‘ > ’40053‘/;11‘/}’EQ (C) '
in, Z |\~

12 (<)
where ( is the turn ON instant of switch S5 and Ss.

Solving the constraint in MATLAB for finding the constraints
for L p with respect to the magnitude of Z;, gq for known values
of other resonant tank parameters yields the minimum require-
ment of L p for different winding configurations. To provide an
instance of this evaluation, Table IV shows the formulated values
of minimum L,, required to ensure ZVS for all noninterleaved
winding configurations at 1 kW rated load.

In addition to that, for applications targeting high switching
frequency similar to the proposed CLLC dc/dc converter topol-
ogy, winding losses pertaining to the effective ac winding resis-
tance are found to be significantly high due to eddy current and
skineffects [11]. Further, the HFPTs used for resonant converters
experience nonuniform current density due to variable switching
frequencies leading to winding losses due to proximity effect.
Conventionally, Dowell’s equation [13], [21], [22], [23] is used
to characterize the ratio of effective ac resistance with respect to
dc resistance, adhering to the current density distortion due to
skin and proximity effects. Additionally, as studied in [13], the
effective winding resistance depends on the MMF distribution
factor (m), skin depth (9), and thickness of the conductor (h;),
all of which are decided during the design process of PCB
without any scope of external modification following the PCB
fabrication. It is also widely established in the literature [13]
that the interleaved winding configuration results in significantly
reduced effective winding resistances. As observed in Fig. 5,
the effective ratio ([gs‘;}eﬁ) is 38.3% (avg.) lower than for the
interleaved structure as compared to the other three winding
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arrangements resulting in minimum ac resistance. This concept
is also verified by visualizing and comparing the current density
distribution of {[7P-4P-4P-7P],[1S*-1S*-1S*-1S*]} and inter-
leaved ({7P-1S*-1S*-4P-4P-1S*-1S*-7P}) winding structures
through 3-D FEA analysis, as shown in Fig. 16. As observed,
the current density is higher near the edges for noninterleaved
winding arrangements due to skin and proximity effects, which
tend to distort the current distribution even further at higher
frequencies, leading to higher winding losses.

Further, to adhere to the cost-effectiveness for fabrication,
power density constraints, and the current carry capabilities, the
conductor thickness is selected to be 2 oz. copper (h; = 70 pm).
Moreover, the air gap between the cores is selected to be 1.9 mm
to obtain the required magnetizing inductance (L, ). Adhering
to the supplementary ZVS criteria [17], [18], [19] of L,,, with
respect to the dead band time duration and maximum switching
frequency for achieving the desired gain, the maximum value of
L., is formulated to be 76.26 uH.

With the mentioned design criteria, the GHA [24] based gain
curves achieved for all four winding configurations are shown
in Fig. 17(a). To adhere to the gain requirements, the relative

variation of gain with frequency should follow: [%]mm < % <

[%] . The factor [%] . is decided based on the gain range
requﬁ%xment, which depe?ll(lilé on the Q factor selection for CLLC
converter and its tradeoffs [25]. Lower [%} . will lead to an op-
erating range with higher switching frequgﬁgies, thus resulting

in higher switching losses. On the other hand, higher [%}max

will lead to steeper gain curve, which might not be realizable
by the frequency resolution (or least count) of the controller
(TMS320F28379D) used for this application. To validate the
accuracy and applicability of the analytical model, the resultant
impedances for the primary (Zp) and secondary (Zg) side corre-
sponding to all four fabricated windings structures are compared
in Fig. 17(b).

Further, a detailed comparison of the resultant parameters ob-
tained by simulation models and developed windings measured
experimentally are shown in Table V. For measuring the R-L-C
parameters, GWINSTEK LCR8101G impedance analyzer is
employed that has a frequency sweep range of 20 Hz to 1 MHz
with a measurement accuracy of 0.1% and a resolution of six
digital measurement units. The procedure follows several iter-
ations of a standard open-circuit/short-circuit test implemented
at the terminals of the HFPT, as follows:

1) Open-circuit test with primary probing: The HFPT
equivalent circuit for open-circuit test by probing the
primary winding, while keeping the secondary side open
is shown in Fig. 18(a). Please note, C, p represents the
lumped intra and interwinding capacitance referred to the
primary side [as seen in (26)]. Selecting the resistance
mode measurement, for an excitation frequency of 500
kHz (matching the resonant frequency), the value of R,
is obtained. Next, changing the mode to inductance mode
calculation, the lumped value of inductance at the primary
side is obtained as follows:

Leqp = Lp + L. (32)
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TABLE V
COMPARISON OF ANALYTICAL, SIMULATION, AND EXPERIMENTAL RESULTS FOR DIFFERENT WINDING CONFIGURATIONS

Primary Leakage |Secondary Leakage \gfrffi?;lv;z;;gge Effective Secondary Prn\;l;a;giintra- Secondary Intra- Igtgr::;:; (rllLrleg
Winding Inductance (uH) | Inductance (nH) (gmg) Winding Resistance Ca acitanceg (nF) winding Capacitance IEPF)
Configuration Lp Lg (mQ) Ry pactia (0F) Cyin ¢
Rp Cpin PSin
Anly. | Sim. | Exp. |Anly.| Sim. | Exp. |[Anly. | Sim. | Exp. | Anly. | Sim. | Exp. |Anly. | Sim. | Exp. |Anly.| Sim. | Exp. |Anly.| Sim. | Exp.
{8P-3P-3P-8P}, [25.88(24.14(25.84 102.6(91.77| 121.8 23.10(23.98(25.19
(18*-18%-18%-18%)| 7 2 5 17.63(19.58 | 14.55 33 6 6 0.819 |0.814{1.144{0.509|0.582|0.526 [ 0.668 [ 0.701 | 0.712 2 5 5
{7P-4P-4P-7P}, [12.11|11.79]11.82 87.25|92.73 23.74|24.55|25.57
(1S*-18*-15*-18%}| 3 4 3 17.63(19.94 18.32 82.59 4 5 0.819 |0.843]1.022{0.555]0.618 |0.558 | 0.668 | 0.673 | 0.702 7 3 7
{6P-5P-5P-6P}, 72.63(82.53]93.21 24.52125.55|26.73
(1S*-18%-1S*-18%} 8.52417.961(7.825|17.63|19.11[17.62 4 P 6 0.819 |0.827|0.981{0.552{0.592]0.561|0.668 | 0.686 | 0.698 7 3 1
Interleaved
{7P-1S*-1S*-4P- [0.109{0.157[0.211{0.239(0.218 |0.324 46.43149.58 | 44.35 0.312 {0.227]0.236|0.544]0.591 0.561 {0.117{0.121 | 0.121 790.0\791.21812.2
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Fig. 17. (a) Gain plots for all winding configurations. (b) Plot of equivalent
primary and secondary impedance versus operational frequency.

Further, selecting the impedance measurement mode, the
magnitude of Zj, r is measured, the analytical equivalent
magnitude of which is formulated as follows:

| Zin,1| = mag
Rp + jw {Leq,P - WQCstr,Pqu,p - Cstr,PRZQ)}

1—w? (QCstnPLeq,P - Cfu,PR;%> +wiCq pL p
(33)

X

2) Open-circuit test with secondary probing: Similar pro-
cedure of measurement is implemented referred to the

Fig. 18.  Open-circuit/short-circuit tests on HFPT to experimentally measure
the R-L-C parameters. (a) Open-circuit test with primary probing. (b) Open-
circuit test with secondary probing. (c) Short-circuit test with primary probing.

secondary side, by keeping the primary side winding open
[as seen in Fig. 18(b)]. With an excitation frequency of
500 kHz, the value of R is obtained with the resistance
mode measurement. The inductance mode measurement
provides the value of lumped inductance referred to the
secondary side as follows:

L

Leqs = Ls + n—’;’ (34)
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Following the same procedure of impedance measure-
ment, the magnitude of Zj, 1 is measured and recorded

| Zin,n| = mag

Ry + jw {Leq,S - WQCslr,SLg(LS - Ostr,SRg}

X
1—w? <203tr,SLeq,S - CSQtnSRg) + w4Cs%r73L§q,S
(35)
where Cyr,s = % is the lumped stray capacitance

referred to the secondary side.

3) Short-circuit test with primary probing: In this step, the
secondary side winding terminals are shorted, resulting in
the equivalent circuit shown in Fig. 18(c). In this case, with
the inductance mode measurement, the lumped inductance
obtained is formulated as

Leq,SC =Lp + (Lm” (TL2L5) )

Further, the impedance measured at the primary winding ter-
minal has a magnitude of Z;, iy formulated in (37), shown at the
bottom of this page, where Cy,sc represents the lumped stray ca-
pacitance excluding the value of Cs, ( = C),, + (1 — n?)Cps, ).

Once the measurements are recorded, (32), (34), and (36)
are solved as simultaneous set of equations in MATLAB using
vpasolve [26], to obtain the values of Lp, Lg, and L,,. Further,
substituting the obtained value of inductances and winding
resistances in (33), (35), and (37), the set of equations are solved
in MATLAB to obtain the values of Cy,p, Cr,s, and Cyy,sc-
Finally, using the values of stray capacitances obtained, the
experimental values of C, , Cy,, and Cpg, are obtained by
solving for three equations with three variables using vpasolve.
To further validate the accuracy of the obtained parameters, the
excitation frequencies are varied, and the same set of steps are
repeated, thus establishing the repeatability (with a mismatch
threshold of 5%) of the experimental procedure to obtain the
R-L-C parameters of HFPT. As observed in Table V, the FEA
simulation and experimental results match the analytically cal-
culated values with an average mismatch of 6.2% and 5.5%
respectively, thus validating the model developed and analyses.
Further, the experimentally measured values of winding resis-
tance show a larger mismatch with the analytically calculated
values due to the inconsistency introduced by the assumptions
employed in Dowell’s equation. As suggested in [12], there are
several assumptions pertaining to the Dowell’s equation that
are ignored for reduced analytical complexity. These factors
include the porosity factor [27] (included when the conductor
width is comparable to its thickness leading to proximity effectin
horizontal direction), distance considerations between multiple
conductors turns in a single layer, distance of conductor surface
from the core, and sinusoidal excitation provided to the wind-
ings. Thus, to accurately characterize the winding resistance
and to observe the losses due to skin and proximity effects, the

(36)
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¢ Voltage Regulation (4V,)

J Target Optimum Tank

Parameters
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Repeat the Magnetic Design
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configuration N _— > .
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-

Yes l/

Optimum Winding
Configuration /
Fig. 19.  Flowchart depicting the process to obtain the most optimum winding
configuration.

3-D FEA simulation proves to be more reliable as presented in
this article. However, it is important to highlight the accuracy
of the analytical calculations to obtain the values of leakage
inductances and stray capacitance, as seen in Table V. The
accuracy obtained thereof essentially helps reduce the number
of time and memory intensive iterations of FEA simulations
for characterizing L,, Lg, Cp,, Cs, , and Cpg, for different
winding configurations.

Corelating the constraints for the optimum winding selection,
Fig. 19 elucidates a detailed flowchart depicting the iterative
process of finding the most optimum winding configuration.
As observed, based on the design specifications, the converter
analysis and design phase include an iterative process of finding
the optimum values of tank parameters based on factors like
resultant gain dependencies, loss budget for resonant tank by
enabling ZVS and SR, input impedance function, and corre-
sponding tank currents. Following the design phase, as per the
target tank parameters, a compatible magnetic core is selected,
adhering to the requirements pertaining to rated power and the
required magnetizing inductance (L,,).

The core selection follows a volumetric minimization based
comparative analysis, where the following considerations per-
taining to the gain-frequency trend, soft-switching criteria, and
dimensional constraints of the core are imposed for the design
specifications mentioned in Table VII:

1) Theturnsrationeedstoben = 22 : 1, adhering to the near

unity gain requirement at maximum operating voltages

RpR's-w?(LpLeg s+imL's)+iw{Llm R s+Leg sRp+LpR's}

ZinJH:mag( (#s+iwLleqs)(Bs-w2Cyrsc(Lm R s+ Leg s Rp+Lp R s ) +iw{ Carsc(RpR's-w? (LpLeg s+LmL's))+Leg,s })

) . (37)
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(for 600-28 V conversion). Corresponding to the current
carrying capacity of a 2 oz. copper trace for a four-layer
PCB, the window width should be at least 20 mm with
Ne,max = 8and Ni,max = 5.

2) Corresponding to the gain trend and ZVS requirements,
the magnetizing inductance is calculated to be less than
76.26 pH. The airgap between the cores should be <2.5
mm to prevent excessive leakage of flux from the cores.

3) The B, obtained corresponding to the turns ratio (n),
area of the core (A.), and excitation voltage should be
less than the saturation flux density (Bs, value) of the
core.

With the abovementioned considerations, Table VI compares
five different planar cores [28] and analyzes the dimensions of
the core, the airgap requirement to obtain the required L,,, with
n = 22:1, corresponding B, values, and the core losses.

As observed in Table VI, the selected core FR45810EC proves
to be the most ideal selection, adhering to the requirements
corresponding to the window width and airgap to achieve the
required L,, with n = 22:1. Further, the selected core also
provides an optimal tradeoff corresponding to the dimensions
(the area and volume) of the core with respect to the Biax
obtained thereof, resulting in the least amount of analytically
calculated core losses. Please note that the comparison shown
above is only targeted for the converter specifications for the
presented work. However, as Fig. 14 provides a generic flowchart
for optimum HFPT design, the magnetic core selection is also
included in the iterative design process.

Further, as observed in (1)—(8), based on the core selection and
the available window area, different winding configurations are
formulated along with their tradeoffs pertaining to the airgaps
and PCB fabrication parameters. This process is followed by
analytical modeling, FEA simulations, and hardware verifica-
tion to accurately characterize the obtained tank parameters. The
optimal winding selection process is successful if the obtained
tank parameters satisfy the constraints pertaining to gain gradi-
ents, soft-switching, and core losses. In addition to that, ideally
for obtaining minimized winding losses, interleaved winding
configurations proves to be the most feasible option. However,
itis worthwhile to point out at the limitation of implementing an
interleaved structure in a leakage integrated design of HFPT. As
observed in the analytical calculations in Table II, with verified
resultant parameters shown in Table V and corresponding gain
graphs in Fig. 17(a), although the interleaved winding structure
provides reduced effective winding resistance, due to negligible
value of leakage inductances obtained thereof, the required gain

TABLE VI
COMPARISON OF PLANAR CORES FOR VOLUMETRIC MINIMIZATION
Relevant Ferrite Window Area of the Volume of the Air gap (hg) for Bmax for excitation Analytically
Magnetic Planar Cores Width (b,) core (Ae) core (Ve) L, = 76puHand n = | voltage =400V, and | calculated core

22:1 n=22:1 loss [29]
FR43808EC 11.43mm 194mm? 10200mm? 1.5mm 46.8mT 5.287W
FR44310EC 13.2mm 229mm? 13900mm? 1.8mm 39.6mT 5.876W
FR45810EC 21.4mm 310mm? 24600mm? 1.9mm 29.5mT 5.221W
FR46410EC 21.8mm 516mm? 41400mm? 4.1lmm 17.6mT 6.242W
O0R49928EC 36mm 540mm? 79800mm?® 4.25mm 16.8mT 8.385W

TABLE VII

DESIGN SPECIFICATIONS FOR BIDIRECTIONAL CLLC

Parameters ' Values

Primary input voltage range (Vin) 400-600V
Secondary output voltage range (Vo) 24-28V

Rated Power (P,) 1kW
Transformer Turns Ratio (n) 22:1

Tank Leakage Inductances (Lp,Ls) 11.8uH, 0.022uH
Magnetizing Inductance (L») ' 72uH

Tank Capacitors (Cp,Cs) I 8.58nF, 5.06uF
Resonant frequency (f;) 500 kHz

isnotachieved as required by the application. Thus, an additional
inductor is required to meet the requirements of voltage gain and
ZNS soft switching, which degrades the power density of the
developed converter. This necessitates the criteria of checking
the winding losses and ensuring them to be under the defined
magnetic loss budget as seen in Fig. 19.

If none of the possible winding structures satisfy the perfor-
mance constraints, then the same process of R-L-C modeling is
carried out for all possible winding configurations with different
compatible magnetic cores. This iterative process facilitates the
most optimum HFPT design for a given set of design specifica-
tion pertaining to a selected converter topology.

V. EXPERIMENTAL VERIFICATION AND BENCHMARKING

Following the tradeoffs-based optimal selection presented in
the previous section, an experimental setup is built to test and
verify the transformer characteristics and to analyze the per-
formance of the CLLC converter with the selected transformer
winding configuration. By following the design considerations
pertaining to the gain requirement, ZVS criteria, and frequency
of operation, Table VII shows the design specifications for the
developed CLLC converter.

To realize these specifications, a 22:1 HFPT, as shown in
Fig. 20 with {[7P-4P-4P-7P], [1S*-1S5*-15*-1S*]} winding ar-
rangement using two four-layer 1.6 mm PCBs with a copper
conductor thickness of 70 m is employed. Further, FR458 10EC
core from Magnetics Inc. is selected for this application. Refer-
ring to the trends shown in the previous sections for the PCB fab-
rication details, to obtain the required leakage inductance with
a {[7P-4P-4P-7P],[1S*-1S*-1S*-1S*]} arrangement, the follow-
ing insulation thickness values are selected: h,, = 0.23 mm
and h, = 1.19 mm. Correspondingly, the air gap between the
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Primary — {7P-4P-4P-7P}

Secondary — {1S-1S-1S-15}
h, = 1.9mm

“hy = 2.5mm

TMS320F28379D DSP

Fig. 20.  Experimental setup for developed CLLC converter.
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primary and secondary winding is selected to be ha = 2.5 mm,
while that between the cores is selected to be iy = 1.9 mm.

Figs. 21 and 22 show the experimental results obtained at the
rated input voltage at 462.9 kHz switching frequency to obtain
the required voltage gain. As observed, the primary current
lags the primary bridge voltage thus achieving ZVS operation,
which matches the presented analysis and justifies the winding
selection based on the gain conditions and physical constraints.
The output voltage is settled at 28 V with a peak-to-peak ripple
of <2%. The secondary bridge is switched at a phase angle
(¢ = 46.9°) with respect to the primary bridge gate pulse to
achieve SR at the secondary bridge, which enables it to be soft
switched, thus enhancing the overall efficiency.

In order to validate the selection of optimal winding con-
figuration and its relevance for obtaining ZVS at the primary
side (switch Sy), Fig. 23 shows the experimentally obtained
waveforms of the drain to source voltage, gate to source voltage,
and the drain current at the switching instant. As observed,
Vps, s, fallsdown to 0V prior to the Vs, 5, reaching its threshold
value of the switch. Further, the drain current Ip g, observes a
negative magnitude at the turn ON instant with a lagging phase.
Both these occurrences highlight the ZVS-based soft switching
of switch S5.
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Fig. 24. Converter and magnetic stage component efficiency at different
loading conditions.

Further, the efficiency curve for the developed converter at
different loading conditions is presented in Fig. 24, which indi-
cates a peak converter efficiency of 98.49% and magnetic stage
efficiency of 99.31%. Additionally, the actual converter and
magnetic stage efficiency matches with its projected value with
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TABLE VIII
PERFORMANCE COMPARISON OF THE DEVELOPED HARDWARE WITH THE STATE-OF-THE-ART WORKS

Comparison | Topology Power | Voltage Conversion Range Power Peak Operational
Metrics Level Density Converter /Resonant
--------------- Efficiency Frequency
SOA Works
[7] Resonant LLC 500W Vip = 400V; V, = 100V - ~90% 200kHz
[9] Resonant LLC 1.2kW Vin = 200V; V, = 96V - 96.3% 200kHz
[12] Dual Active Bridge (DAB) | 1.2kW Vi, =50V; V, =50—100V - ~96.5% 50kHz
[30] Resonant LLC 20W Vin = 80V; V, = 10V 6.1W/inch? 90.9% 1MHz
[31] Dual  Bridge Series | 200W Vi = 110V; V, = 100V - 95% 100kHz

Resonant (DBSR)
[32] Resonant LLC 1kW Vi, = 360V; V, = 40V - 96.5% 1MHz
[33] Resonant LLC 800W Vin = 380V; V, = 12V 900W/inch? 97.6% 1MHz
[34] Three Phase Interleaved | 3kW Vi = 400V; V, = 48V 600W/inch? 97.7% 1IMHz

Resonant LLC
[35] Resonant CLLC 400W Vi = 400V; V, = 20 — 25V 53W/inch® 94.3% 1MHz
[36] Resonant LLC 350W | V;,, =320 —390V; V, = 19.5V | 137.16W/inch® | 95.26% 800kHz
[37] Half Bridge Resonant | 25W Vin = 80V; V, = 15V 5.43W/inch? 88.7% 1MHz

CLCL
[38] Resonant CLLC 6.6kW | V;,, = 400V; V, = 250 — 400V | 130W/inch’ 97.8% 500kHz
This work Resonant CLLC 1kW Vin = 400 — 600V; 106W/inch® 98.49% 500kHz

V, =24 —-28V (scalable up to
350W/inch?)

amismatch of 0.68% and 0.32%, respectively, thus affirming the
accuracy of presented analysis.

A detailed comparison of several published works (that em-
ploy HFPTs in their power conversion topologies) in terms
of the overall efficiency, power levels, nominal voltage con-
version levels, power densities, and operational frequencies is
presented in Table VIII. As observed, due to intricate modeling
and parameterization of the parasitic components along with
the most optimal HFPT selection, the developed CLLC results
in an improved efficiency as compared to the state-of-the-art
works [7], [9], [12], [30], [31], [32], [33], [34], [35], [36], [37],
[38]. Please note that that although the proof-of-concept has
been tested only up to 1 kW for concept verification, its power
rating can be further scaled up to 3.3 kW with utilization of
higher current-rated switching devices while retaining the same
footprint areas, with the existing control and gate drive system,
which would elevate the power density to 350 W/inch?.

VI. CONCLUSION

Based on realistic considerations to fabricate an HFPT for
a bidirectional CLLC dc/dc converter, this article emphases
comprehensive analytical modeling to formulate the leakage
inductance, winding resistance, and stray capacitance by elab-
orating on their structural dependencies on PCB specifications.
The characterization of four different winding structures is car-
ried out comprehensively and corresponding results are verified
using various 3-D FEA models and experimental analysis, por-
traying an average mismatch of 6.2% and 5.5%, respectively.
Further, optimal selection tradeoffs are presented pertaining to
ZVS constraints, gain requirements, and frequency dependen-
cies referring to experimentally developed 1.6 mm (2 oz. copper)
four-layer PCBs for noninterleaved configurations and 1.6 mm
(2 oz. copper) eight-layer for interleaved structure. To validate
and benchmark the model with the most suitable winding struc-
ture selected for the application pertaining to APUs used in
MEA, an experimental proof-of-concept is developed and tested.

The results show a peak converter efficiency of 98.49% with
magnetics stage efficiency of 99.31% at 1 kW rated load, thus
supporting, and validating the presented analysis. This design
approach and analysis can be further extended to any winding
configuration used for different HFPT applications.
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