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Abstract—This paper presents the design, optimization and
validation of a planar transformer for a 203W multi-output
LLC resonant converter operating from a 36V input with two
secondary outputs at 12V and 30V. The proposed approach is a
systematic optimization of the winding arrangement based on the
spatial control of the magnetomotive force (MMF) distribution
inside the winding window: windings are assigned to printed-
circuit-board layers so as to minimize the stored leakage energy,
that is, the integral of the squared field intensity along the
stack-up. In a multi-output structure this objective cannot be
a single scalar, since each secondary imposes its own leakage
constraint; it is therefore posed on the full leakage matrix of
the four-winding structure under manufacturing and creepage
constraints. The method combines MMF shaping, multilayer
interleaving optimization, two-dimensional extraction of the
winding resistances and of the inter-winding capacitance, and
three-dimensional finite-element validation on an ER32 ferrite
core. Core losses are evaluated by finite-element integration with
a data-driven material model applied element by element to
the flux-density map; separating the effects at play shows that
the waveform assumption of the manufacturer’s curves and the
choice of volume basis each weigh about 20%, whereas resolving
the flux distribution spatially changes the result by only 2%.
A comparative loss analysis against the measured impedances
of the previous litz-wire transformer gives a predicted loss
reduction of 50% at constant architecture and 52% including
the removal of one output rail. The results confirm that direct
optimization of the magnetic field distribution is an effective
strategy for high power density planar LLC transformers, in
particular under asymmetrical multi-output loading. The one-
month interval allowed for the manuscript did not permit the
experimental campaign to be completed; it is under way and its
results will be presented at the conference. This study is part of
the ADHA (Advanced Data Handling Architecture) project.

Index Terms—planar transformer, LLC converter, magneto-
motive force optimization, multi-output converter, finite element
modeling, leakage matrix, data-driven core loss.

I. INTRODUCTION

Planar magnetic components are widely used in high power
density LLC resonant converters because of their low profile,
their geometric reproducibility and their compatibility with
automated manufacturing. Their performance is however gov-
erned by the distribution of the leakage flux in the winding
window, by proximity losses and by inter-layer coupling [1]–
[3]. The dependence of leakage inductance on the winding
arrangement has been analysed extensively for two-winding
planar structures [4]–[6], and automated layer-assignment

tools based on one-dimensional MMF models have recently
been proposed [7].

Multi-output resonant converters raise a different problem.
The output powers are strongly asymmetric, so the ampere-
turn contribution of each secondary to the MMF profile
differs by an order of magnitude; and the design is no longer
constrained by a single leakage value but by a set of leakage
inductances, one per secondary, each of which affects a dif-
ferent system-level requirement. Planar multi-output resonant
transformers have been demonstrated before [8]–[13], but the
interaction between the layer assignment and the full leakage
matrix has received little attention.

This paper reports the replacement of a qualified litz-wire
transformer by a planar structure in the LLC stage of the
ADHA power module. The contribution is threefold:

• the layer-assignment problem is formulated on the
leakage matrix of a four-winding structure, under
printed-circuit-board (PCB) manufacturing, via-current
and creepage constraints, rather than on a single scalar
objective;

• core losses are evaluated by applying a neural-network
material model from the MagNet Challenge [14], [15]
element by element on the three-dimensional flux-density
map; the error of the classical approach is decomposed
into a waveform term, a volume-basis term and a spatial-
averaging term, and the last one—the one the method was
built to capture—turns out to be the smallest;

• the loss reduction relative to the litz baseline is de-
composed into its physical contributors instead of being
reported as a single figure, and the increase of the inter-
winding capacitance and its effect on the conducted
common-mode (CM) budget are assessed against the
existing, already-qualified CM filter.

The transformer is designed for a 203W LLC converter
operating at its series resonant frequency, with fixed input and
output voltages. The requirements are summarized in Table I.

II. REFERENCE DESIGN AND MEASURED BASELINE

The existing engineering model (EM) uses a litz-wire trans-
former with three secondary rails (5V, 12V, 28V) operated at
200 kHz, the 28V rail being obtained from a linear regulator
fed by a rectified 30V winding. Cross-regulation between
the 5V and 12V outputs constrains the turns ratios. In the



TABLE I: LLC Transformer Specification

Parameter Symbol Value

Input voltage Vin 36V
Total output power Pout 203W
Output 1 (center-tapped) – 12V / 173W
Output 2 (bridge rect.) – 30V / 30W
Turns ratio – 3 : 2×2 : 5
Switching frequency Fs 400 kHz
Magnetizing inductance Lm 20µH
Core – ER32/6/25, 3C95
Core effective area Ae 141mm2

Core effective volume Ve 5386mm3

PCB – 12 layers, 70µm Cu

TABLE II: Measured Characteristics of the Litz-Wire Baseline

Quantity Pri 12P 12M 5P 5M 28P 28M

RDC (mΩ) 9.2 12 13 8 7.75 285 242
RAC (mΩ)† 22 16 16.5 9 10 405 425
RAC/RDC 2.4 1.33 1.27 1.13 1.29 1.41 1.76
Lf (nH) 540 210 205 110 102 660 720

†measured at 200 kHz.

proposed architecture the 5V rail is generated by a qualified
point-of-load converter, which removes two windings and
relaxes the turns-ratio constraint.

The litz transformer was characterized on an impedance
analyser; Table II gives the results, which set the reference
against which the planar design is assessed. Two observations
drive the redesign. The winding resistances are high with
respect to the target efficiency: litz wire gives a favourable
RAC/RDC ratio at the cost of the copper fill factor in the wind-
ing window [16]. And the secondary leakage inductances, in
the 100–700 nH range, cause overvoltages on the synchronous
rectifiers and require snubbers.

The measurements confirm that the coupling inside the litz
structure is poor. The primary RAC/RDC of 2.4 at 200 kHz is
far above what a litz bundle alone would give, and the leakage
inductances of every winding are in the hundreds of nanohen-
ries. Both observations point to the same cause: the windings
are wound in successive layers with little interleaving, so the
magnetomotive force builds up across the window instead of
being cancelled.

Combining these measured impedances with the RMS cur-
rents of the nominal operating point gives the loss break-
down of Table III, which is the experimental reference used
throughout this paper. Each winding loss is computed as
RDCI

2
DC + RACI

2
AC from the measured values of Table II,

the 200 kHz resistance being applied to the fundamental of the
rectified current. Core losses of 200mW are obtained from the
turns count and the core cross-section. The resulting total is
8.71W, of which more than half is dissipated in the primary
alone.

TABLE III: Operating Currents and Losses of the Litz-Wire
Baseline, Derived from the Measured Impedances of Table II

Quantity Pri 12P 12M 5P 5M 28P 28M

IDC (A) 0 8.96 – 3.58 – 0.72 –
IAC (A)† 14.4 5.98 – 2.39 – 0.48 –
Loss (W) 4.560 1.540 1.633 0.153 0.156 0.241 0.223

†fundamental, 200 kHz. Core loss 0.200W; total 8.706W.

III. MMF-BASED LAYER ASSIGNMENT

A. Leakage Energy and Leakage Matrix

The winding window is described by the coordinate x nor-
mal to the layers. For a stack of conductive layers of thickness
ecu separated by dielectric of thickness eiso, the tangential
field is piecewise constant and given by the cumulated ampere-
turns,

H(x) =
1

bw

∑︂
k : xk≤x

nk ik, (1)

where bw is the breadth of the window, nk the number of turns
carried by layer k and ik its current. The magnetostatic energy
stored in the leakage field follows as

Wlk =
µ0

2
Sw

∫︂ hw

0

H2(x) dx ≃ µ0

2
Sw

∑︂
j

H2
j ∆xj , (2)

where hw is the total stack height and Sw = bw lw the cross-
section of the winding window normal to x, lw being the
mean turn length. Equation (2) is the classical one-dimensional
result [1], [17]; the discrete form weights each interval by its
thickness ∆xj , not by its position.

For a two-winding transformer, minimizing Wlk is equiva-
lent to minimizing the leakage inductance and a single scalar
objective is sufficient. This is not the case here. The structure
has four electrically distinct windings (primary, 12V1, 12V2,
30V) and the relevant quantity is the leakage matrix obtained
from the pairwise short-circuit energies,

L
(i,j)
lk =

2W
(i,j)
lk

I2i
, (3)

where W
(i,j)
lk is the energy stored when winding i is excited

and winding j is short-circuited. Each coefficient maps onto
a different system-level requirement:

• L
(p,12)
lk enters the resonant tank and therefore sets the

resonant capacitor and the gain characteristic;
• L

(12P,12M)
lk governs the overvoltage on the synchronous

rectifiers and determines whether the secondary snubbers
can be removed;

• L
(p,30)
lk contributes to the cross-regulation of the rectified

30V rail.
The design problem is therefore a constrained one—each
coefficient must lie inside its own interval—and not the
minimization of a single figure of merit. This is the point
where a multi-output structure departs from the two-winding
formulations of [4], [7].



Fig. 1: Magnetic field intensity along the stack-up coordinate
for the selected arrangement. Green bands mark the PCB
dielectric, the narrow pink intervals between them the copper
layers, across which H ramps. H(x) returns to zero at both
window boundaries, which verifies the ampere-turn balance.

TABLE IV: Leakage Inductances and Coupling Factors, 1-D
Model

Quantity Primary 12 V 30 V

Lf (nH) 20.4 5.45 77
Coupling factor k 0.990 0.990 0.986

B. Constrained Combinatorial Assignment

The turns allocation follows from the RMS currents: six
layers for the primary, arranged as three turns in series
duplicated in parallel; four layers for the two 12V windings;
two layers for the 30V winding. Assigning these windings to
the twelve layers is a permutation problem over a multiset.
The search space is small enough for exhaustive enumeration,
which removes the need for the metaheuristics used in [7],
provided the following constraints are enforced:

• the two 12V layers of a same rail are kept adjacent, so
that L(12P,12M)

lk is minimized and the secondary snubbers
can be removed;

• the 30V winding, which contributes little to the ampere-
turn balance, is placed at the centre of the stack;

• high-current interconnections are routed outside the wind-
ing area to avoid current crowding close to the core limb;

• layer separation and creepage follow the PCB stack-up
qualified for the platform (130µm between layers, 70µm
copper); via count and per-via current are constrained so
that the temperature rise in any via stays below 10K.

The MMF profile of the selected arrangement is shown in
Fig. 1 and the arrangement itself in Fig. 2. The field returns to
zero at both ends of the window, which verifies the ampere-
turn balance, and the residual excursion is confined to the outer
primary layers. The leakage inductances and coupling factors
predicted by (2)–(3) are given in Table IV.

Fig. 2: Resulting winding-to-layer assignment on the twelve-
layer board. The two 12V rails are adjacent and the 30V
winding occupies the two central layers.

C. Turn Geometry Inside a Layer

Within a layer, the radii of the concentric turns are chosen
in geometric progression so as to equalize the DC resistance
of each turn, following the classical result of Huang and
Ngo [18]:

ri =
(︁
r k−i
1 r i

max

)︁1/k
, i = 1 . . . k. (4)

At 400 kHz the copper skin depth is 104µm, i.e. larger
than the 70µm layer thickness. Skin effect inside a layer
is therefore weak and the loss amplification is dominated by
proximity effects, which justifies acting on the MMF profile
rather than on the conductor thickness. Consequently (4),
which is a DC-optimal result, is not exactly optimal at the
operating frequency; the resulting RAC is evaluated by finite
elements in Section IV-B.

The transformer resulting from Sections III-B and III-C is
shown in Fig. 3. The primary consists of separate turns, the
third turn being obtained by rotating the first about the y axis.
Each 12V secondary is a single turn looping back on the
outside of the transformer, duplicated and reversed to form
the two turns, the two mid-points being electrically isolated
from each other. The 30V winding occupies the two central
layers with 2.5 turns each. All vias have a diameter of 0.4mm
and are sized for 2A.

IV. THREE-DIMENSIONAL FINITE-ELEMENT VALIDATION

A. Simulation Plan

Four simulation sets were run, the AC ones at 400 kHz:
1) each winding excited alone at low frequency, giving the

DC resistance including vias and the self-inductance;
the primary is additionally excited with the nominal
magnetizing current to obtain the flux density in the
core;

2) each winding excited with one other winding short-
circuited, giving the leakage matrix (3) and the asso-
ciated AC resistance;

3) the nominal operating configuration, in which the 30V
winding and one of the two 12V windings conduct



Fig. 3: Three-dimensional model of the proposed planar
transformer, top view, upper core half removed. High-current
interconnections and via fields are placed outside the winding
area.

simultaneously with the primary, giving the loss distri-
bution;

4) an electrostatic model without the core, giving the
primary-to-secondary capacitance.

Representative results of sets 1 and 3 are shown in Fig. 4.

B. Winding Resistances

Table V compares the analytical estimate, the two-
dimensional extraction and the three-dimensional result. The
analytical estimate assumed RAC/RDC = 2 for the primary
and 1.5 for the secondaries. The three-dimensional simulation
gives a higher ratio on the primary, a direct consequence of
the large number of layers and of the very good inter-winding
coupling: the arrangement reduces the stored leakage energy,
not the proximity field seen by the primary layers themselves.
This is the practical limit of using (2) alone as a design
criterion, and it is consistent with the longitudinal/transversal
flux decomposition of [6].

Vias were modelled as solid conductors. A plated barrel of
70µm on a 0.4mm hole through a 2.2mm board gives 1mΩ
per via, hence 171µΩ per winding once paralleled: about 5%
of the winding DC resistance, included below.

C. Leakage Matrix

Table VI reports the short-circuit results, the rows cor-
responding to the excited winding and the columns to the
short-circuited one. The primary leakage is essentially in-
dependent of which secondary is shorted, at 20.9–21.8 nH,

TABLE V: Winding Resistances: Analytical, 2-D FE and 3-D
FE

Quantity (mΩ) Pri 12P 12M 30P

RDC analytical 3.5 3.0 3.0 21
RDC 2-D FE 3.5 4.2 4.2 26
RDC 3-D FE 3.29 4.16 4.17 24.9

RAC analytical 7.0 4.5 4.5 35
RAC 3-D FE 8.02 4.71 4.70 29.6

TABLE VI: Leakage Matrix from 3-D FE Short-Circuit Sim-
ulations

Excited Quantity Pri s.c. 12P s.c. 12M s.c. 30P s.c.

Primary RAC (mΩ) – 8.5 8.5 8.6
Lf (nH) – 21.8 21.7 20.9

12V P RAC (mΩ) 4.67 – 4.80 5.04
Lf (nH) 9.3 – 7.48 15.0

12V M RAC (mΩ) 4.65 4.78 – 5.10
Lf (nH) 9.3 7.42 – 15.8

30V RAC (mΩ) 29.6 31.0 30.0 –
Lf (nH) 59.2 93.0 91.0 –

which confirms that the primary is symmetrically distributed
with respect to all secondaries. The 12P/12M coefficient, at
7.5 nH, is the lowest of the matrix and is a direct consequence
of the adjacency constraint imposed in Section III-B. The
30V winding shows the largest leakage, which is acceptable
because it feeds a linear post-regulator and not a synchronous
rectifier.

Compared with the litz baseline of Table II, the secondary
leakage inductances are reduced by more than one order of
magnitude (205 nH to 9.3 nH on the 12V rail). This is what
allows the secondary snubbers to be removed, a system-level
benefit in mass, part count and derating that the transformer
loss figure alone does not capture.

D. Element-Wise Evaluation of Core Losses

The flux density in the core is markedly non-uniform
(Fig. 4a), because the cross-section of the ER32 varies along
the flux path and because the air gap spreads the field in its
vicinity. Core-loss models—whether Steinmetz-based [19] or
data-driven [20]—are formulated for a homogeneous excita-
tion of a toroidal sample. Applying them to a shaped core
therefore requires a choice of the representative flux density.

Three approaches were compared. The first uses the analyt-
ical peak flux density,

Bp =
Vin

4Np Ae Fs
, (5)

which gives 53mT here, together with the manufacturer’s loss
curves, which assume a sinusoidal excitation. The second ap-
plies a data-driven model to the volume-averaged flux density
obtained from the three-dimensional simulation. The third,
proposed here, treats the model as a local constitutive loss law:
the flux-density magnitude Be and the element volume ∆Ve

are exported for every element of the core mesh, a triangular
waveform Be(t) consistent with the square voltage applied by
the LLC half-bridge is reconstructed on each element, and the
total loss is obtained as

PFe =
∑︂
e

pv(Be(t), Fs, T ) ∆Ve, (6)

where pv is evaluated by the HARDCORE network of the
MagNet Challenge [14], [15], which returns the loss density
from an arbitrary B(t) waveform for the material considered.



(a) Flux density magnitude in the ER32 core (T), nominal
magnetizing current. The colour scale is saturated at 45mT;
the local maximum reaches 0.12T.

(b) Current density magnitude in the planar windings
(A/mm2), nominal operating point. The colour scale is
saturated at 25A/mm2; the local maximum, 360A/mm2,
occurs in the via fields and terminal transitions.

Fig. 4: Three-dimensional finite-element results. Most of the core volume operates below 45mT while the local peak reaches
0.12T, i.e. a spread of nearly a factor of three over the core; this non-uniformity is what motivates the element-wise loss
evaluation of Section IV-D. In the windings, the current density stays below 25A/mm2 over the turns themselves, the peaks
being confined to the interconnections placed outside the winding area.

TABLE VII: Core Loss: Separating the Three Effects

Representative B Loss model Volume PFe (mW)

Bp from (5) datasheet, sine Ve 700
volume average HARDCORE, triang. Ve 850
volume average HARDCORE, triang. Vgeom 1020
element-wise HARDCORE, triang. Vgeom 1040

Ve = 5386mm3 (effective), Vgeom = 6461mm3 (meshed geometry).

A point of definition has to be settled before these ap-
proaches can be compared, and it turns out to matter as much
as the modelling itself. The datasheet and volume-averaged
evaluations are carried out on the effective magnetic volume
Ve = Ae le = 5386mm3, the lumped equivalent quoted by
the manufacturer, which assumes a homogeneous field. The
element-wise sum (6) runs instead over the meshed ferrite
geometry, whose volume is 6461mm3 for the ER32/6/25
core set, i.e. 20% more material. Table VII therefore reports
the volume basis of each evaluation explicitly, the volume-
averaged case appearing twice—once on each basis—so that
the three effects at play, namely waveform and material model,
volume basis and flux non-uniformity, can be separated.

The result is not the one that was expected. Going from
the manufacturer’s sinusoidal curves to the neural-network
model evaluated on a triangular waveform raises the loss by
21%; correcting the volume basis adds a further 20%; but
resolving the flux distribution element by element, instead of
using its volume average, adds only 2%. In other words, for
this core and this operating point the non-uniformity of B
is not what drives the discrepancy between methods, even

though the flux density varies by nearly a factor of three across
the core (Fig. 4a). This is consistent with Jensen’s inequality,
which for a convex pv(B) guarantees that the element-wise
sum cannot fall below the volume-averaged evaluation on
the same volume, but says nothing about the size of the
gap; the 2% obtained here indicates that the volume fraction
operating far from ⟨B⟩ is limited. The dominant error in the
classical approach is the waveform assumption, not the spatial
averaging.

This conclusion is only reachable if the element volumes
are handled correctly, and there is a trap worth reporting. In
the finite-element package used here, the element volume is
available as a field variable, but a data export on a solution
dataset evaluates expressions at the mesh nodes while the
element volume is an element quantity. Several nodes share the
same element, so the naive sum of the exported volumes falls
short of the true volume by roughly the number of tetrahedra
per node—a factor of 3.3 on the mesh used here—and the
computed loss is short by the same factor. Summing the
exported volumes and checking the total against the geometric
volume of the core, before any loss is computed, is a two-line
test that should be systematic.

The network was trained on toroidal samples of fixed
dimensions, under steady-state excitation and without DC bias,
so its element-wise use is an extrapolation outside the training
distribution and the last row of Table VII is an estimate rather
than an absolute prediction.

E. Inter-Winding Capacitance and Common-Mode Budget

Planar construction improves coupling at the cost of a
much larger primary-to-secondary capacitance. An electro-



Fig. 5: Electrostatic finite-element model used to extract
the primary-to-secondary capacitance (cross-section, core re-
moved).

static finite-element model of the windings alone (Fig. 5),
with εr = 5 for the dielectric, gives Cps = 1.54 nF in two
dimensions and Cps = 1.05 nF in three dimensions, the two-
dimensional value being overestimated because it ignores the
actual overlap area. The three-dimensional value is retained.
It compares with the 25 pF measured on the litz transformer,
i.e. a factor of about forty.

Keeping the existing CM filter, the applicable conducted
emission limit [21] at 400 kHz and the filter attenuation give

ACM = 70− 20 log10

(︃
Fs

300 kHz

)︃
= 67.5 dBµA, (7)

AF,CM = 40 log10

(︃
fc,CM

Fs

)︃
= −44 dB. (8)

Circuit simulation with the extracted Cps gives a common-
mode current of 56mA peak at the transformer, i.e. 95 dBµA,
hence 51 dBµA at the module input after filtering. The margin
against (7) is therefore 16.5 dB and the CM filter needs no
modification.

This result deserves a comment, because the raw capaci-
tance is a poor predictor of common-mode noise. Saket et
al. showed that a planar transformer with a capacitance sixty
times larger than a wire-wound reference can nevertheless
produce 15–25 dB less common-mode noise, provided the
layers are interleaved by pairs of identical dv/dt [22]–[24].
That technique is directly applicable to a single-secondary con-
verter. In the present case there are three distinct secondary po-
tentials and the number of layers that can be paired collapses:
enforcing the dv/dt pairing conflicts with the adjacency and
centring constraints of Section III-B. The design reported here
resolves the conflict in favour of the leakage constraints, which
is acceptable only because the CM filter retains 16.5 dB of
margin.

F. Thermal Behaviour

The loss densities of the analytical breakdown were applied
to a three-dimensional thermal model with the interfaces held
at 20 ◦C (Fig. 6). The conservative assumption was made that
the thermal conductivity of the board is that of air and that
the core losses are entirely injected into the windings. Even
under these conditions the maximum temperature rise inside
the windings is 28K. The model was run with the 3.4W of the
analytical prediction; since the problem is conduction domi-
nated and the boundary conditions are fixed, the rise scales

Fig. 6: Steady-state temperature (K) in the windings, interfaces
held at 293K, board conductivity taken equal to that of air.
Maximum rise 28K.

TABLE VIII: Loss Comparison: Measured Litz Baseline ver-
sus Predicted Planar Design

Litz (measured Z) Planar (predicted)

Losses (W) as built iso-arch. analytical 3-D FE

Primary 4.560 4.560 1.450 1.663
12V P 1.540 1.540 0.560 0.708
12V M 1.633 1.633 0.560 0.708
5V (P+M) 0.309 – – –
30V (P+M) 0.464 0.464 0.100 0.100
Core 0.200 0.200 0.700 1.040

Total 8.706 8.397 3.370 4.219

Gain vs. iso-arch. (%) – – 59.9 49.8
Gain vs. as built (%) – – 61.3 51.5

Litz losses are computed from the measured impedances of Table II and the
operating currents of Table III. Architecture simplification (5 V removal) alone
accounts for 0.309W, i.e. 3.5%; the remaining 4.18W is attributable to the
change of winding technology and operating frequency.

linearly with the dissipated power, so the 4.2W of Table VIII
corresponds to about 35K. Both values remain compatible
with the derating rules applicable to the module [25], [26].

V. COMPARATIVE LOSS ANALYSIS

The comparison is between a litz-wire transformer whose
impedances were measured on the engineering model (Ta-
bles II and III) and a planar transformer whose losses are
predicted, analytically and then by three-dimensional finite
elements, both levels being reported so that the spread between
them can be judged.

The new design also differs from the EM in two respects at
once: the 5V rail is no longer produced by the transformer,
and the winding technology changes from litz wire to planar
with a switching frequency raised from 200 kHz to 400 kHz.
Reporting a single overall figure would attribute to the tech-
nology a gain that is partly due to the architecture. Table VIII
therefore gives an iso-architecture column, in which the two
5V windings are removed from the litz baseline, alongside
the design as actually built.



Three observations follow. First, the analytical model un-
derestimates the three-dimensional result by 20% on the total,
and in the same direction on both mechanisms: by 16% on
the copper, because the assumed RAC/RDC ratio of 2 on the
primary is optimistic for a twelve-layer stack, and by 33%
on the core, because it uses the datasheet curves under a
sinusoidal assumption and on the effective rather than the
geometric volume (Section IV-D). An analytical pre-design
of this kind should therefore be read as a lower bound, not as
a centred estimate.

Second, the dominant contribution is the primary winding,
whose loss falls from 4.56W to 1.66W. This is not a
frequency effect: it comes from the copper cross-section made
available by the planar construction, six layers of 70µm
copper occupying the window far more efficiently than a litz
bundle of equivalent height, and from the reduction of the
primary leakage inductance from 540 nH to 21 nH.

Third, the core-loss line must be read with care. It rises
from 0.20W to 1.04W, but the two figures are not obtained
the same way: the litz value is a datasheet estimate, of the
kind shown in Section IV-D to fall about a third below the
element-wise result, whereas the planar value comes from the
element-wise data-driven evaluation. Part of the apparent five-
fold increase is therefore a method effect rather than a physical
one. The same limitation prevents the frequency change from
being separated from the technology change, since the baseline
is characterized at 200 kHz and the planar design at 400 kHz;
doubling the frequency acts in opposite directions on the two
mechanisms, raising the copper loss through the proximity
effect while halving the flux excursion at constant turns count
and applied volt-seconds. The copper comparison, which rests
on measured impedances on one side and finite elements on
the other, is therefore the solid part of Table VIII.

The effect at converter level is shown in Fig. 7, where
the predicted efficiency of the LLC cell with the proposed
transformer is compared with the efficiency measured on the
existing prototype. The 4.5W difference predicted for the
transformer is largely recovered at full output power. Fig. 8
extends the prediction to the whole input-voltage and load
range using the characterization data available for the input
filter and the upstream buck-boost stage.

VI. EXPERIMENTAL PROGRAMME

A demonstrator of the optimized transformer is being
manufactured on the qualified twelve-layer stack-up. The
characterization campaign covers the DC resistance and the
frequency-dependent impedance of each winding, the short-
circuit impedance of each winding pair, the primary-to-
secondary capacitance, a calorimetric measurement of the core
loss at 400 kHz—which is the discriminating test between the
evaluation methods of Table VII—and the converter efficiency
and thermal map over the full operating range.

The one-month interval between the acceptance of the digest
and the manuscript deadline was not sufficient to manufacture
the demonstrator and complete this campaign, which is why
the present paper reports predicted rather than measured

Fig. 7: Efficiency and losses of the LLC cell. Solid: proposed
design with the planar transformer. Dashed: measurement on
the existing prototype. Neither curve includes the transformer
core loss; adding the 1.04W of Table VII lowers the full-load
efficiency by about 0.5 point, here and in Fig. 8.

Fig. 8: Predicted system efficiency over the input-voltage and
output-power range with the proposed transformer.

performance for the planar design. The measurements are
in progress and their results will be presented at the
conference.

VII. CONCLUSION

A planar transformer has been designed to replace the litz-
wire transformer of the LLC stage of a 203W multi-output
space power module. The layer assignment was treated as
a constrained combinatorial problem formulated on the full
leakage matrix of the four-winding structure rather than on a
single scalar objective, which is what the multi-output nature
of the converter requires. The resulting arrangement reduces
the secondary leakage inductances by more than an order of
magnitude and allows the secondary snubbers to be removed.

Core losses were evaluated by applying a data-driven ma-
terial model element by element to the three-dimensional
flux-density map. The comparison with the datasheet and
volume-averaged approaches shows that the choice of the
representative flux density dominates the result on a shaped



core, a point that deserves attention as neural-network material
models become routine design tools.

Set against the measured litz baseline, the predicted trans-
former loss falls from 8.7W to 4.2W. Once decomposed,
0.31W of this reduction is attributable to the removal of the
5V winding and 4.18W, or 49.8% of the iso-architecture
baseline, to the change of winding technology and operating
frequency. The analytical pre-design underestimates this figure
by 20% and should be read as a lower bound. The improved
coupling is obtained at the cost of a forty-fold increase of
the primary-to-secondary capacitance; the existing common-
mode filter retains 16.5 dB of margin, but the analysis shows
that the dv/dt pairing techniques available for single-output
transformers conflict with the leakage constraints of a multi-
output structure, a trade-off specific to this class of converters.

These results confirm that the direct optimization of the
magnetic field distribution inside the winding window is an
effective design strategy for high power density planar LLC
transformers, and that it becomes a genuinely constrained
problem—rather than a single minimization—under asymmet-
rical multi-output loading. The gains reported here remain
a comparison between a measured litz reference and a pre-
dicted planar design; the experimental characterization of the
demonstrator, in particular the calorimetric core-loss measure-
ment that discriminates between the evaluation methods of
Table VII, will be presented at the conference.
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