. eprints@whiterose.ac.uk
Whlte Rose https://eprints.whiterose.ac.uk

N
(@) Rresearch onii
N’ esearc niine Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/225244/

Version: Published Version

Article:

Ansari, S.A., Davidson, J.N. and Foster, M.P. (2025) FEA-based optimisation of an
inserted-shunt integrated planar transformer for a bidirectional CLLLC resonant converter.
IET Power Electronics, 18 (1). e70014. ISSN: 1755-4535

https://doi.org/10.1049/pel2.70014

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ 32, | University of P UNIVERSITY

UNIVERSITY OF LEEDS %~ Sheffield NS W



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1049/pel2.70014
https://eprints.whiterose.ac.uk/id/eprint/225244/
https://eprints.whiterose.ac.uk/

IET Power Electronics

| ORIGINAL RESEARCH EEIEDD

‘W) Check for updates

WILEY

.
I | I The Institution of
| Engineering and Technology

FEA-Based Optimisation of an Inserted-Shunt Integrated
Planar Transformer for a Bidirectional CLLLC Resonant

Converter

Sajad A. Ansari | Jonathan N. Davidson |

Martin P. Foster

Department of Electronic and Electrical Engineering, University of Sheffield, Sheffield, UK

Correspondence: Jonathan N. Davidson (jonathan.davidson@sheffield.ac.uk)

Received: 18 November 2024 | Revised: 23 January 2025 | Accepted: 11 February 2025

Funding: Funded by the Engineering and Physical Sciences Research Council under grant EP/S031421/1.

ABSTRACT

This paper presents an optimisation method for an inserted-shunt integrated planar transformer based on 3D simulation in

Ansys Maxwell. The optimisation objective is enhanced efficiency and power density for the transformer. Thermal analysis

verifies the optimisation to ensure the transformer’s operability under limited temperature conditions when its size is reduced.

The optimised integrated transformer is implemented for verification, with the presentation of experimental results, including

AC resistance, efficiency, operating waveforms, and thermal imagery. Furthermore, the paper provides insight into the loss

distribution of the transformer. The study shows that the optimisation enhances the power density of the inserted-shunt integrated

planar transformer by 270% compared to the conventional design. Additionally, the CLLLC converter incorporating the optimised

transformer achieves approximately 1.84 percentage points higher efficiency than the conventional design.

1 | Introduction

Hard-switched pulse-width-modulated (PWM) converters, such
as the boost converter, face limitations when operated at high
frequencies under continuous conduction mode (CCM). This
is primarily due to increased switching losses at higher fre-
quencies, which, in turn, restrict their efficiency and result
in reduced power density. To address this issue, research has
explored the integration of soft-switching techniques into hard-
switched PWM converters. However, most of these solutions
involve the addition of complex auxiliary circuits to the existing
topology of the hard-switched PWM converters. This may result
in increased complexity and expenses, with no assurance of
consistently improved performance [1-3]. Optimisation of the
chosen topology is thus necessary to achieve the desired improved
performance.

Resonant converters are gradually succeeding conventional hard-
switched PWM converters due to their innate soft-switching
capabilities, which enable them to deliver high efficiency even at
high switching frequencies [4, 5]. Within the various topologies
of resonant converters, there is growing interest in the LLC
topology, because of its remarkable soft-switching performance,
reduced voltage stress on switching devices, and the integration
of magnetic components [6-8].

The topology of the LLC resonant converter is presented in
Figure 1. Recently, there has been a growing focus on LLC
resonant converters for bidirectional power transfer in vehicle-
to-grid (V2G) applications [9-11]. To adapt the LLC converter
for bidirectional functionality, modifications are required [12].
Specifically, an additional series inductor and capacitor are intro-
duced on the secondary side, as shown in Figure 2a. This modified

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.
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FIGURE 1 | Topology of the half-bridge LLC resonant converter.

topology, which still functions similarly to the LLC configuration,
is sometimes referred to as CLLLC converter [13, 14].

As shown in Figures 1 and 2a, both the unidirectional and
bidirectional LLC topologies require a high number of mag-
netic components (three for the unidirectional and four for the
bidirectional topology). Magnetic components typically have a
significant impact on the cost and size of a converter. Con-
sequently, to enhance the power density and efficiency, the
magnetic components of the LLC topologies are commonly
integrated into a single magnetic transformer, referred to as an
integrated transformer [8, 10, 11]. For example, the magnetic
integration for CLLLC topology is presented in Figure 2b. As
shown, the primary and secondary leakage inductances of a
transformer can be used as the series (or resonant) inductors and
the magnetising inductance can be used as the shunt (parallel)
inductor of the CLLLC topology.

Magnetic integration has been a significant subject of interest in
recent years, resulting in the proposal of numerous methods for
magnetic integration in the LLC topology [15-19]. Among these,
one of the well-known approaches is the inserted-shunt inte-
grated planar transformer, benefiting from various advantages,
such as the accurate estimation of leakage inductance during
design, the capability to achieve high leakage inductance, the
use of low-cost mass-produced cores and a simple manufac-
turing process [19-22]. In the integrated transformer which is
presented in Figure 3, a magnetically permeable shunt is inserted
between two E-cores, with primary and secondary windings
positioned on opposite sides of the shunt. The employment of
planar E-cores brings additional advantages, such as enhanced
power density, improved cooling capabilities, modularity, and a
simplified manufacturing process for the transformer.

Inserted-shunt integrated planar transformers were initially
developed for use in the unidirectional LLC topology. They
share similar characteristics but differ in the topology of their
magnetic shunts. These magnetic shunt topologies include low-
permeability single-segment shunts [22-24], high-permeability
segmental shunts [6, 25] and high-permeability single-segment
shunts [26, 27]. In practice, it is preferable to employ high-
permeability materials for the shunts due to their broader
availability and lower cost. Furthermore, to streamline manufac-
turing it is advantageous to for shunts to be constructed with a
low number of segments.

In astudy presented in [28, 29], the magnetic shunt was adapted to
make the inserted-shunt integrated transformer compatible with
the bidirectional CLLLC converter. This topology can provide
asymmetric primary and secondary leakage inductances for

the integrated transformer, which is required in the CLLLC
converter.

While these inserted-shunt integrated planar transformers have
been discussed in the literature, their optimisation has not been
thoroughly addressed in the previous research; the previous stud-
ies mainly focused on their modelling and ability for magnetic
integration. Therefore, there is a lack of optimisation techniques
for inserted-shunt integrated transformers in particular in the
existing literature.

To address this concern, an optimisation method for the inserted-
shunt integrated planar transformer with asymmetric primary
and secondary leakage inductances described in [28] is presented
in this paper. This topology (in [28]) is chosen because it is suitable
for both the unidirectional and bidirectional LLC converters and
represents one of the most recent advancements in the inserted-
shunt integrated planar transformers. The discussed optimisation
method is not only limited to the topology presented in [28],
but can also be employed to enhance the performance of other
inserted-shunt integrated planar transformers. The proposed
optimisation method is based on 3D simulation in Ansys Maxwell
and is supported by thermal analysis.

In the literature, optimisation is typically carried out using in-
depth mathematical models for winding losses and core losses.
Winding losses are commonly calculated using Dowell’s model
[30]. However, this model cannot be employed to model the
winding losses of inserted-shunt integrated planar transformers,
as pointed in [31]. Some simplifications can be made to model the
winding losses [32, 33]. However, these simplifications still lead
to in-depth mathematical model, and they will not guarantee pre-
cise estimation. Therefore, it is preferable to estimate the winding
losses of inserted-shunt integrated planar transformers using 3D
finite-element analysis (FEA) simulations. Consequently, this
work utilises 3D FEA simulations for optimisation, eliminating
the need for in-depth mathematical analysis. As a result, the pre-
sented optimisation procedure is accessible to a wider audience,
as it does not require a deep mathematical background, while still
providing more accurate results.

The paper is organised as follows: the operation of the inserted-
shunt integrated planar transformer with asymmetric primary
and secondary leakage inductances is presented briefly in Sec-
tion 2. In Section 3, the proposed optimisation method is pre-
sented. In Section 4, a practical example for optimisation with its
simulation study is provided. Experimental results are provided
in Section 5 to validate theoretical and simulation results. The
conclusion of the work is finally presented in Section 4.

2 | Inserted-Shunt Integrated Planar Transformer
With Asymmetric Leakage Inductances

A comprehensive analysis of the inserted-shunt integrated planar
transformer, featuring asymmetric primary and secondary leak-
age inductances, has been covered in [28, 29] and, hence, this
paper provides only a brief description of its operation.

The equivalent circuit for a coupled inductor is presented in
Figure 4a. This representation can be formally expressed as
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FIGURE 2 | Topology of bidirectional CLLLC resonant converter, (a) without magnetic integration, (b) with magnetic integration.
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FIGURE 3 | Schematic of the inserted-shunt integrated planar trans-
former.
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FIGURE 4 | The equivalent circuit of a coupled inductor. (a) First
model. (b) Second model.

Equation (1) [18, 34].

Upl _ Lpp  Lps i ip )
Ug LSP LSS dt is
where Lpp and Lgg are primary and secondary self-inductances,
respectively, Lps and Lgp are mutual inductances and vp & vg

ip & ig are the primary and secondary voltages and currents,
respectively.

The coupled inductor can alternatively be depicted using the
three-inductor model presented in Figure 4b. This equivalent
circuit can be mathematically described as Equation (2). In
Equation (2), N and N are the number of primary and secondary
turns, respectively, Lip) and Lyys are primary and secondary
leakage inductances, respectively and L, is magnetising induc-
tance which may be obtained as Equation (3).

Ng
v LLk(P) + Lm N_PLm ali
P p
= 2
[vs] Ny N¢ dt [ls] @
~ Lm Lixs) + —Ln
Np N;
N,
Ly= FZ Lps ®

FIGURE 5 | Schematic of the inserted-shunt integrated transformer
with asymmetric leakage inductances.

The schematic of the inserted-shunt integrated planar trans-
former with asymmetric primary and secondary leakage induc-
tance is shown in Figure 5. The structure is divided into primary
and secondary sections. The primary section comprises an E-
core (primary core), a magnetic shunt (primary shunt), and a
winding (primary winding), while the secondary section includes
the corresponding secondary elements (secondary core, shunt,
and winding). Referring to the equivalent circuit in Figure 4, the
operational principles of the transformer are briefly summarised
below, with more comprehensive explanations offered in [28, 29].

The primary winding generates a flux in the primary core, which
is responsible for producing the primary side inductance (Lpp in
Figure 4a) of which the magnetising inductance (L,, in Figure 4b)
is the largest contributor. A small but significant proportion
of the primary flux flows through the primary shunts, which
is responsible for the primary side leakage inductance, Lyy).
Similar arguments lead to the provision of the secondary side
leakage inductance (Lyye)). The remaining component of the
primary flux crosses the airgap and couples to the secondary
winding and therefore is responsible for the ideal transformer
Np : Ny in Figure 4b.

According to the modelling outlined in [28, 29], the values of the
magnetising inductance and the primary and secondary leakage
inductances are decoupled from each other. These values can be
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obtained from three equations, specifically Equations (17), (29),
and (30) of [28]. These equations are expressed in terms of the
geometry of the E-cores, windings, and shunts, and also depend
on the airgap lengths of the E-cores and shunts. In summary,
magnetising inductance is adjusted by regulating the airgap
length between the E-cores, ¢ ;. The primary leakage inductance
can be adjusted by modifying airgap length, ¢gp, thickness,
tg,p and relative permeability of the primary shunt. Similarly,
the secondary leakage inductance is adjusted by altering the
airgap length, ¢ s, thickness, tg,s and relative permeability of the
secondary shunt.

3 | Optimisation Procedure

This paper presents a design approach for optimised inserted-
shunt integrated planar transformer capable of meeting the
specified turns ratio, primary and secondary leakage induc-
tances and magnetising inductance requirements while ensuring
high efficiency and reliable operation. Existing literature offers
optimisation methods for transformers using mathematical cal-
culations. They often rely on Dowell’s 1-D model [30] to calculate
the winding losses, assuming uniform magnetic field distribution
in both horizontal and vertical directions. However, in the case
of LLC resonant converters and inserted-shunt integrated planar
transformers, these assumptions no longer hold [31].

For LLC resonant converters, magnetising current should be
significant to ensure soft switching, resulting in differing primary
and secondary currents (consequently, magnetic field). Moreover,
the structure of the inserted-shunt integrated planar transformers
can lead to uneven winding and shunt distribution and this
introduces non-horizontal magnetic fields. In addition, in the
integrated transformers, the presence of airgaps causes significant
magnetic flux distribution changes around the windings. The
combined effect of these problems is to cause the assumptions
required to apply Dowell’s method to become invalid. Conse-
quently, to accurately determining the resistance matrix for such
designs one should rely on 3D FEA simulations.

FEA is a numerical method used to solve complex physical prob-
lems by dividing a system into smaller, simpler parts called finite
elements. In this context, 3D FEA simulations are used to model
complex electromagnetic interactions with high precision. Tools
like Ansys Maxwell apply FEA to solve Maxwell’s equations,
enabling accurate calculations of parameters such as magnetic
flux distribution, eddy currents, and winding/core losses. The
software supports customisation of mesh settings, material prop-
erties, and boundary conditions, allowing precise modelling of
design asymmetries, air gaps, and complex geometries.

In the following section we propose an optimisation approach
using 3D FEA simulations to eliminate the need for in-depth
mathematical analysis. We then apply this approach to a partic-
ular example to demonstrate its utility. This is intended to make
the work accessible to a wider audience, as it does not require
a deep mathematical background. It is also likely to provide
more accurate results at the expense of longer optimisation time.
Nevertheless, 3D simulations have become more manageable due
to advancements in computer systems, particularly when using
the right mesh settings and simulation tools.

start
transformer design

transformer specifications (inductances, turns ratio and power),
core geometry and relative permeability of shunt

turns numbers, airgap lengths and shunt thicknesses equal to zero
(design parameters)

—> increase the design parameters with an appropriate step

v

calculation of the inductances from the modelling outlined in [28]

are all the values close to the required values

( end )

FIGURE 6 | A flowchart for designing the inserted-shunt integrated
transformer with asymmetric primary and secondary leakage inductances
presented in [28].

To streamline and expedite the simulation process, we make the
following considerations:

* Consideration A: In accordance with Dowell’s 1-D model, in
order to reduce the proximity effect, we minimise the number
of turns per layer, potentially to one.

* Consideration B: We maximise the distance between windings
and their corresponding shunts to reduce the effect of fringing
(due to the airgaps) on the windings.

* Consideration C: We choose a low-permeability shunt, or
choose a high-permeability shunt in combination with a
distributed air gap, to reduce fringing effect.

* Consideration D: We change the parameters (such as the
thickness of the PCB trace) to find the optimum efficiency, but
the post-design components must be readily available in the
market. In other words, we restrict the choice of PCB trace
thickness, shunt relative permeability, and the thickness of
both the shunt and PCBs to commercially available values in
order to ensure the design is realistically manufacturable.

* Consideration E: For each inserted-shunt integrated trans-
former, a specific design procedure is necessary to meet
particular requirements, such as primary and secondary
leakage inductances, magnetising inductance, and turns ratio.
To design an integrated transformer, we employ the modelling
technique unique to that transformer type, which is typically
detailed in the publication where it was first introduced
[6, 19-29]. For example, for the integrated transformer with
asymmetric primary and secondary leakage inductances with
the modelling presented in [28], we follow the flowchart
presented in Figure 6 for the design process. It should be
mentioned we have created this flowchart based on the
descriptions in [28]. This same flowchart is applicable to other
inserted-shunt integrated transformers as well; however, it is
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important to reference the specific modelling detailed in their
respective papers.

To achieve the most efficient planar core with the smallest
footprint, we follow the steps outlined below. These steps will be
further illustrated through an example in Section 4.

* Step I: Using a flowchart similar to Figure 6, we select the
smallest planar core available in the market that can meet the
required specifications of the integrated transformer (primary
and secondary leakage inductances, magnetising inductance
and turns ratio) without saturating, along with a few larger
available planar cores for comparison. For example, in [35], a
list of available planar cores manufactured by Magnetics Inc.
are presented, which we use.

* Step 2: Using a flowchart similar to Figure 6, we design an
inserted-shunt integrated transformer that meets the specified
requirements (primary and secondary leakage inductances,
magnetising inductance and turns ratio) for each core at
various flux densities.

The maximum flux density is chosen in accordance with
the core datasheet to avoid saturation. The minimum flux
density is based on the maximum number of turns that can
fit in the core without requiring a too large air gap (to avoid
significant fringing effect) and still achieving the required
specifications.

The flux density in the transformer is adjusted in response
to changes in the number of turns in both the primary and
secondary windings, with these changes being guided by
the turns ratio. For example, in a transformer with a turn
ratio of 1:10, an increase of one turn in the primary winding
necessitates an increase of ten turns in the secondary winding.

In the remainder of this paper, when we discuss the
different flux densities, it essentially refers to varying numbers
of primary and secondary turns.

* Step 3: We use 3D simulations and apply considerations A-D,
to assess the efficiency (or losses) of each core at various flux
densities (turns numbers).

* Step 4: We adjust the winding thickness based on market avail-
ability to determine the optimal thickness for the windings
at each flux density. Essentially, we identify which PCB trace
thicknesses are available for purchase and calculate the losses
for each thickness using 3D simulation. We then select the
thickness that results in the minimum losses. This will help
identify the maximum efficiency achievable for each core at
each flux density.

* Step 5: We compare the optimal design of each core at each
flux density, achieved from stage 4, and select the option
that offers the highest (or nearly the highest) efficiency while
maintaining the smallest size. In other words, if there is an
option whose efficiency is close to the highest (the degree of
closeness varies with application requirements) but requires a
smaller core, we prefer the option with the smaller core. This
extra consideration promotes cost-effective manufacturing
and simpler cooling.

* Step 6: We perform a thermal analysis on the selected core
to confirm its operation is within temperature limits. These
limits are determined using the core datasheet and the

TABLE 1 | The bidirectional CLLLC converter’s specification.

Symbol Parameter Value
Np @ Ny Turns ratio 51
L, Magnetising inductance 90 uH
Ly Primary resonant inductance 30 uH
Lixe) Secondary resonant inductance 0.8 uH
Cy Primary resonant capacitance 22nF
Cp Secondary resonant capacitance 0.56 uF
Vin Input voltage 125V
Vou Output voltage 20-26 V
Py Output power 200 W
fs Switching frequency 150-230 kHz

PCB winding datasheet, as the transformer must operate at
a temperature that does not compromise the core or the
insulation of the windings.

If the core exceeds the specified temperature threshold, the
next larger core with the best achievable efficiency can be
selected. Should all cores exceed the temperature limit, we
revert to Step 1, selecting larger cores available on the market,
and proceed through the subsequent steps anew. This process
is repeated until we can design a core that operates within the
acceptable temperature range.

4 | A Design Example

In this section, the optimisation procedure provided in Section 3
is applied on an inserted-shunt integrated planar transformer
which needs to be designed for a bidirectional CLLLC resonant
converter with the specification outlined in Table 1.

Based on the modelling from [28] and Figure 6, E32-6-20 is the
smallest ferrite core that can meet the specification presented in
Table 1 without reaching the saturation region. Additionally, three
larger ferrite planar cores, E38-8-25, E43-10-28, and E58-11-38, are
also selected that can meet the specification presented in Table 1
(step 1). Reference [35] is used to choose the ferrite cores (grade
3F4) with an emphasis on selecting the next three larger cores that
do not share a similar volume.

Applying considerations A to E, an integrated transformer with
the specification presented in Table 1 is designed for the different
cores and at different flux densities, as presented in Table 2,
using the modelling presented in [28] and Figure 6 (step 2). It
is important to again note that the flux density of a transformer
is significantly affected by its number of turns. Therefore, to
accommodate different flux densities, the turns number (N and
Ns) must be adjusted. With the secondary turns set at 1, we get
too high flux density, and with more than 4 turns, we encounter
too large an airgap. Consequently, three combinations (10:2, 15:3
and 20:4) can only be considered, each resulting in separate flux
densities for each core. In addition, the core E-32-6-20 can provide
the required specification outlined in Table 1 only when it has
winding configuration of 15:3.
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TABLE 2 | Characteristics of the designed integrated transformer.

Core Np N g tshp tsns €cp Cas

E32-6-20 15 3 0.24 mm 2.15mm 1.1 mm 0.1 mm 0.1 mm
E38-8-25 10 2 0.14 mm 2.15mm 1.2 mm 0.1 mm 0.1 mm
E38-8-25 15 3 0.35 mm 0.8 mm 0.4 mm 0.1 mm 0.1 mm
E38-8-25 20 4 0.75 mm 0.35 mm 0.1 mm 0.1 mm 0.1 mm
E43-10-28 10 2 0.17 mm 2.2 mm 1.2 mm 0.1 mm 0.1 mm
E43-10-28 15 3 0.45 mm 0.75 mm 0.35 mm 0.1 mm 0.1 mm
E43-10-28 20 4 0.87 mm 0.3 mm 0.12 mm 0.1 mm 0.1 mm
E58-11-38 10 2 0.23 mm 2.3 mm 1.2 mm 0.1 mm 0.1 mm
E58-11-38 15 3 0.64 mm 0.72 mm 0.34 mm 0.1 mm 0.1 mm
E58-11-38 20 4 1.3 mm 0.3 mm 0.1 mm 0.1 mm 0.1 mm

201 TABLE 3 | Efficiency of the optimised integrated transformers.

—_
W
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FIGURE 7 | Secondary winding losses at various PCB trace thick-
nesses.

For each core and at each flux density (turns number), the
winding and core losses (for ferrite 3F4) can be estimated using 3D
FEA simulation (step 3). To obtain the highest efficiency of each
core at each flux density, the thickness of the PCB windings was
varied in 0.035 mm increments (a step size available according to
[36]) (step 4). For example, the conduction losses of the secondary
windings of the core E-38-8-25 with a turn configuration of 15:3
for different thickness of the PCB traces are obtained through 3D
simulation with Ansys Maxwell, as presented in Figure 7. The
lowest conduction losses can be achieved when the thickness
is 0.245 mm. From similar parametric simulations, the optimal
thickness of the primary winding was obtained as 0.07 mm. It
should be mentioned that the thickness of the PCB traces is
limited by both core geometry (it should be able to be fitted) and
market PCB availability (it should be possible to be ordered).

Finally, using Ansys Maxwell, the optimum efficiency of each
core at each flux density (turns number) is estimated; each is
presented in Table 3. The loss distribution of each core at each flux
density (turns number) and for the optimal design are presented
in Figure 8. As shown, an increase in the number of turns (which
reduces the maximum flux density of the core) results in reduced
core losses while increasing conduction losses. Typically, the
lowest losses for each core are achieved when the winding losses
and core losses are roughly equivalent.

According to Table 3, for our specification, the E38-8-25 core with
turn number of 15:3 can provide nearly the highest efficiency

W 102 153 2014
Core

E32-6-20 - 97.88 -
E38-8-25 98.25 98.62 98.45
E43-10-28 98.31 98.74 98.76
E58-11-38 98.35 98.97 99.07
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FIGURE 8 | Loss distributions of each configuration.

with the smallest size (step 5). Although the core E58-11-38 with
20:5 turns configuration can provide slightly higher efficiency;, it
comes at the cost of larger size (almost double).

Using Ansys Maxwell Circuit, the magnetic flux density of
the selected design while it operates in a bidirectional CLLLC
converter with specification outlined in Table 1 is presented in
Figure 9a. As shown, the transformer which is a planar ferrite core
does not reach the saturation point. For comparison, Figure 9b
presents the magnetic flux density of the original transformer,
non-optimised design, as reported in [28]. This original design
exhibits a lower flux density due to its larger volume and surface
area. However, the goal of an effective design is not merely
achieving lower flux density but rather optimising for reduced
losses and compact size.

To ensure the reliability of the chosen design, thermal simulations
were conducted using a two-way coupling of Ansys Maxwell and
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FIGURE 9 | Magnetic flux density. (a) The optimised integrated
transformer (core size: 38 mm x 8 mm x 25 mm). (b) The original
integrated transformer (core size: 58 mm X 11 mm X 38 mm).

TABLE 4 | Comparison of optimised and original integrated trans-
formers.

Core Copper

losses losses  Efficiency Volume
Transformer (W) (W) (%) (mm3)
Optimised 1.55 1.25 98.62 26200
Original 1.05 5.85 96.66 70400

Ansys Icepak. The results are presented in Figure 10a, showing
that the core and windings’ temperatures remain within accept-
able limits. Therefore, this design offers a very high efficiency and
a compact size, while still ensuring reliable operation (step 6).
For comparison, Figure 10b shows the simulated operating
temperature of the original transformer, non-optimised design
reported in [28]. The original design shows a lower temperature
due to its larger volume and surface area, which result in reduced
thermal resistance. However, again, the objective of an effective
design is not solely to minimise temperature but to achieve high
efficiency and a compact design while ensuring the temperature
remains within safe limits.

In Table 4, the losses, efficiency, and volume of both the optimised
integrated transformer and the original design are presented. As
shown, the optimisation led to higher efficiency and a smaller
volume while maintaining the same 200 W output power.

5 | Experimental Verification

To verify theoretical analysis and simulation results, a CLLLC
converter using the integrated transformer was implemented as
shown in Figure 11a. The integrated transformer is based on
the proposed optimised design, with specifications presented in

Temperature (°C)
. 60

50

40

30

.20

Temperature (°C)

60

-
50
40

(b)

FIGURE 10 | Thermal performance. (a) The optimised integrated
transformer (core size: 38 mm X 8 mm X 25 mm). (b) The original
integrated transformer (core size: 58 mm X 11 mm X 38 mm).

e

R RaR JRRar

y

FIGURE 11 | Prototypes.(a) CLLLC converter. (b) The optimised and
original integrated transformers.

Table 5, and its prototype is shown in Figure 11b. Furthermore,
to demonstrate the effectiveness of the optimisation applied to
the topology introduced in [28], the non-optimised integrated
transformer (original design) built in [28] (which was constructed
using a simple optimisation method proposed in [35]) is compared
with the proposed topology, as shown in Figure 11b. Based on
the size comparison shown in Figure 11 and considering that
both transformers have the same output power, the optimisation
resulted in a 270% increase in power density.
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TABLE 5 | Optimised structure’s parameters.

Symbol Parameter Value
Np Primary turns 15
Ny Secondary turns 3
kp Turns per layer in primary 1
kg Turns per layer in 1
secondary
np Number of primary layers 15
ng Number of secondary 3
layers
hp, hg Primary and secondary 70, 245 ym
conduction thickness
hpp, hyg Primary and secondary 90, 755 um
insulation thickness
Lshp Primary shunt thickness 0.8 mm
tsus Secondary shunt 0.4 mm
thickness
s Transformer air gap 0.37 mm
€p Distance between primary 0.1 mm
shunt and E-core
s Distance between 0.1 mm
secondary shunt and
E-core
0.8 3.0
— =@ Optimised Trasnformer —_
g 0.6 =0 = Original Transformer 2.4 g
8 8
g 0.4 11.8 g
k% z
202 {1122
~ [
Q0.0 40.69
< <
-0.2 L 0.0
10k 100k 200k

Frequency (Hz)

FIGURE 12 | AC resistance of the optimised integrated transformer
and the original integrated transformer. Note the different scales left and
right.

It should be mentioned that the shunts for these prototypes
were easily made by cutting KEMET polymer magnetic shielding
sheets (series EFS) and gluing them in parallel to create a stack
with the desired thickness.

The AC resistance of the optimised integrated transformer and
the original integrated transformer, measured by a frequency
analyser Omicron Bode 100, are presented in Figure 12. As shown,
the optimisation has reduced the AC resistance of the integrated
transformer, resulting in lower conduction losses.

The efficiency of the CLLLC converter using the optimised
integrated transformer and the original integrated transformer
for different output power levels are presented in Figure 13.
As shown, the efficiency has improved by 1.84 percentage

= 0= with Optimised Transformer === with Original Transformer

O
3

\‘

=)
3
T

Efficiency (%)
S X

o
g
T
L

100 120 140 160 180 200
Power (W)

FIGURE 13 | Efficiency of the CLLLC converter without the recti-
fier stage using the optimised integrated transformer and the original
integrated transformer. Power direction from left to right of Figure 2.

points at 200 W output power as a result of the optimisation.
The efficiency of the converter is evaluated after removing the
rectifier stage from the circuit. Since the losses from an asyn-
chronous rectifier are higher than those in the magnetics, remov-
ing the rectifier highlights the efficiency difference between
the optimised transformer and the original transformer more
effectively.

To confirm the performance of the optimised integrated trans-
former, the bidirectional CLLLC resonant converter outlined in
Table 1is constructed using the design optimised integrated trans-
former. Some of the waveforms of the converter in both directions
are presented in Figure 14. The converter operates correctly in
forward and reverse power transfer modes as illustrated by the
gate signal which turns-on after its drain-source voltage has fallen
zero, thereby demonstrating zero voltage switching (ZVS) has
been achieved.

The thermal image of the optimised integrated transformer is
shown in Figure 15a. As shown, the temperature is still within the
acceptable range. For comparison, Figure 15b shows the thermal
image of original transformer, non-optimised design reported
in [28]. As predicted by the simulation results, the original
design shows a lower temperature due to its larger volume
and surface area, which result in reduced thermal resistance.
However, again, the objective of an effective design is not solely to
minimise temperature but to achieve high efficiency and a com-
pact design while ensuring the temperature remains within safe
limits.

It should be noted that the application of this optimisation
method is not limited solely to the inserted-shunt integrated
transformer with asymmetric leakage inductances but can be
applied to other inserted-shunt integrated transformers. Many
inserted-shunt integrated transformers have been recently pro-
posed [6, 19-29], yet their papers do not significant details on
design optimisation since they focus mainly on the modelling
and operation of the topologies. Nevertheless, optimisation can
further highlight the advantages of these topologies. The princi-
pal contribution of this work is to demonstrate a robust widely
applicable optimisation method for inserted-shunt integrated
transformers using FEA simulation tools, which can be utilised
by a broad audience of engineers.
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FIGURE 14 | Experimental waveforms of the CLLLC resonant converter using the optimised integrated transformer. (a) In battery charging mode
(power direction from left to right of Figure 2). (b) In reverse mode (power direction from right to left of Figure 2). Vg is drain-to-source voltage, Vg

is gate-to-source voltage, ixpy and i) are the primary and secondary resonant currents, respectively (defined in Figure 2).

FIGURE 15 | Thermal image of the transformer when it is incorpo-
rated within a bidirectional CLLLC resonant converter. (a) The optimised
integrated transformer. (b) The original integrated transformer.

6 | Conclusion

In this paper, an optimisation method utilising 3D FEA sim-
ulation was presented to enhance the efficiency and power
density of the integrated transformers. This method is specifically
developed for use with inserted-shunt integrated transform-
ers that cannot be optimised using Dowell’s 1-D model. The
optimisation technique was applied to a recently introduced
inserted-shunt integrated transformer. The results showed that
the optimisation enhances the power density of the inserted-
shunt integrated planar transformer by 270% compared to the
conventional design. Additionally, the CLLLC converter incor-
porating the optimised transformer achieves approximately 1.84
percentage points higher efficiency than the conventional design.
Practical testing of the optimised integrated transformer was
conducted by integrating it into a bidirectional CLLLC resonant
converter. The experimental results confirm the proper operation
of the converter, and thermal image indicates that the optimised
integrated transformer remains within an acceptable temperature
range.
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