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high-frequency transformer (HFT) designs for dual active bridge converters
(DABs) in solid-state transformers (SSTs). SSTs are increasingly adopted in
modern power systems due to their higher efficiency, compact structure, and
improved operational reliability when compared with conventional transformers.
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To address these challenges, this work applies a constrained multi-objective
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High-frequency transformer GA implemented in MATLAB to optimize the design of an HFT for a DAB
Multi-objective optimization converter. The methodology allows for the simultaneous optimization of
Solid-state transformer multiple design objectives while taking into consideration restrictions like

efficiency, leakage inductance, temperature limits, core winding area, and
sizes. Our comparison with particle swarm optimization (PSO) indicates
that the GA achieves more consistent convergence and consistently lower
total losses. The case studies reinforce this observation, giving compact and
high-performance HFT designs tailored for SST applications. The optimization
approach provides a reliable and scalable method for developing thermally
robust and space-efficient HFT's suitable for next-generation SST platforms and
renewable-energy applications.
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1. INTRODUCTION

Modern power systems are shifting toward higher efficiency, reduced size, and more intelligent
energy management, largely driven by the expansion of renewable sources, electric vehicle (EV) charging
infrastructure, and ongoing grid upgrades. Solid-state transformers (SSTs) depart sharply from traditional
magnetic-core transformer designs and introduce a fundamentally new way of handling power distribution.
The inception of power electronics and semiconductor materials enabled the development of SSTs, which
can switch at high frequencies while maintaining efficient energy management. SSTs are lighter and occupy
significantly less space than conventional transformers. These transformers are suitable for electric vehicle
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charging stations and renewable energy systems. SSTs are increasingly proposed for EV fast-charging
architectures due to their modular high-frequency isolated stages and bidirectional control. Furthermore, SST's
offer advanced capabilities such as precise voltage and power flow control, thereby enhancing power system
reliability and efficiency. At the core of SSTs is the high-frequency transformer (HFT), which is responsible
for both power transfer and electrical isolation [[1]-[6].

Recent studies highlight the role of SSTs as smart transformers (STs) which is enhancing grid
flexibility and microgrid performance. ST-based microgrids optimized through genetic algorithms have shown
improved voltage regulation, power quality, and fault resilience. These results indicate a broader shift from
conventional transformer operation toward more intelligent transformer systems in modern power systems
[7], [8]. They also underline the need for well-optimized high-frequency transformers as the main elements
responsible for electrical isolation and power transfer in solid-state transformer architectures. Designing an
HFT for efficient high-frequency operation is not straightforward. Thermal behavior and magnetic stability
must be addressed simultaneously, which makes the problem inherently multidisciplinary within power
electronics 9], [10].

Figure|[I|presents the three-stage configuration of a SST. It comprises: (i) an AC-DC rectification stage,
(i1) a high-frequency isolated DC-DC conversion stage using a DAB, and (iii) a final DC-AC inverter stage.
Conventional distribution transformers show inherent limitations in voltage regulation, harmonic mitigation,
and the handling of bidirectional power transfer. These limitations are addressed in solid-state transformers
through advanced control strategies. Operating at higher frequencies helps mitigate these challenges while
improving power quality and supporting stable grid interaction.
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Figure 1. Three-stage SST configuration [[L1]

The performance of high-frequency transformers depends strongly on the materials and technologies
used in their construction. Transformer efficiency and power density mainly depend on the core materials and
winding design. Therefore, nanocrystalline cores are considered due to their superior magnetic characteristics
that distinguish them from more typical materials such as silicon steel and ferrite cores. High-frequency
operation also affects the performance, flexibility, and reliability of SSTs. It requires careful attention to
insulation requirements and the leakage inductance of the HFT [12]-[14]. Additionally, accurate modeling
of the phase-shifted full-bridge (PS-FB) ZVS DC-DC converter is critical in SST systems. Studies on isolated
dual active bridge converter (DAB)-based converter topologies report that leakage inductance and switching
stress introduce measurable efficiency and cost penalties, particularly under high-frequency operation, which
motivates the inclusion of explicit leakage and thermal constraints during the optimization stage [15].

A recent study highlights the advantages of using system identification techniques over traditional
averaging models, enabling more precise modelling by incorporating parasitic elements and improving dynamic
performance prediction [16]]. Design methodologies for HFT are being developed to improve these aspects,
maintaining that the transformers are capable of handling the requirements of high-power and high-frequency
functioning for a SST. It is presented that controlling the leakage inductance inside the transformers is essential
to have zero voltage switching (ZVS) without the need for extra inductors, thereby optimizing the size and
weight of the HFT [17]. Soft-transition designs (e.g., zero voltage transition (ZVT)) improve efficiency
in non-isolated converters; in DAB-HFT stages, controlling transformer leakage to achieve ZVS provides
analogous benefits without auxiliary inductors [18]], [19].

There is a trade-off between the cost of material, power density and thermal efficiency. High density
of power is essential because it reduces the transformer’s size and weight of core and windings, which
is especially useful in space-constrained situations. Higher power densities, on the other hand, generate
more heat, which must be efficiently handled to avoid depreciation of transformer performance and its
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life (SSTs) [20]]. Several studies have explored transformer optimization using genetic algorithms (GAs)
and other evolutionary techniques. Hoang and Wang [21] proposed a GA-based method for optimizing
HFTs, but did not consider leakage inductance constraints. Similarly, Mogorovic and Dujic [[17]] focused on
medium-frequency transformer optimization but did not incorporate temperature rise constraints and thermal
limitations. In contrast, our approach considers multi-objective constraints like efficiency, leakage inductance,
temperature rise, and winding area, which makes it more suitable for HFT applications in SSTs. Hassan
and Hameed [22] studied how core geometry affects transformer efficiency using MATLAB-based graphical
tools for high-frequency transformer design. Their work shows that both core shape and material choice
need to be included when developing optimization frameworks. Physical and technological constraints
limit the development of HFTs for SSTs for the future smart grid. Thermal capability is a major concern.
As operating frequency increases, losses in the core and windings raise the operating temperature. This
issue is commonly observed during design iterations. Thermal management can reduce these effects, but it
increases design complexity and overall system cost. HFT design for SSTs involves balancing electromagnetic
performance, thermal limits, economic considerations, and implementation constraints. Olowu et al. [23]
proposed a multiphysics optimization framework, although their work is focused mainly on medium-frequency
transformers used in distribution systems. Extending such multiphysics and multi-objective optimization
approaches to HFT's allows electromagnetic, thermal, and structural constraints to be treated in a unified design
process for SST applications.

Bahmani [24]], [25] proposed geometric design optimization strategies but lacked multi-objective
constraint handling. HFT optimization involves carefully regulating leakage inductance, winding topologies
to reduce losses, and core choices based on Area product. These design improvements of transformer help
to provide more efficient ZVS operation, reduce alternating current (AC) losses to maximizes efficiency,
and improving thermal performance [20]], [21]], [24]. This work presents the design of compact, optimized,
and high-efficiency transformers for modern power electronics applications, such as DAB converters and
high-power conversion systems, by incorporating advanced optimization approaches in MATLAB. The design
of high-frequency transformers for solid-state transformer applications involves strong coupling between
electromagnetic, thermal, and material-dependent effects, which must be addressed simultaneously to ensure
reliable operation [26]. Recent advances also explore Al-assisted or thermally coupled optimization for
medium-frequency transformers [27]], [28].

Building upon prior research in this area,the reviewed studies demonstrate steady progress in the
optimization of HFTs for power electronic converters. While earlier works such as Wang et al. [29]
and Hernandez et al. [30] established multi-objective frameworks using NSGA-II and NSGA-III with
electromagnetic modeling, they did not explicitly integrate manufacturing or thermal constraints. More recent
efforts, including Shi ef al. [31] and Su et al. [32], incorporated artificial intelligent (Al)-assisted or robust
optimization strategies but mainly addressed distribution-level or low-frequency designs. Hashemzadeh et
al. [33] demonstrated a DAB-based SST experimentally, yet lacked a generalized optimization procedure for
transformer parameter synthesis. In contrast, the present work introduces a constrained multi-objective GA
framework that simultaneously considers efficiency, copper and core losses, leakage inductance, temperature
rise, and window utilization. This unified approach links electromagnetic behavior, thermal limits, and
manufacturability constraints within a single design flow. Combining these domains provides a clear path
toward compact, high-efficiency ,high-frequency transformers for dual-active-bridge stages in next-generation
solid-state transformers.

Designing high-frequency transformers for solid-state transformer applications requires a clear
understanding of the governing parameters and the constraints imposed by practical implementation. From
the initial design stages, emphasis is placed on identifying the relevant parameters, governing equations, and
design criteria, as summarized in section 2. This phase involves careful selection of core and winding materials,
detailed estimation of total HFT losses, and the use of appropriate optimization procedures. Section 3 then
addresses the key design constraints that must be satisfied to obtain feasible solutions, including efficiency
requirements, limits on leakage inductance, allowable temperature rise, and winding area constraints for both
primary and secondary sides, all of which directly influence manufacturability and construction feasibility.
The study subsequently examines the use of genetic algorithms for constrained multi-objective optimization
within a MATLAB environment. The results and discussion section reports the simulation outcomes, including
Pareto-optimal fronts, which capture the inherent trade-offs among key design objectives such as area product,
efficiency, and total losses.
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The framework is implemented in MATLAB and verified using case studies based on a dual
active bridge converter. Its performance is evaluated through comparison with particle swarm optimization
during the validation stage to assess efficiency. The same optimization approach is applicable to modular
solid-state transformer configurations used for renewable energy integration, where power density and isolation
requirements are critical. The major contributions of this paper are summarized as follows:

— Development of a constrained multi-objective GA framework that integrates electromagnetic, thermal, and
manufacturing limits within a single optimization process.

— Inclusion of leakage-inductance and temperature-rise constraints to ensure ZVS operation and thermal
reliability.

— Quantitative comparison between GA and particle swarm optimization (PSO) methods under identical design
objectives.

— Validation of the optimized design through MATLAB-based DAB converter simulation demonstrating high
efficiency and compactness.

2.  DESIGN METHODOLOGY OF HIGH FREQUENCY TRANSFORMER

The method combines standard transformer design equations with a coordinated handling of key
constraints. These include efficiency, leakage inductance, thermal limits, and winding window utilization
within a genetic algorithm framework. From the design iterations, the main inputs are the required power
rating and the primary and secondary voltage levels. Core material properties, such as saturation flux density
and permeability, along with insulation requirements, are also considered. The governing equations determine
the number of primary turns, leakage inductance, core geometry, and individual loss components. During
optimization runs in MATLAB, variables such as flux density, operating frequency, and current density are
adjusted to meet the target performance. This approach balances electromagnetic objectives with practical
constraints related to manufacturability and thermal stability.

Following the main criteria consideration while designing HFT [[L1]: (i) selection of material for
the core and winding, (ii) winding arrangement, (iii) temperature rise considerations, (iv) magnetization
and leakage inductance requirement, (v) transformer core loss calculation, and (vi) isolation requirement.
Optimizing the HFT design criteria is necessary to achieve high efficiency while reducing both core losses
and power converter losses. The value of optimum flux density B is compared with the value of saturation
flux density Bq,. So the increased value of B,y such that it does not affect the efficiency of the transformer, but
it can increase power density. Figure[2]depicts the optimized HFT design workflow, starting from the definition
of electrical and magnetic input parameters and proceeding through constrained optimization, dimensional
calculations, and efficiency validation. The sequence incorporates checks on loss minimization, thermal
stability, and leakage inductance requirements to guide the selection of an HFT configuration that balances
efficiency, reliability, and manufacturability.

2.1. Core material and dimension

Choosing an appropriate core material for high-frequency transformers requires a careful balance
between achievable flux density and overall efficiency under practical operating constraints. Nanocrystalline
cores are widely reported in the literature because of their low core losses and high saturation flux density,
which make them suitable for HFT applications [24]]. In practical high-power designs, however, their use is
often limited by manufacturing cost and by the restricted range of available geometries, since these materials
are commonly supplied in toroidal tape-wound forms. Addressing these material and geometric constraints
requires careful thermal management and appropriate winding configurations to support higher power densities
while maintaining compact size.

The area product (A,) is adopted as the primary parameter for core sizing and is evaluated using
established transformer design equations to satisfy both magnetic and thermal constraints. Empirical values
of flux density and window utilization are applied during the core selection process, guided by manufacturer
datasheets. The area product (A4,) is computed using the standard expression reported in [34]].

Ap( V2Y VA ) 0

ko fBokik g/ ky AT
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Where A, is the area product (m*), A, the effective core cross-sectional area (m?), A,, the winding window
area (m?), >~ V A the apparent power rating of the transformer (VA), k., the window utilization (fill) factor, k ¥
the waveform factor (e.g., 4.44 for sinusoidal EMF), By optimum flux density (T), and f switching frequency
(Hz). The (1) calculates the product of the window area and the cross-sectional area of the core, crucial for
determining the physical size of the transformer to handle the magnetic flux. Where k; is given by (2).

hekq
Puwkw

ke = 2)

This criterion is used to select a core from manufacturer datasheets whose dimensions meet or exceed
the calculated area product. When a single core cannot satisfy this requirement, stacked cores offer a practical
means of achieving the required area product while accommodating the imposed electrical and thermal loading
conditions. This approach adds flexibility to the design process and helps address limitations associated with
standard core geometries and the cost of advanced magnetic materials. The core material properties listed in
Table|[T]illustrate the differences in loss characteristics among the available options.
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Figure 2. Flowchart of optimization-based HFT design
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Both ferrite and nanocrystalline core options are examined during the design stage. Ferrite materials
exhibit low core losses at frequencies above 20 kHz. However, their relatively low saturation flux density limits
the achievable power density. Nanocrystalline materials provide higher permeability and higher saturation flux
density. This allows a smaller magnetic volume and more effective utilization in the moderate frequency range
of 10-20 kHz. Based on these trade-offs, a nanocrystalline core was selected for operation at 11 kHz, offering
a practical balance between compact size, acceptable thermal behavior, and robust magnetic performance.

Table lists the Steinmetz parameters k, o, and 3 in mW/cm?3. These parameters are normalized per
unit core volume. In the loss model as (3).

Pjo = kV, f*BY 3)

k is interpreted as a volumetric loss coefficient and V. (m?) is the physical core volume, ensuring dimensional
consistency. During optimization, the nanocrystalline parameter set (k = 8.03, = 1.62, § = 1.98)
is employed in all final GA runs, while ferrite and amorphous data were used in preliminary sensitivity
checks to verify material-dependent behavior. This clarification aligns the units and confirms that all core-loss
calculations are performed on a per-volume basis.

Table 1. Core material properties

Material k (mW/cm?) « B

Ferrite 42.8 1.53 298
Silicon steel 278.4 1.39  1.80
Amorphous 46.7 .51  1.74
Nanocrystalline 8.03 1.62 198

2.2. Winding material and arrangement

Winding arrangements are optimized using litz or foil conductors, depending on current levels. The
design balances AC resistance with thermal handling and fill factor. The winding window utilization is
constrained below 60% to ensure adequate cooling and prevent insulation failure.

To have proper design of high voltage (HV) and low voltage (LV) windings of HFT, a trade-off
between several parameters should be considered: effective utilization of winding area, low losses, proper
electrical isolation, and good thermal behavior. Large currents require a large conductor cross-section, but this
leads to higher winding losses. Eddy currents at high frequencies produce a large amount of core losses and
will guide the design toward reduced core thickness.

Subsequently, the primary number of turns IV, is calculated as (4).

Vo

Ny=———— 4
P kkaAcBmazf ( )

Where V, is the RMS primary voltage (V), f the frequency (Hz), Bp,ax the peak flux density (T).

As a result, litz and foil conductors are the ideal choice for winding conductors in HFTs. The
construction of a litz conductor consists of individual insulated wire strands twisted or braided together. The
foil or litz wire conductors are used in the winding of HFTs to decrease eddy current loss. These insulated
strands adjust all points in the cross-section of the litz conductor to spread the flux linkage and ensure uniform
current distribution.

Due to the high currents in the line, foil conductors are employed in the low-voltage winding of
medium-frequency transformer (MFT)/ high-frequency transformer (HFT). Thin foil conductors are thought to
reduce losses due to the skin effect. To reduce proximity effect losses, the thickness of foil conductors should
decrease as the number of layers increases. After selecting the core, the wire for HFT windings is chosen based
on the optimal current density, estimated by GA optimization, as in (5).

AT 1

Jo =K
"\ 2k, /4,

®)

The value of current density .Jy and the primary and secondary currents in HFT are used to calculate
the required primary and secondary bare conductor areas. Due to the skin effect, the conductive winding
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cross-section region must be considered. The diameter of the Standard Wire Gauge (SWGQG) wire should be
less than the skin depth § to minimize eddy current losses. The thickness of and equivalent wire or conductors
whose resistance is equal to that of a solid conductor under skin effect is known as skin depth. The skin depth,
also defined as effective depth at which current density falls to 1/e of its surface value due to the skin effect, is
given by (6) [14], [34].

P
0= 6
m ©

Where p is the resistivity of the conductor (2-m), f is the operating frequency (Hz), and p is the permeability
of free space (47 x 10~7 H/m). As a consequence, the type of wire SWG can be selected. Then the number of
strands is calculated by required total area and selected area of strands with consideration of § skin depth.

It is possible to estimate the required cross-sectional area of the primary or secondary windings from
the rated current as (7).

1
Awinding = 70 (7)

Where Jj is the current density. The strand diameter is then selected to limit the skin effect at the chosen
switching frequency, as (8).
é

dstrand = 5 (8)

Where ¢ is the skin depth. The strand diameter is chosen between 0.56 and J to minimize eddy-current losses
while maintaining manufacturability. The cross-sectional area of one strand is as (9).

dS ran 2
Astrand =7 (tzd) (9)
The total number of strands required in the Litz bundle is as (10).
Awindi
Ns and = winding 10
trand Astrand ( )

The total copper area inside the Litz bundle is as (11).

Acu = strandAstrand (1 1)

However, due to inter-strand voids, varnish coating, and outer insulation, the actual bundle occupies a larger
cross-sectional area Aypunqle, related to the copper fill factor (packing efficiency) vy, as (12) [14], [34].

ACLI

VLitz

(12)

Abundle =

Typical packing factors for Litz wire range from 0.35 to 0.55, depending on strand construction and twist pitch.
The equivalent outer diameter of the bundle, which determines the number of turns per layer, is as (13).

Apun
Diundie = 24/ % (13)

The number of turns per layer is given by (14).

Wy
Niurns = 14
turns/layer Dbundle ( )
And the total number of layers required for each winding is as (15).
N
N layers — »7 (15)
v Nturns/layer

Where W, is the window width and NN is the total number of primary or secondary turns.
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Finally, the total effective winding area considering both primary and secondary coils is as (16).
Awt = NpAbundle,p + NsAbundle7s (16)

This formulation enforces the practical winding fill constraint (A,,; < 0.6A4,,), allowing insulation thickness,
void spaces, and Litz-wire bundle packing effects to be represented in a realistic manner. From a design
standpoint, this constraint links the electrical requirements with thermal behavior and manufacturability.
Generally it allows these three aspects to be addressed together within a multi-objective optimization approach.

For dry insulation of the MFT in DABs [35], the necessary minimum insulation distance between
conductors is as (17).

‘/iSO

Di,min = K. E
isoLins

a7

Where V;,, represents the required isolation voltage level, F;,,s denotes the dielectric strength of the insulation
material, and K5, corresponds to the safety margin specified by the manufacturer.
The core volume V. and the winding volume V,,, are defined as (18) [36].

Ve =lnAc (18)
Where [,,, = mean magnetic path length of the core (m).
I =2(Chp +20) + 0.8 X Iy X (24 ) (19)

Where C,, denotes the cross-sectional width of the core, [ represents the core cross-sectional thickness, and
l 1s the winding width for the C-core sheets. Based on the geometric characteristics of the high-frequency
transformer, an empirical expression is used to estimate the core volume as in (20).

Vo= (Wth%Jr%) Ac+ ((Ww ><4)%> +<(4>< %)%) + ((ZXW}L)%) x 1.2 (20)

Where C', = core width in m, W}, = window height in m, W, = window width in m, C; = core depth in m.
Figure [3] shows the winding structure and geometric layout of the high-frequency transformer.
This configuration is used to control leakage inductance through adjustments in core dimensions, winding

placement, and insulation spacing. These structural choices directly affect ZVS operation, thermal behavior,
and the overall efficiency of the transformer.

Primary winding
Secondary winding

< W, >
e Window width =“'J\

Figure 3. Cross-sectional schematic of HFT core with primary windings and secondary windings

The mean length of a turn (MLT) is calculated as (21).
MLT = (Cy + (Wy X 0.4) X 2) X 24 (Cgq + (W, X 0.4) x 2) X 2 (21)
A windings volume V,, is given by (22) [36].

Vi =MLT x W, (22)
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Copper loss is given by (23).

Pey = Iy Rpae + I Roqe (23)
Where: I,,, I, = primary and secondary currents.

Ry = Fr X Rye (24)
Eddy current loss factor as (25).

1+ (ro/6)*

Fp =
BT 484 0.8 x (ro/6)*

(25)

Where 7 is the radius of the Litz wire of the primary winding and secondary windings.

The eddy current loss factor F [34] is used in HFT design to account for the increase in effective
winding resistance due to the skin effect. Under DC conditions, the current is distributed uniformly across
the conductor cross-section. At higher operating frequencies, the current concentrates near the conductor
surface. This redistribution increases the effective resistance and results in additional resistive losses. Fr
provides the connection between the ideal DC resistance R4, and the higher AC resistance R,. encountered
during operation. From a winding design standpoint, this relationship is essential for limiting losses, preserving
efficiency, and maintaining reliable transformer performance under high-frequency conditions.

DC resistance calculated as (26) [34]].

Rge = N x MLT x 71501 4 a20(Tynaz — 20)] (20

Where:
— N is the number of turns of primary and secondary windings
— 79 is the tabulated resistance at 20 °C in /m for the selected wire (AWG/IEC)
T90 = p20/Acy ; the area is embedded in the wire table value [34]

— Ay is the conductor cross-section (m?)
— pao is the resistivity of the conductor 2 x m
— g is the temperature coefficient at 20 °C
— Thae = T + 40 is the maximum operating temperature.

AC resistance and proximity effects in Litz and fil windings: The previous eddy-current loss factor
Fr in (25) is valid only for solid round conductors [34] and does not accurately capture proximity effects in
multi-layer or litz windings. At medium-to-high frequencies, the current distribution in each layer is affected
not only by the skin effect (within each strand) but also by the magnetic field of neighboring layers—the
proximity effect. To account for these, the AC resistance per layer R, ; is evaluated using Dowell’s method
[37], which models the winding as Ny, stacked layers carrying uniform current in the window height. For a
transformer winding of Ny total turns arranged in Ny, layers, the normalized AC resistance factor is as (27).

Rac _ sinh(2y) + sin(2y) + 2[sinh2(y) +sin®(y)] (N2 — 1)
Ry 4Ny [sinh(y) cosh(y) + sin(y) cos(y)]

; 27

Where y = teg/7fio/p, tes is the effective layer thickness of one conductor plus insulation, f is the
operating frequency , g is the permeability of free space, and p is the resistivity of copper. The (27) is applied
separately to the primary (Litz) and secondary (foil) windings to estimate their layer-dependent R,,./ R ratios.
The resulting correction factors ranged from 1.06—1.12 for the Litz winding and 1.18-1.25 for the foil winding,
which align with typical design curves reported in [[14], [34].

For Litz wire, the AC loss is reduced because each strand’s diameter dgt,4nq 1S chosen to be smaller
than the skin depth §; however, proximity effects between bundles still occur. Hence, the bundle’s effective fill
factor vy, (ratio of copper to total bundle area) is included as (28).

Netrand™ (dstrand /2)2
Abundle

(28)

VLitz =
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Where Apundie accounts for varnish, twist pitch, and inter-strand voids. For commercially available Litz
constructions, vy, ranges between 0.35-0.55. The overall winding window fill factor is expressed as (29).

Acu tot VLitz NturnsAbundlc
oy = oot < 0.6, 2
A, A, <0.6 (29)

Ensuring that insulation thickness, layer margins, and cooling clearances are respected. The copper fill fraction
inside the winding itself is typically 60—70% of the bundle area after accounting for enamel and twisting; this
corresponds to a total k, of about 0.5-0.55.

Maximum flux density in the core is estimated by (30).

o VpXDT
BminxAcxf 30)

Where: Dy is a duty cycle.
Core loss:

Pj. =k x V. x f*BS, (31)
Total power loss:
PT:Pcu+Pf'e (32)

The increase in temperature degrades the transformer’s performance output by disturbing its electric and
magnetic parameters. Therefore, it is very important to conduct thermal analysis during the transformer’s
design stage and to estimate the increase in temperature [38]]. Another important constraint is the temperature
rise AT (°C) as a function of the surface area A, (in cm?) and Py, the total power loss.

2.3. Thermal modeling and temperature rise estimation

The transformer temperature rise results from the total power loss Pr = P, + Py, which is dissipated
primarily through natural convection and radiation. In practice, both copper and core losses contribute to
localized heating in the windings and magnetic path, making thermal behavior strongly dependent on geometry
and cooling conditions. Although detailed FEM-based thermal models are possible, empirical methods
remain reliable for ferrite and nanocrystalline cores operating under similar cooling environments. Following
McLyman [[14] and Orenchak [39], the temperature rise is estimated as (33).

P 0.833
AT = <AT> . A=k /A, (33)
t

Where ks (20)—(30) is a geometry factor. The exponent 0.833 is derived from extensive experimental
correlations on ferrite E-cores under natural convection [39].

The model has been validated to within £10% accuracy for ferrite transformers operating in the
20-200kHz range [14]. For the 150 W, 11kHz DAB prototype considered here, it yields an estimated
temperature rise of AT ~ 25°C, corresponding to a hotspot temperature of T},o¢ =~ 50°C. This value remains
well below the Class B insulation limit, supporting the use of this model as a reliable thermal constraint in
the design process. Since transformer performance is governed by copper and core losses, the efficiency is
evaluated directly from these components as (34).

:PiTL_(PCu+Pf€)

P, % (34)
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3. DUAL ACTIVE BRIDGE CONVERTER WITH HFT

Figure |4] illustrates the dual active bridge (DAB) converter with an integrated high-frequency
transformer (HFT). Figure[d(a) shows the circuit architecture of the DAB converter, highlighting the full-bridge
configurations on the high-voltage (HV) and low-voltage (LV) sides and the HFT that provides galvanic
isolation and voltage level adaptation between the two ports [36]. Figure @{b) presents the corresponding
idealized voltage and current waveforms of the HFT, including the primary voltage, secondary voltage, and
secondary current, which illustrate the phase-shift—controlled power transfer mechanism and the role of leakage
inductance in shaping the current waveform during DAB operation.
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Figure 4. DAB converter with HFT waveforms [40]: (a) DAB converter and (b) HFT waveforms

In DAB converters, the leakage inductance (Lpap) directly influences power transfer behavior and
overall operating performance [41], [42]. The transformer within the DAB provides the required galvanic
isolation and voltage matching between the high-voltage (HV) and low-voltage (LV) sides. The leakage
inductance also functions as a short-term energy storage element. This stored energy shapes the current
waveform and has a direct influence on switching conditions and overall converter efficiency.

For a DAB operating under single phase-shift (SPS) control, the required equivalent series inductance
Lpap that ensures full-power transfer and zero-voltage switching (ZVS) within the rated range can be
expressed as (35) [36l, [41], [43], [44].

nVi Vs
2fs]DO

Lpa = d(1—d) (35)
Here, Lpap represents the equivalent inductance that participates in energy transfer between the two active
bridges, while V; and V5 denote the primary and secondary DC-link voltages, respectively. The transformer
turns ratio is defined as n = N, /N, and the converter operates at a switching frequency fs. The rated
transferred power is represented by Py, and d = ¢/ is the normalized phase-shift ratio (0 < d < 0.5), where
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¢ denotes the phase-shift angle between the bridge voltages. The (35) from the standard DAB power-transfer
relation [36]], [41]], [45], [46].

P:nV1V2¢<1_f:|) (36)

w LpaB

By equating P = P, at the rated phase-shift ¢ = 7d.

Transformer leakage inductance depends greatly on the winding structure and the number of turns.
The leakage inductance of the transformer is given based on the transformer’s geometric parameters. Two
opposite winding combinations are considered to change the level of the transformer’s leakage magnetic flux.
Transformer leakage inductance is critical for ZVS operation in DAB converters. Analytical formulas are used
to compute leakage inductance based on core & winding geometry [14], [34], [36].

(a+b+3c)

Li, = o N*MLT
3w

(37)

Where i is the air permeability, /N is the number of turns of windings for which the leakage
inductance is being calculated for primary or secondary windings, MLT is the mean length of a turn of windings,
a and b are the width of the primary and secondary windings, respectively, and c is the isolation distance
between the windings, while w is the core window width.

The total height of the windings is calculated by multiplying the number of layers by the effective
diameter of the litz wire for each winding. For the primary winding, the height a is given by (38).

a = Nlayers, primary ° Dbundle,Primary (38)

For the secondary winding, the height b is as (39).

b= ]Vlayers, secondary * Dbundle,Secondal'y (39)

To ensure that the insulation gap meets the minimum requirement, the gap c is determined by (40).
c=d=Wp,—(a+Db) (40)
d=D 4,min (41)

The effective width w is then selected by ensuring it is not greater than the physical window width W, and is
at least the larger of the two horizontal widths of primary and secondary.

With primary and secondary leakage inductances Ly, and Ly, (each measured on its own winding),
The total HFT leakage inductance referred to the secondary side is as (42).

LTotal = Lk:p/n2 + LkS (42)

In each winding arrangement, the air-gap length and cross-sectional area of the leakage flux path, the
transformer can be built to regulate the leakage inductance through the number of turns.

4. GENETIC ALGORITHMS (GA) AND PARTICLE SWARM OPTIMIZATION (PSO)

GAs are a fascinating and powerful type of optimization technique inspired by the process of natural
selection. Genetic algorithms are chosen for their ability to explore large design spaces and avoid local
minima—particularly important in the highly non-linear optimization of HFTs. Traditional gradient-based
or brute-force techniques are either too slow or fail under multi-constraint environment problems.
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4.1. Basics of genetic algorithms

Genetic algorithms operate by creating a population of potential solutions to a given problem,
represented by a set of parameters. These algorithms simulate the process of natural evolution through
operations such as selection, crossover (or recombination), and mutation.

— Selection: Choosing the fittest individuals in a population to create offspring for the next generation. Fitness
is determined by how well an individual solves the problem at hand.

— Crossover: Genetic information from two parent solutions is combined to generate new offspring. This
operation promotes information exchange within population and can lead to improved candidate solutions.

— Mutation: Small random changes are applied to selected genes to maintain population diversity. This step
helps algorithm explore a broader search space and reduces likelihood of convergence to local minima.

These steps are repeated over successive generations until the population converges toward an optimal solution.

4.2. Multi-objective optimization with genetic algorithms

Multi-objective optimization considers multiple competing objectives subject to specified constraints.
In complex engineering problems such as high-frequency transformer design, traditional gradient-based
methods often fail to locate the global optimum due to the highly non-linear and discontinuous nature of the
search space. Genetic algorithms are appropriate for this class of problems because they maintain a diverse
population of solutions, which supports the exploration of trade-offs among objectives. In this context, GAs
aim to identify a set of Pareto-optimal solutions. Within this set, improvement in one objective is possible
only at the expense of at least one other objective. The resulting Pareto front represents the range of feasible
trade-offs available for the optimization problem.

4.3. Constrained optimization techniques
Constrained optimization addresses problems in which the feasible solutions are restricted by explicit
constraints. Genetic algorithms manage these constraints using the following techniques:

— Penalty methods: Introducing a penalty to the fitness function for constraint violations. The severity of the
penalty can vary depending on the nature of the violation.

— Repair functions: Modifying infeasible solutions to make them feasible, often used in conjunction with other
genetic operators like mutation and crossover.

— Using a separate population for feasible solutions: Maintaining a subset of the population that only includes
feasible solutions, which can help preserve good solutions that meet the constraints.

Genetic algorithms are especially useful for problems where the search space is vast, complex, or poorly
understood, making traditional search and optimization strategies ineffective. They are commonly used in
engineering, economics, and other fields to develop solutions suitable for complex situations with numerous
objectives and constraints.

4.4. Particle swarm optimization (PSO)

PSO is a bio-inspired population-based algorithm that simulates the social behavior of bird flocking
or fish schooling. Each solution, known as a “particle,” moves through the search space with a velocity
dynamically adjusted based on its own and its neighbors’ best-known positions. Unlike GA, which relies on
evolutionary operations like crossover and mutation, PSO explores the search space using position and velocity
updates, typically resulting in faster convergence. In this study, the PSO algorithm is executed in MATLAB
under the same design constraints and objective functions as GA. The PSO settings included a swarm size of
50, an inertia weight of 0.7, cognitive and social coefficients set to 1.5, and a maximum of 150 generations.

5. OBJECTIVES VARIABLES AND FUNCTIONS, AND CONSTRAINTS
5.1. Optimization variables and bounds

We optimize three design variables x = [y #2 23]" = [Byaz fs Jo] ', Where By,q. is peak flux
density (T), fs is switching frequency (Hz), and .Jy is current density (A/mm?). These specific parameters
are selected as primary decision variables because they directly govern the core volume, winding losses, and
overall thermal performance of the transformer. Establishing these boundaries is critical to avoid magnetic
saturation and to ensure that the final design remains physically manufacturable. The feasible search ranges for
each variable are summarized in Table 2}
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Table 2. Decision variables and bounds

Variable Symbol Units Bounds

Flux density Bmax T 0.10 < Bpax < 1.2
Switching frequency fs kHz 10 < fs <60
Current density Jo A/mm? 20< Jp <£6.0

5.2. Objective functions

In the GA-based optimization of the HFT design, the objective is to balance the area product (f1),
copper loss (f3), and iron loss (f3) under practical design constraints. During the optimization runs, parameters
such as flux density (x1), operating frequency (z2), and current density (z3) are allowed to vary, but only within
their permissible limits. This formulation reflects the trade-offs encountered in practice when targeting compact
geometry, low losses, and reliable operating margins.

The area product determines the size of the transformer and is formulated as (43).

8
7

= [ EINE 43)

k’vx2m1k’tkf\/ k’uAT

The objective is to minimize f, ensuring a compact and efficient transformer design.
Copper loss occurs due to resistance in the windings and is given by (44).

f2 = II%Rpac + 152 Rsac (44)

Here R, is computed with the adopted Dowell/Litz model (proximity+skin).
Iron loss (or core loss) is the combination of hysteresis and eddy current losses, given by (45).

f3 = kVea§ B, “5)

The goal of this function is to minimize f, and f3, reducing power loss, improving efficiency, and ensuring
reduced heat generation and energy dissipation. The multi-objective vector is f(x) = [f1 fao f3] T with:

leAp(X) [In4], fQZPcu(X) [WL f3:Pfe(X) [W]

5.3. GA/PSO settings and fair-comparison protocol

The genetic algorithm (GA) is configured with a population size of IV,,, = 50 and evolves over a
maximum of G' = 150 generations. The evolutionary process utilizes simulated binary crossover (SBX) with a
probability of p. = 0.8 and a distribution index of 1. = 15, followed by polynomial mutation with p,, = 0.03
and 7, = 20. This configuration results in a total computational budget of 7,500 function evaluations (FEs),
calculated as Npop X G.

The PSO employs a swarm size of N, = 50 and an inertia weight of w = 0.7 to effectively balance
global and local search capabilities. The cognitive and social acceleration coefficients are both setto ¢y = co =
1.5, and the algorithm runs for I = 150 iterations with velocity clamping enabled to prevent divergence. The
total number of function evaluations is maintained at N, X I = 7,500 to ensure a strictly fair computational
comparison with the GA.

Convergence histories: We evaluate the optimization trajectory by reporting the mean best values for
the objectives f1, fa, and f3 as a function of the number of function evaluations. The hypervolume metric
is also monitored throughout the process to assess the quality and diversity of the Pareto front approximations
over time. Additionally, we track the fraction of feasible individuals at each generation to verify the algorithm’s
ability to satisfy the imposed design constraints.

Multiple runs: To account for the stochastic nature of meta-heuristic algorithms, both GA and PSO
are executed for N,,,s = 20 independent trials using distinct random seeds. The statistical performance,
calculated as the mean =+ standard deviation of the objective values { f1, f2, f3} for the best feasible solution
found in each run, is summarized in Table E} Furthermore, the feasibility rate is calculated to determine the
percentage of runs that successfully locate at least one valid design within the search space.

Table 3. Twenty-run statistics (best feasible per run; same FE budget)
Method f; (m?)  fo (W) f3 (W) Feasible runs (%)
GA nwto pto pto 100
PSO pto pto puxo 95
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5.4. Constraints

In the context of engineering optimization, constraints serve a fundamental role by defining the
boundaries between theoretical mathematical solutions and physically realizable designs. Within the proposed
genetic algorithm framework for HFT synthesis, strictly enforcing these boundaries is essential to guarantee
operational reliability. Therefore, various constraints are integrated into the optimization process to ensure the
final design complies with critical electrical, thermal, and geometric specifications.

The first constraint is efficiency. For instance, a constraint might specify that the efficiency of the
transformer must be greater than or equal to a certain threshold value (e.g., 99%):

Efficiency > 99% (46)

efficiency is a key performance indicator in transformer design, as it quantifies how effectively the input power
is converted into useful output power. In practical optimization studies, a minimum efficiency constraint is
imposed to ensure that the resulting design operates within acceptable loss limits.

Inductance is another critical design parameter, as it directly affects voltage regulation and impedance
matching. Inductance constraints are imposed to ensure that the designed transformer provides the required
inductance level for DAB converter operation across the intended frequency range. This parameter is treated
as a constraint during optimization to maintain compatibility with soft-switching conditions.

Lrotal 2 Lpag 47

Leakage inductance represents the portion of inductance that does not directly contribute to energy
transfer between the primary and secondary windings. Constraints on leakage inductance are therefore applied
to keep its value within acceptable limits, limiting excess energy storage and associated losses. During
optimization, this constraint helps balance efficient power transfer with the requirements of ZVS operation
and application-specific performance targets.

Constraints on temperature rise ensure that the transformer operates within safe temperature limits
under specified operating conditions. Temperature rise is a critical consideration in transformer design,
since excessive heating accelerates insulation ageing and degrades long-term reliability. A temperature-rise
constraint is enforced to keep operating temperatures within allowable limits and to prevent thermal overstress.

AT < Trnaw (48)

In GA-based HFT design, this requirement is addressed indirectly by limiting the effective winding area to less
than 60% of the available window area, which promotes adequate cooling and reduces risk of insulation failure.

At < 0.6 A4, (49)

This constraint prevents winding overcrowding, preserves insulation clearances, and supports effective heat
dissipation. It also contributes to controlled flux density levels and acceptable leakage inductance, both of
which are important for stable operation. From the design iterations, enforcing this limit leads to layouts that
are thermally manageable and practically manufacturable.

To limit skin-effect losses, the radii of the primary and secondary conductors are constrained to remain
smaller than the skin depth §:

Top < 57 Tos < d (50)

maintaining this condition improves current distribution, reduces AC resistance, and lowers heat generation
in the windings. Together, these constraints guide the optimization toward HFT designs that satisfy thermal,
electrical, and safety requirements while remaining suitable for practical implementation.

During initialization, each design variable is sampled uniformly within its prescribed bounds, and all
derived quantities, including winding turns, window fill factor, and leakage inductance, are recomputed for
each candidate solution. We use constraint-domination and, in addition, a normalized quadratic penalty added
to each objective for infeasible candidates:

fib) = £+ 3 A (maxfo, i}
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where g; is the constraint violation normalized by its limit.

Table @] summarizes the constraint set and corresponding penalty weights used in the optimization
framework. Each constraint represents a practical design limitation associated with efficiency, thermal rise,
leakage inductance matching, window utilization, and insulation clearances. The normalized constraint
violation g; ensures that different physical quantities are treated consistently, while the penalty weights Ay ;
regulate the severity of violations during the genetic algorithm search. This formulation guides the optimization
toward physically feasible HFT designs without excluding near-feasible solutions in early generations.

Table 4. Penalty weights (applied to all three objectives)

Constraint Normalization g; Weight A ;
(Clyn > 0.99 (0.99 — 1)/0.99 103
(C2) AT < Tmaz (AT - Tmaw)/Tmax 103
(C3) | Lotal — Lpa| < 0.1Lpas (ILTota — LpAB|/(0.1LpaB) — 1) 103
(C4) At <0.6A4 (Awt/(0.6Ay) — 1) 103
(C5)r, < § with ro = max{rop, ros} (ro/d—1) 102

6. RESULT AND DISCUSSION

The following section presents the simulation setup and numerical results obtained from the proposed
GA-based optimization of the HFT. The results highlight how the proposed GA framework optimizes the
transformer’s efficiency, loss distribution, and design compactness while satisfying the constraints listed in
Table 5} The winding window factor also plays a crucial role, as adequate space ensures better thermal
dissipation, reduces copper losses, and supports higher efficiency without exceeding the permissible fill limit.
The optimization outcomes demonstrate balanced trade-offs among size, efficiency, and loss components,
showing the capability of the GA to converge toward physically realizable designs. The analyzed parameters
further confirm that the proposed approach achieves high performance with stable convergence across multiple
constraint conditions. All parameters were implemented in MATLAB to evaluate loss distribution, leakage
inductance, and efficiency trade-offs.

A multi-objective GA is used for optimization due to its ability to handle non-linear and constrained
problems. The GA is implemented in MATLAB with the following settings: population size = 50, mutation
rate = 0.03, crossover rate = 0.8, and maximum generations = 150. The algorithm minimizes three objective
functions: (i) Area product, (ii) copper losses, and (iii) core losses. Constraints are enforced using penalty
functions, including limits on efficiency (> 99%), temperature rise, leakage inductance, and winding area fill.
The GA selects, mutates, and recombines solution candidates using fitness scores based on these combined
objectives and penalties.

Table 5. Simulation parameters and results

Parameter Value

Input DC voltage (V1) 120V

Output DC voltage (V2) 12V

Power rating (Pout) 150 W

Leakage inductance (Lp ap) 1.09 x 10~*H
Total inductance (secondary referred, Lrota))  6.27 X 1074 H
Switching frequency (f) 11 kHz
Secondary leakage inductance (L) 2.79 x 1074 H
Primary leakage inductance (L) 348 x 107%H
Primary AC resistance (Rpac) 1.23 x 1074 Q
Secondary AC resistance (Rsqc) 1.68 x 1076 Q
Efficiency of HFT (7)) 99.87%

In order to improve the HFT’s design parameters while taking efficiency, temperature, and leakage
inductance limitations into account, the GA is utilized. Outcomes of the simulation are displayed in Table 5}
— When it comes to the area product, the Pareto optimal front would display trade-offs between it and other
goals. Reducing the area product may result in more losses or lower efficiency, and vice versa, as a Pareto
front could illustrate.
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— Losses, particularly those involving copper and iron, are the subject of the second objective function. For
this goal, the Pareto front would show the trade-offs between reducing iron losses and copper losses. It could
indicate that lowering one kind of loss could lead to a rise in the other, or vice versa.

Table [6] presents selected values of objective functions and design variables obtained through the process
of optimization using the GA in MATLAB. The table depicts trade-offs among three principal objectives:
minimization of area product f;, minimization of total losses fy and fs—of copper and core—and optimal
utilization of winding area. The corresponding efficiencies n always possess high values throughout the
solutions, above 99.87%. In particular, copper and iron losses oscillations demonstrate the intrinsic trade-off:
attempts to mitigate one type of loss will increase the other.

Table 6. Values of objective functions, variables, and efficiency from GA optimization

z1 (T) x2 (Hz) w3 (Am?) A, =fimY) Pau=frW) Pre=fzW) 1 (%)
296 x 10-1  1.18 x 10* 2.63x 105 1.09 x 107 1.71 x 103 2.18 x 10~1 99.85
292 x 1071 1.19 x 10* 4.61x10% 1.10x 107 1.60 x 103 2.15 x 10~1 99.86
3.15x 1071 1.08 x 10* 3.89 x 106  1.12x 107 1.63 x 10—3 2.30 x 10~1 99.85
270 x 1071 1.25 x 10*  5.20x 106 1.13 x 107 1.61 x 103 1.98 x 10~1 99.87
3.02x 1071 1.11 x10* 4.92x10% 1.14x 107 1.62 x 103 2.20 x 10~1 99.85
2.80 x 10-1  1.18 x 10* 4.12x 106  1.16 x 107 1.67 x 103 2.04 x 10~1 99.86
3.05x 1071 1.07 x 10* 4.98 x 106 1.18 x 107 1.65 x 10—3 2.20 x 10~1 99.85

In this study, the PSO algorithm is executed in MATLAB under the same design constraints and
objective functions as GA. The PSO settings included a swarm size of 50, an inertia weight of 0.7, cognitive
and social coefficients set to 1.5, and a maximum of 150 generations. The resulting solutions, shown in Table
highlight PSO’s capability to find efficient transformer designs; however, compared to GA, the designs tend
to yield slightly higher total losses and area products.

Table 7. Values of objective functions variables from PSO optimization

z1 (T) ©2 (Hz) w3 (A/m?) Ay =fimY) Peu=fr (W) Pre=fz(W) 1 (%)
3.01 x10°1 1.15 x 10¥ 455 x 105 1.15 x 10~ 7 1.75 x 1073 2.26 x 1071 99.85
298 x 1071 1.17 x 10* 421 x 106 1.13x 1077 1.67 x 103 2.19 x 10~1 99.85
3.07x 1071  1.06 x 10* 5.10 x 106 1.17x 107 1.70 x 103 2.24 x 1071 99.85
2.85x 1071 1.22x10* 4.30x10% 1.14x 107 1.69 x 103 2.17 x 10~1 99.86
3.00x 1071  1.10x10* 4.90x 105 1.16 x 107 1.72 x 103 2.21 x 10~1 99.85
3.04 x 1071 1.08 x 10* 5.00 x 106  1.18 x 107 1.74 x 103 2.25 x 10~1 99.85
295 x 1071 1.19 x 10* 4.60x 106 1.12x 107 1.66 x 10—3 2.18 x 10~1 99.85

One of the most important performance metrics for any transformer is efficiency. The efficiency Pareto
front would show the trade-off between increasing efficiency and reducing losses or Area product. The Pareto
optimum fronts offer important information about the trade-offs present in the HFT’s design space. These
fronts help in making well-informed choices according to their objectives and needs. For instance, they might
select a solution for f5 that is closer to the Pareto front if minimizing losses is of the highest priority. On the
other hand, they might concentrate on solutions that are closer to the Pareto front for f;, if shrinking the Area
product is the main objective. The Pareto fronts provide flexibility in developing transformers that balance
several goals by allowing the exploration of a variety of workable solutions.

The Pareto optimum fronts for fi, fo, and f3 offer a thorough comprehension of the trade-offs
associated with HFT design optimization. Figures [5[a) and 5(b) show the 3D Pareto optimal front illustrating
trade-offs between Area product, losses, and efficiency in GA and PSO-based HFT Optimization. They are an
effective tool for navigating the intricate design space and making defensible choices that satisfy limitations
and achieve desired goals.

Table [§ presents a direct comparison of the best results from GA and PSO optimization techniques.
While both methods achieve near-identical efficiencies (99.87% for GA vs. 99.85% for PSO), GA outperforms
PSO in terms of minimizing core and copper losses and convergence reliability.GA shows slightly lower total
loss and faster convergence with better Pareto diversity than PSO under identical constraint conditions.
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Figure 5. Three-dimensional Pareto front showing trade-offs between: f; — area product A4, (m*), f2 — Copper
loss Pey, (W), f3 -Iron loss Py (W) for (a) GA-based and (b) PSO based HFT optimization

Table 8. Comparison between GA and PSO optimization results

Parameter GA PSO
Efficiency n¢r (%) 99.87 99.85
Area product A, (m*) 1.09 x 10~7  1.14x 1077
Core loss Py (W) 0.198 0.217
Copper loss Peq, (W) 0.00161 0.00169
Total loss Pr = Pey + Ppe (W) 0.19961 0.21869
Convergence reliability High Moderate
Solution diversity High Moderate

Figure[f]illustrates the Pareto front comparison between GA and PSO in terms of total losses (core +
copper) versus area product. Each point represents a feasible, optimized solution. GA shows a more favorable
Pareto front, achieving lower total losses at smaller area products. This suggests better trade-off handling and
constraint satisfaction in HFT design. By contrast, PSO showed faster initial convergence but often settled
at suboptimal solutions, particularly when multiple constraints are applied. The graph demonstrates GA’s
superiority in exploring the design space more effectively for multi-objective optimization.
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Pareto Front Comparison: GA vs. PSO
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Figure 6. Pareto front comparison between GA and PSO

Core selection directly affects both the performance and efficiency of the high-frequency transformer.
This choice is guided by the outcomes of the genetic algorithm optimization, with particular emphasis on the
winding window area A,,. From the optimized designs, a solution with A,, = 4.30 x 10~% m? is identified
and taken as a reference for core selection. Commercially available cores are then evaluated against this
requirement, and a core with a closely matching window area is selected, as shown in Table 9]

Table 9. Comparison of GA-derived and selected core parameters

Parameter GA-derived value (m)  Selected core value (m)
Winding window area (A,,) 4.30 x 10~ % 437 x 10~ %
Core area (A.) 2.69 x 10— 2.68 x 10~
Core width (Cy,) 1.39 x 10—2 2.91 x 10~2
Core depth (Cyy) 1.94 x 102 1.48 x 102
Core height (Cy,) 8.36 x 10~2 7.43 x 10~2
Core outer limb width (Cy,) 6.93 x 10—3 9.10 x 10—3
Winding window width (1) 6.93 x 1073 6.98 x 1073
Winding window height (H,) 6.21 x 10—2 4.35 x 10~2

Table [I0] lists the objectives and constraints used in the genetic algorithm optimization of the HFT.
Efficiency, total losses, and area product were treated as the main objectives. Leakage inductance, temperature
rise, and fill factor were enforced as constraints to ensure a feasible and manufacturable design with acceptable
thermal behavior. The optimized results indicate that the GA achieved high efficiency with low copper and core
losses. Window utilization remained within the allowable limit while satisfying magnetic and thermal margins.
The secondary-referred leakage inductance of 6.27 x 10~% H matches the energy transfer requirement of the
DAB converter, indicating appropriate magnetic coupling. Low winding resistance and high overall efficiency
further support the suitability of the GA-optimized transformer design.

Table 10. Summary of optimized objectives and constraints

Parameter Constraint/range Objective relation  Optimized value (GA)
Efficiency ner > 99% Maximize 99.87%

Area product Aj, Minimize Compactness 2.96 x 1071 m*
Core loss P, < 0.002W Minimize 0.198 W

Copper loss Pey, <0.25W Minimize 0.218 W

Leakage Ly, 1.09 x 107*H 4+ 10%  Maintain ZVS 6.21 x 10~*H
Temperature rise AT < 45°C Thermal limit 41.2°C

Fill factor k,, <0.6 Cooling margin 0.56
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For copper at f = 11 kHz (p = 1.72 x 1078 Qm, p, = 1), the skin depth in copper is ~ 0.63 mm.
Based on the skin-depth constraint, the strand diameter is selected in the range dstyang = 0.3-0.6 mm.
This choice satisfies dgtrang < ¢ and limits both skin and proximity losses. A frequency variation of
+20% alters § by only F9%, indicating that the selected strand size remains valid over the operating range.
For the secondary winding implemented using foil conductors, the thickness of each layer is restricted to
tion < 0.50. This constraint reduces proximity effects and keeps the AC resistance within acceptable limits.
Overall, the Dowell-based loss model, combined with fill-factor constraints, provides a realistic estimate
of frequency-dependent winding losses. These constraints also ensure that the winding design remains
manufacturable under practical fabrication limits.

7. SIMULATION OF DAB CONVERTER WITH HFT

A detailed simulation study is carried out for a dual active bridge (DAB) converter integrated with an
optimized high-frequency transformer. The simulation evaluates GA-based HFT performance by examining
voltage and current waveforms, power transfer efficiency, and soft-switching behavior, using MATLAB-based
results obtained from the GA-optimized HFT.

Figure [7(a) presents the main electrical waveforms obtained from the simulation, illustrating the
operating behavior of the transformer and its associated components. The primary voltage V), shows a
symmetric square waveform with high peak levels, which is characteristic of full-bridge inverter operation
on the high-voltage side. The corresponding secondary voltage V; appears as a square waveform of reduced
magnitude due to the transformer turns ratio, confirming effective energy transfer to the low-voltage side.
The inductor current I, associated with the secondary leakage inductance, follows a triangular waveform
characteristic of continuous conduction mode, which supports zero-voltage switching and limits switching
losses. These observations confirm that the designed HFT enables efficient bidirectional power transfer and
soft-switching operation within the DAB converter under realistic switching and loading conditions.

Figure [7(b) shows the output voltage V5 response for a 1 Q load under closed-loop operation of the
DAB converter. In the simulation, V5 is governed by the combined effects of the load resistance Rp, the
effective leakage inductance Lpag, and the duty ratio. The total leakage inductance Ly, used in the model is
obtained from the GA-based optimization performed in MATLAB and is retained to enable full power transfer.
Over a wide load range of 0.9-106 2, the closed-loop response maintains V5 close to 12 V, indicating stable
load regulation. As R decreases below 1 €2, the rising load current limits the control margin and voltage
regulation begins to deteriorate. Under these conditions, the duty cycle d approaches its upper limit of 0.5,
indicating the practical operating boundary of the converter.

The PI controller adjusts the control action to compensate for load variations and maintain output
voltage stability. Output regulation is primarily determined by the phase-shift ratio d and the input voltage V7,
both adjusted through the PI control loop. Boundary analysis identifies a minimum allowable load resistance
of approximately 0.9 €2 and a duty-cycle limit of 0.5, which together define the operational constraints of the
DAB converter.

The DAB stage is operated under single phase-shift (SPS) control. The primary and secondary full
bridges synthesize square voltages of amplitudes V; and V5, with a relative phase shift ¢ = nd, d € [0,0.5].
The series inductance participating in energy transfer is Lpap (all inductances referred to the secondary side
in this study), and the transformer turns ratio is n = N/ Np.

A discrete PI controller regulates the measured V5 to V3" = 12V by commanding d € [0, 0.5] as (51).

k
d[k] = satjo,0.5§ dlk—1] + K, (V5" — Va[k]) + KT Y (V5 — Valjl) (51)
j=0

With sampling at the switching period Ts = 1/ f,. A conservative bandwidth of ~ 300 Hz is used; in our model
K, = 0.06, K; = 180s~!. The feasible region is ultimately set by (5I) and by ZVS constraints via iy, sign;
when d hits 0.5 the loop saturates, defining the low- R, boundary.

For SPS control, the DAB steady-state power follows the standard relation given in (36). Using this
expression, the required phase-shift ¢ = wd is obtained by equating the transferred power P to the load
demand P,y = (V5)?/RL. This yields a quadratic form in ¢, whose feasible solution d = ¢/ determines the
operating point. With V; =120V, V' =12V, n = 0.1, f; = 11 kHz, and Lpap = 1.09 mH, the converter
achieves P ,x ~ 150 W and maintains voltage regulation for Ry, > 0.96 (2.
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Figure 7. Simulation results of the GA-optimized HFT in closed-loop DAB operation: (a) HFT waveforms vy,
v, ¢1, and (b) regulated V5 and I, for Ry, = 1 Q2

8. CONCLUSION

This research paper describes a novel approach for constructing HFTs for DAB converters within
SSTs utilizing GAs. The proposed GA approach differs from previous thermal—electromagnetic optimization
approaches by jointly constraining efficiency, leakage inductance, temperature rise, and window utilization,
thereby producing compact, manufacturable transformer geometries validated through MATLAB-based DAB
simulation. The inclusion of all the above constraints which is rarely integrated in previous works and it
makes this approach novel and better suited for high-performance SST designs. The simulation results,
which include the production of Pareto optimal fronts, indicate the feasibility and usefulness of the suggested
methodology for navigating the complicated design space and determining ideal HFT configurations. A
comparison with PSO further confirmed that the GA yields more balanced and efficient HFT designs under
multiple constraints. Finally, this study provides a useful tool for designing high-performance, small, and
dependable HFTs, which are critical for the growth of SST technology in modern power systems.Future work
will extend the proposed optimization to include hybrid GA—AI approaches for faster convergence and real-time
adaptation. Cost-oriented objectives and three-phase SST applications will also be explored to further enhance
the practicality and scalability of the design approach.
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