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ABSTRACT The escalating demand for small, compact, and economical consumer electronics necessitates
efficient power conversion at higher switching frequencies. The active-clamp flyback (ACF) converter,
offering isolation, efficient performance at low and medium power levels, and cost and volume efficiency,
is frequently employed in consumer electronics, including USB PD devices. However, designing and
selecting components for the ACF converter remains a challenging task, particularly for fast charging and
USB-PD standards. This paper introduces a comprehensive design and optimization methodology for the
ACF converter under constraints of power loss, volume, and efficiency. This methodology employs the
particle swarm optimization algorithm, a nature-inspired optimization technique. The proposed design and
optimization algorithm provides a detailed design process and aids designers in determining the optimal
size of the ACF converter. The optimization algorithm orchestrates the circuit design by selecting design
parameters within a certain frequency range, utilizing transformer, switches, and diode elements from the
database. In consideration of the requirement for high-frequency operation, the database also includes GaN
semiconductor switches and high-frequency operated magnetic components. The design presenting the
highest benefits in terms of volume, cost, and losses is selected using the converter level fitness function,
which incorporates cost, volume, and loss considerations. To evaluate the proposed design and optimization
methodology, a USB PD converter capable of providing 5V/9V/15V/20V DC voltages (max. 65W) from
a 230 VAC/50 Hz supply was designed and its performance analyzed.

INDEX TERMS Active clamp, active clamp flyback circuit, nature-inspired optimization techniques,
particle swarm optimization, synchronous rectifier, USB PD.

I. INTRODUCTION

The rapid market adoption of fast charging and USB-PD
standards has significantly amplified the demand for travel
adapters with higher power densities. To balance this demand,
any reduction in the size of a fully enclosed adapter, achieved
through packaging innovation or high-frequency switching,
must be coupled with an increase in efficiency to ensure
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moderate adapter case temperatures. A popular choice in
power adapter applications, the single switch quasi-resonant
(QR) flyback, exhibits snubber loss, hard switching loss, and
excessive EMI, particularly when the switching frequency
exceeds 150 kHz [1], [2]. To reduce the volume of passive
components, studies have demonstrated the utilization of
GaN devices in flyback converters operating at frequencies
exceeding 1 MHz [3], [4], [5].

Flyback converters use soft switching methods such
as single switch quasi-resonant (QR) flyback, which use
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resonant circuits that reduce switch loss and increase con-
verter efficiency [6]. Active clamp flyback (ACF) converters
feature a clamp circuit that aids in achieving Zero Voltage
Switching (ZVS) for the primary power switch, as illustrated
in Figure 1. This characteristic makes them particularly suited
for high-frequency applications where size reduction and
power density increase are desirable, outperforming standard
flyback converters [7], [8]. In contrast to conventional flyback
converters, the ACF converter integrates a clamp circuit that
recycles transformer leakage energy and facilitates ZVS for
the primary power switch. This improves the converter’s
efficiency and makes it more suitable for high-frequency
switching operations, thereby increasing power density [9].
A study mentioned in [10] designed a GaN switch based
isolated DC-DC converter operating at a 2 MHz frequency for
automotive-based low power loads, comparing its pros and
cons with a GaN-based ACF converter.
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FIGURE 1. Active clamp flyback circuit.

Contemporary trends in power electronics research are
not focused on uncovering new topologies, but rather
on enhancing existing ones by leveraging the superior
capabilities of optimization algorithms to determine the best
feasible components. Nature serves as the primary source
for population-based meta-heuristic optimization methods
such as Genetic Algorithms (GA) and Particle Swarm
Optimization (PSO). Owing to their capacity to handle com-
plex problems and exhibit parallelism, these methods have
found widespread application in all engineering optimization
problems. The population-based meta-heuristic optimization
methods demonstrate superior performance in global opti-
mization and are equipped to handle linear or nonlinear,
stationary or transient, continuous or discontinuous objective
functions [11].

GA and PSO, as the most preferred meta-heuristic
optimization methods, have been employed in the design of
the CUK converter, thereby enhancing its performance [12].
More reliable and stable Zeta converters have been designed
using PSO via optimizing the controller parameters [13].
Reference [14] utilizes an optimization approach grounded
in machine learning to select the DC-DC converter’s compo-
nents. Switches and passive components are identified and
selected by the optimization algorithm. However, all these
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studies aim only at finding the optimum design within limited
design criteria and objective function.

While existing studies have proposed limited design
criteria for power converters, systematic approaches employ-
ing multi-objective fitness functions at the system level
have begun to emerge, offering a more comprehensive
framework. For example, a study detailed in [15] presents
a systematic design framework for LLC converters that
optimizes resonance frequency and switching frequency
limits, ensuring required voltage gains across various quality
factors. Similarly, [16] introduces a design tool for gapped
core magnetics in LLC converters, selecting the optimal
magnetic flux density by minimizing a fitness function that
encompasses power loss, cost, and volume, leveraging the
Big-Bang Big-Crunch Algorithm.

However, these studies often do not fully address the
unique challenges posed by the design of Active Clamp
Flyback (ACF) converters, particularly under the rigorous
demands of fast charging and USB-PD standards. A multi-
objective optimization approach that considers design fre-
quency, power losses, system cost, and volume is crucial
for achieving a balanced solution across these parameters,
especially given the varied design frequencies required for an
ACF converter operating under a wide load range.

In this context, the present paper contributes a novel and
comprehensive design and optimization methodology for the
selection of power switches, secondary side diodes, and
air-gapped magnetics in ACF converters, tailored to a specific
database. This method strives to minimize a converter-level
fitness function that integrates cost, volume, and losses.
Adbhering to the proposed methodology, a USB PD converter
capable of delivering 5V/9V/15V/20V DC voltages at a
maximum power of 65W from a 230 VAC/50 Hz supply has
been meticulously designed. The selection of all parameters
from a database ensures a rigorous and replicable design
process, setting a new benchmark in the field. This paper
thus addresses a significant gap in current studies, offering
a practical solution to the complex problem of designing
efficient, cost-effective, and compact ACF converters suitable
for the next generation of fast charging applications.

The paper presents a novel and comprehensive design and
optimization methodology for Active Clamp Flyback (ACF)
converters, particularly for USB Power Delivery applications.

Key contributions include:
1) Development of a multi-objective optimization

approach considering design frequency, power losses,
system cost, and volume, employing Particle Swarm
Optimization.

2) Detailed design process and optimal component selec-
tion from a specialized database, ensuring a rigorous
and replicable design process.

3) Creation of a converter-level fitness function incorpo-
rating cost, volume, and loss considerations.

These points highlight the significant advancements made
in ACF converter design, addressing the challenges in fast
charging and USB-PD standards.
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Il. PROPOSED DESIGN AND OPTIMIZATION ALGORITHM
The main objective of an ACF converter design optimization
procedure is to ascertain the core size, number of turns, wire
size, power devices, and secondary side diodes using both
local and global fitness functions that incorporate losses,
volume, and cost. Therefore, the design and optimization
of an ACF converter can be viewed as a multi-objective
optimization problem.

A. PARTICLE SWARM OPTIMIZATION (PSO)

Particle swarm optimization (PSO) is an optimization
technique that imitates the hunting behavior of swarms
of animals. The number of particles and the maximum
number of iterations permitted are decided at the start of the
optimization process. The function to be optimized is used to
calculate the outcomes of the initial values of particles. The
best value in the relevant iteration is referred to as ppest, While
the best value obtained by optimization is referred to as gpest-
The ppest and gpest values are updated following each iteration
in order to arrive at the perfect solution. The rate of change
of the particles is computed at the end of an iteration, and the
new positions of each particle are determined. A new iteration
is started with the new positions of the particles. Iteration is
continued until the maximum number of iterations is reached.
(1)-(3) are PSO equations where i is the number of particles,
x is the particle value, v is the rate of change of the particle, c;
and ¢ are constant values, and rand; and rand, are randomly
generated values [17].

Vipr =vi+a+b (D
a = [c1 - randy - (Ppest — X)] (2)
b =[cz - randy - (gpest — X)] 3)

(1) causes the particle to search for both the local and global
best solutions, as well as the best particle solution that is
closest to the own best state of particle.

B. MAGNETIC DESIGN

The comprehensive optimization tool uses locally optimized
magnetic designs, which compose optimized transformers
based on the calculated magnetizing inductance value. The
least magnetizing inductance and input-output current values
required for the converter to operate continuous conduction
mode (CCM) for the ACF converter is given in (4), where D
is the duty cycle, f; is the switching frequency, vin,,,, is the
input maximum voltage, P, is the output power.

2 2
Linin = M 4)
Po -2 'f?

The average value of the primary current (Iy,,, ), ripple value
of the primary current (Al;), peak value of the primary
current (I; ), primary current ratio (y1), ripple factor of the
primary current (Kj,) and RMS value of the primary current
(I,,,,) are expressed by (5)-(10) [18].

P,

Iy = ——0—
D- Vinax

&)
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AI] — Vinmax (6)
L-f
Al

Ilmax = Ilavg + T (7)

. Ilmax

y2

Ky= |D-(1-yi+(F ©)

I]rms = Kil ' Ilmax (10)

Similarly, the average value of the secondary current (I, ),
ripple value of the secondary current (Aly), peak value of the
secondary current (I ), secondary current ratio (y;), ripple
factor of the secondary current (Kj,) and RMS value of the

secondary current (I ) are expressed by (11)-(16).

L. = Po (11)
e = (1=D)-v,
AL =a- AL (12)
Al
Dy =12, + - (13)
Al
v = (14)
Izmax
y2
Ky, = |(1-D)- (1 - +(§2)) (15)
Izrms = KiZ : Izma,\' (16)

The formulas for calculating copper (Pcy) and core losses
(Pge) are (17)-(20), where a is the resistance term for copper
loss (£2), b is the temperature term for copper loss, MLT
is the average turn length of transformer (m), N is the
number of turn, p is the resistivity value (£2/m), oy is
the heat coefficient at 20°C (1/°C), Tpax iS the maximum
temperature (°C), f is the switching frequency (Hz) and
AB is the flux density ripple from peak to peak (T).
The K¢,  and B coefficients are produced using the
P (W/mm?) - B (mT) graphs for various frequency values
provided by the manufacturer data, and the core loss is
calculated using the Steinmetz equation.

Pey=a-b-I? (17)
a=MLT -N - px (18)
b= [1 + a0 - (Trnax — 20°C)] (19)

AB\”
Pre =K. - f* - (7) (20)

The thermal resistances (Rg) of the cores are calculated
using the empirical method provided in (21), where V. is
the core volume (m?), for natural convection cooling in order
to estimate the temperature rise of the magnetic components,
and temperature rise is checked by utilizing (22). As a design
restriction, the maximum temperature rise (AT) is limited
to 80°C. Pp is the maximum power for transformer at 80°C
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temperature limit.

R 0.06 21
0= —"=
VVe
Pp = AT (22)
D= R

The optimization algorithm sweeps the switching frequency
to find the optimal design by minimizing a local fitness
function, which includes loss, cost and volume of the
transformer. The local fitness function is given with (23),
where Vyf, Cyf, and Py are the volume, cost and power
loss of the selected transformer for the relevant frequency,
respectively. Vify.» Cufiyey» and Pyf,, are highest volume,
cost and power loss of the selected transformer for the
relevant frequency, respectively. o, oy and o3 are the
optimization coefficient for volume, cost and power loss of
the transformer, respectively. The design obtained for the
minimum value of the local fitness function is accepted as
the optimum design.

. o ) ( L ) ( o ) 23
o = o] - o)« =—— o3 -
fopt,,/ ( ! Virfpest @ Corfpess tes Pirfies ( )

In order to include the cost in the local fitness function,
the winding copper cost, material cost based on volume,
and labor costs are extracted from different suppliers. Total
core, winding and labor costs can be calculated as in
(24)-(26), where Ocore,x» Owdg,x and opap,x are the specific
costs per weight considering different magnetic core and
the winding types. Yt . .. Z&dg’x and Y[, indicate the
fixed costs for the magnetic cores including the coil formers,
connectors, and labor, where Ny cx represents the stacking
factor. The winding Cu cost, material cost dependent on
volume, and labor prices are extracted from several vendors
in order to integrate the cost in the optimization function. The
calculation of transformer costs is given as in (27). At (27),
the fixed cost due to the stacking of the core (Cgore), the
windings cost (Cyinding), and labor cost (Ciapor) are used
for providing the local fitness function of the transformer.
All numerical data retrieved from manufacturer is given in
Table 1 [19].

fc
Ccore = Nstack * Z +0core,x - Weore (24)
core,x
fec
deg = z +0owdg,x + Wwdg (25)
wdg,x
fc
deg = Z +0lab,x - Wwdg (26)
lab
Cl}f = Ceore + deg + Clab (27)

C. POWER SWITCHES AND DIODE SELECTION

In this study, GaN devices were chosen for main and clamp
switches because they operate with minimal loss at high
frequency. The total power losses and cost values are used in
the local optimization algorithm to determine the appropriate
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TABLE 1. Retrieved numerical cost model data from several winding, core
and inductor manufacturers.

Specific Cost Values
S E e (€/unit) 0.08
Ocore,x (€/kg) 7.5
ijdg,x (€/unit) 0.25
Owdg,x (E/kg) 16.5
ke (€/unit) 0.75
Tlab,x (€/kg) 7

switches for the ACF converter. Switch power losses can be
expressed as the sum of conduction loss, switching loss, gate
loss, and reverse recovery loss [15].

While calculating the conduction loss, the resistance value
of the switch at the on position Rgson and the RMS value of
the current passing through the switch Igs . are used. The
equation for the conduction loss is given as in (28).

Peon = Rason - Ijgrm (28)

The switching loss can be calculated using (29) where; V4
is the voltage for the switch-off position (V), Igs is the
average value of the current passing through the switch
(A), t; is the rise time of the current passing through the
switch when turning on in seconds, t¢ is the falling time of
the current passing through the switch when turning off in
seconds.

Py, = (%) Vs - Las - (& + t)‘) 'fv (29)

The power loss due to the parasitic capacitances in the gate
can be calculated as in (30) where; Qg is the charge for the
gate of the switch in Coulombs, and Vg, .. is the max. gate-
source voltage in Volts.

Pg = Qg ’ Vgsmax .f:‘ = Cg

The power loss for anti-parallel body diode is known as the
reverse recovery loss and is calculated as in (31) where; Qy; is
the reverse recovery charge value of the switch in Coulombs,
and Vgq is the voltage drop on the diode in Volts. The total
power loss on switch is given as in (32).

Ve fs (30)

1
b= (5) Orr - Vaa oS (1)
Pmtswitrh = Pcon + wa -+ Pg —+ Prr (32)

Volume and power density factors play a significant role in
USB PD converter applications. Numerous approaches are
used for this kind of consumer product design to maintain
the temperature rise in the switches at specific levels in
order to reduce expenses and improve volume and power
density values. They include choosing the right amount of
the surface space required to dissipate the heat in the switch
selection, designing the PCB by taking thermal resistances
into consideration, and reducing the losses of the main
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switch by utilizing auxiliary switches. Due to the volume
constraints in this study, the PCB layout was developed to
dissipate the heat generated on the switches instead of using a
heatsink.

After the switch selection for whole frequency range, the
most optimum design is obtained by using the local switch
fitness function including the cost and power loss values. The
local fitness function used for optimization is given as in (33)
where Cgwitch and Pgyitch are the total cost and power losses
of the selected switch for the relevant frequency, Cswitchpe
and Pgyicch,,,, are the highest total cost and power loss of the
selected switch for the relevant frequency, respectively. 81
and B, are the optimization coefficient for cost and power
loss of the switch, respectively.

Joptyisen = (ﬂl Cawiten ) (/32 PP switch ) (33)

Cswm‘hbe" switchpegs

The total power loss and cost values in the database of diodes
are used to choose the best diode. Conduction loss, switching
loss, and reverse recovery loss are the three types of power
losses generated by diodes. The cost value is obtained from
the suppliers. While calculating the conduction loss of a diode
as in (34), the resistance value of the diode (Rq), the voltage
drops of the diode (Vr), the RMS value of the current passing
through the diode (1g,,,) and its average value (I4,,,) are used.

Peony = (Ra - 17 )+ (Vp - 14,,) (34)

The switching loss of a diode can be calculated as in (35)
where f; is the switching frequency, Q. is the junction charge
value of the diode, and Vy is the diode voltage.

swd =0 Vy- fs (35)

When changing state from the conduction state to the cut-off
state due to the p-n-junction structure of the diode, a reverse
current is passed through it. The power loss caused by this
current can be calculated as in (36) where Qy; is the reverse
recovery charge value of the diode.

1
Prrd = (5) Q- Va - Js (36)

The total power loss dissipating the diode is given by the sum
of the power losses as in (37).

Ptotdl-odt, = Pcond + Pswd + Prrd (37)

After the diode selection for whole frequency range, the most
optimum design is obtained by using the local fitness function
including the cost and power loss values of the diode. The
function used for optimization is given as in (38) where Cgjode
and Pgioqe are the total cost and power losses of the selected
diode for the relevant frequency, Cdiodep.,, and Pdiodey are
the highest total cost and power losses of the selected diode
for the relevant frequency, respectively. y; and y» are the
optimization coefficient for cost and power loss of the diode,
respectively.

Cdiade ) + (y2 . Pedit)de ) (38)

Cdzodebm,, diodep

foptdiade = (yl '
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FIGURE 2. Proposed algorithm flow chart.

In this study, a design and optimization algorithm for USB
PD devices is proposed under the constraints of loss, cost, and
volume associated with the ACF converter. The total fitness
function of the converter is obtained by summing the local
fitness functions in each component of the converter. These
local fitness functions include:
1) Transformer volume, core, transformer copper losses,
and the transformer cost.
2) Conduction, switching, reverse recovery, and gate
losses of the switch and the switch’s cost.
3) Conduction, switching, and reverse recovery losses of
the diode and the diode’s cost.

After obtaining the volume, cost, and losses of the locally
optimized power devices and the transformer, the converter
level global fitness function is calculated. This creates a
design space populated with locally optimized designs. The
converter level global fitness function, given in equation (39),
is applied to all magnetic cores, switches, and diodes in the
database. The designs that yield the smallest fitness function
can be chosen as the best.
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FIGURE 3. Losses of flyback converter obtained after optimization under volume constraint.

Each value calculated in the function is normalized,
providing the minimum volume, power loss, and cost for
the selection of the magnetic core, switch, and diode. The
flowchart of the proposed design and optimization algorithm
is illustrated in Figure 2.

fop(flybzt(rk = fUPTrrf + foplxwitch + foptdinde (39)

Given that the suggested converter design and optimization
is intended for small-scale, compact, and cost-effective
USB-PD applications, it is proposed that no heatsink is
necessary for the power devices within the converter. Addi-
tionally, the power switches should possess inherent cooling
capabilities. As the converter lacks a heatsink structure, the
transformer emerges as the largest component in terms of
volume. Consequently, in (39), solely the volume of the
transformer is considered for optimization, as there exists no
other component aside from the transformer wherein volume
reduction is feasible.

Ill. RESULTS AND DISCUSSION

This study aims to optimize the transformer, switch, and
synchronous rectifier/diode elements of the ACF converter
concerning volume, efficiency, and cost for a given database
from different manufacturer. The database contains 29 dif-
ferent switches for the main and active clamp switch on
the primary side and 80 different switches/diodes for the
synchronous rectifier/diode on the secondary side. The power
losses of the output diode can be reduced by using a
synchronous rectifier (SR) for flyback converters, so the
proposed algorithm can select the synchronous rectifier or
diode for secondary side rectifier according to the design
criteria. Besides, the EE type cores in this database are
linked to the four different materials N87, 3C90, 3C92, 3C94,
3C95, and 3F36. These cores are available in a range of
21 different volume sizes, ranging from 559 mm?> (13/06/06)
to 52000 mm?> (55/28/25), for a total of 64 separate core
configurations. The algorithm sweeps the frequency between
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50-800 kHz in the outer loop. The optimization algorithm’s
fitness function incorporates weights attributed to power
loss-volume-cost. These weights were assigned as 10%-80%-
10% under limitations related to volume, 10%-10%-80%
under constraints concerning cost, and 80%-10%-10% under
restrictions linked to yield. These allocations of weights
may be subject to modification based on user-specified
demands. The ACF converter is designed using the parti-
cle swarm optimization method, with the pre-optimization
design parameters provided in Table 2.

TABLE 2. Pre-design optimization parameters.

Symbol Quantity Value
Vingms AC Input RMS Voltage 230 Vac
inrms AC Input RMS Current 0.3731 A
Vout DC Output Voltage 9/12/15/20 Vpc
Tout Max. DC Output Current 325 A
Pout Max Output Power 65 W
Toamb Ambient Temperature 20°C
AT Temperature Rise 60°C
fs Switching Frequency Range 50-800 kHz
Duin Minimum Duty Cycle 33.96%
Lmag Magnetization Inductance 0.7551 mH
al Transformation Ratio for Output 8
Aaux Transformation Ratio for Aux. 1 4
Aauxs Transformation Ratio for Aux. 2 2

The transformer parameters resulting from the optimiza-
tion under volume, cost, and efficiency constraints are
presented in Table 3 respectively. The optimal parameters
for the main switch, active clamp switch, and SR or diode
are provided in Table 4 respectively for volume, cost, and
efficiency constraints.

For volume constraint, the algorithm suggests using a
3C94, E-25/13/7 core, NV6117, NV6115, and BSCO93N
15NS5 MOSFETs on the main switch, active clamp switch,
and SR respectively. Under cost constraint, the algorithm
recommends a 3F36, E-35/18/10 core, GS-065-004-1-L on
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TABLE 3. Optimum transformer parameters under different constraints.

Primar; Secondar Auxiliary  Auxiliary Copper Total Maximum
. Transformer imary oncary 1 2 pp Core Loss Allow-
Constraint C Winding Winding .. .. Loss Loss
ore Number Number Winding Winding (mW) (mW) (mW) able Loss
Number Number (mW)
3C94,
Volume E-25/13/7 67 9 36 18 160.465 50.267 210.732 864.6
Cost 3F36, 106 14 56 28 344663 25790 370453 1.420
E-35/18/10 : ) : :
Efficienc 3E36, 106 14 56 28 100663 30898 131561 1.420
Y E-42/21/10 : : : :
TABLE 4. Optimum parameters for different types of switches under various constraints.
. I Reverse
. . Conduction Switching Gate Loss Total Loss
Constraint Switch Type Component Recovery
Loss (mW) Loss (mW) (mW) Loss (mW) (W)
Main Switch NVe6l117 59.871 1240 0 0 1.299
Volume Active Clamp NV6115 0.306 1240 0 0 1.240
Switch
SR Switch BSC093N15NS5 310.015 128.593 0 0 0.438
Main Switch GS-065-004-1-L 89.450 1132 0 0 1.221
Cost Active Clamp 55 65 004.1-L 0.316 1132 0 0 1132
Switch
Diode IDH06G65C6 0.664 128.593 - 0 0.793
Main Switch NV6123 79.363 1034 0 0 1.113
Efficiency Active Clamp NV6115 0.133 1034 0 0 1.034
Switch
Diode GEO6MPSO6E 0.537 42.329 - 0 0.579
Total I I Diode L
Copper Loss (mW) Conduction Loss (mW) Conduction Loss (mW)
1%
o)
=~ a ) = o é
2 g 3 = S 3
2 N s §% S
é S S 506,045 0305 & S 806 045 03 015 150 20093
N 2 33 N S
= 3 23 S 23 2
) S ¥ @ Nl —
Q § S ~ S B
= 3 < I
N

2
Switch Loss (W)

2
Gate Loss (mW)

2
Gate Loss (mW)

FIGURE 4. Losses of flyback converter obtained after optimization under cost constraint.

the main switch and active clamp switch, and IDHO6G65C6
for the diode. Finally, for efficiency constraint, the algorithm
advises using a 3F36, E-42/21/20 core and NV6123,
NV6115, and GEO6MPSO6E on the main switch, active
clamp switch, and diode respectively.

Comprehensive assessment of power dissipation within
the transformer, switches, and SR/diode is presented through
radar charts, featured in Figures 3, 4, and 5, corresponding

VOLUME 12, 2024

to the constraints of volume, cost, and efficiency. To enhance
the scrutiny of power loss distribution specifically pertaining
to switches and SR, both conduction and switching losses
are graphically represented within Figure 3, 4, and 5,
aligning with the constraints of volume, cost, and efficiency,
respectively.

Subject to a volume constraint, the optimal values for
design parameters emerge as 227.46 kHz, $16.13, and
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FIGURE 5. Losses of flyback converter obtained after optimization under efficiency constraint.
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FIGURE 6. Magnetic flux density for selected transformer.

93.83% in relation to frequency, cost, and efficiency respec-
tively. In the scenario of a cost constraint, the optimal design
parameters manifest as 174.87 kHz, $14.92, and 94.86%
for frequency, cost, and efficiency, in that order. Similarly,
when prioritizing efficiency constraints, the optimum design
parameters materialize as 152.34 kHz, $16.75, and 95.61%
for frequency, cost, and efficiency, respectively.

A transformer model was designed and validated using
Ansys Electronics Desktop and Simplorer environment. The
aim of the study was to optimize the performance of
transformers by carefully considering various parameters
such as size, shape, and material selection.

The designed transformers were characterized by their
parameters, which are listed in Table 3. To verify the model
used in the optimization framework, co-simulations were
conducted using Ansys Electronics Desktop and Simplorer
environment. Specifically, the 3C94-E25137 transformer was
selected for finite element analysis (FEA) and Simplorer
co-simulations.

For FEA, a two-dimensional (2D) transient magnetic
model was employed to compare outcomes and operational
quantities, such as magnetic flux density, current density,
and losses. The magnetic flux distributions, which shows
that the flux is denser towards the winding window area
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FIGURE 7. Magnetic flux distribution and current density for selected
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FIGURE 8. Prototype of the designed active clamp flyback converter.

of the core where the flux path length is minimal, and
crowded on the inner edge of the core are displayed in
Figure 6.

The magnetic flux lines and current density distributions,
which are shown in Figure 7, were examined. The analysis
revealed that the current becomes crowded on the conductors
near the air gap and on the surfaces where the primary
and secondary windings face each other. Valuable insights
into the performance of designed transformers and the
accuracy of the model used in the optimization framework
were provided. The magnetic flux density, current density,
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FIGURE 9. Experimental waveforms output voltage transitions for; (a) start-up at no load, (b) 5 V to 9 V transition at no load, (c) 9 V to 15 V transition at

no load, (d) 15 V to 20 V transition at no load.
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FIGURE 10. Experimental waveforms output voltage ripple for; (@) 5V-3 A, (b)9V-3A,(c)20V-3A.
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FIGURE 11. AC-DC conversion waveforms under different output voltage.

and losses are crucial factors that affect the efficiency and
reliability of transformers. Therefore, the findings of this
study can be used to optimize the design of transformers and
improve their performance in power systems.

IV. EXPERIMENTAL RESULTS

In this study, the design optimization of an active clamp
flyback converter for USB loads was accomplished using
the particle swarm optimization method, a meta-heuristic
method. Optimal design of the converter with regards to
efficiency, cost, and volume constraints was obtained through
design optimization, and the resulting design parameters are
presented in the previous section.

A converter circuit was constructed by choosing one
of the optimized designs. The converter was planned and
manufactured as two sub circuits. Images of the circuits are
illustrated in Figure 8.
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Figure 9 showcases the experimental waveforms depicting
the output voltage transitions of the optimized Active Clamp
Flyback (ACF) converter under various no-load conditions.
Figure 9(a) illustrates the converter’s startup behavior,
achieving a stable 5V output with minimal overshoot,
indicative of the robustness of the design during initial
power-up. Figure 9(b) reveals the transition from 5V to 9V,
demonstrating the converter’s quick response to step changes
in voltage demands while maintaining a flat output, which is
critical for the stability of USB PD devices. In Figure 9(c),
the transition from 9V to 15V is similarly swift and stable,
further confirming the converter’s versatility across different
voltage levels. Lastly, Figure 9(d) exhibits the transition
from 15V to 20V, underscoring the converter’s capability
to scale to higher voltages without load, which is essential
for fast-charging applications that require variable output
voltages.
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FIGURE 12. Comparison of theoretical and experimental results.

Figure 10 presents the experimental output voltage ripple
waveforms for the ACF converter at different load conditions.
In Figure 10(a), the converter exhibits a ripple of 120 mV at
a5V - 3A load, illustrating good performance in minimizing
fluctuations within the standard operating range. Figure 10(b)
shows a slightly higher ripple of 141 mV at a 9V - 3A load,
still within acceptable limits for USB PD applications and
indicative of the converter’s reliable output under mid-range
voltages. Finally, Figure 10(c) depicts the ripple at the highest
tested voltage of 20V - 3A load, with a ripple of 183 mV.
While this represents an increase, it remains within a reason-
able range, considering the higher output voltage. These rip-
ples are critical indicators of the stability and efficiency of the
power converter, and the results demonstrate the converter’s
capacity to maintain a stable output across a variety of loads,
a paramount feature for versatile fast-charging solutions.
In addition, AC-DC conversion of designed ACF converter
waveforms under different output voltage are given in
Figure 11.
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FIGURE 13. Frequency vs. efficiency graph for optimized design under
volume constraint.

Efficiency values were computed as a result of the flyback
converter design and optimization, and these values, acquired
from experimental results, are exhibited in Figure 12.
As seen, the two curves in the figure have analogous
waveforms and the efficiency augments with the load
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FIGURE 14. Comparison of flyback prototypes in literature [20], [21],
[22], [23].

until it hits its nominal value. Both curves decline with
similar waveforms when the rated load is surpassed. The
experimental results exhibit higher values than the theoretical
ones, thus verifying the accuracy and reliability of the design
optimization algorithm.

Converters may not operate with precision to two
decimal point at the correct fixed frequency. Figure 13
illustrates how the efficiency will change under a variation
of £10% in the switching frequency. As depicted in
Figure 13, a 10% alteration in the switching frequency
corresponds to a maximum 1% change in the efficiency
value.

To demonstrate the benefits of the suggested method, the
recommended optimization technique has been implemented
using volume-weighted design parameters for four bench-
mark designs presented in [20-23] with 50, 36, 10, 6.5 W
output power and an output voltage range of 24-12-5-15 V.
Efficiency and boxed volume are compared for each design,
and the results are displayed in Figure 14 as stacked bar
charts. The proposed algorithm has provided a volumetric
advantage of 37.33% in the SOW design, 16.66% in the 36 W
design, 21.98% in the 10W design, and 13.33% in the 6.5W
design.

V. CONCLUSION

In this study, an optimized Active Clamp Flyback (ACF)
converter for USB Power Delivery applications has been
developed. Utilizing Particle Swarm Optimization (PSO)
has led to a highly efficient, compact and cost-efficient
design that is capable of delivering multiple DC outputs
at a maximum power of 65W, with a peak efficiency of
95.61%. Implementing the gallium nitride (GaN) technology
was fundamental in lowering the cost to $14.92 and attaining
an operational frequency of 227.46 kHz.

Considering that fast charging operation is a chal-
lenging application, the achievements made in this study
are significant. The converter’s performance, character-
ized by its cost-efficiency and compact design, showcases
the potential to influence a broad spectrum of USB-PD
systems.
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The methodologies and findings of this paper not only
enhance the current state of ACF converter designs but
also provide a scalable model that can adapt to evolving
technologies and market needs. Looking ahead, the frame-
work established here is expected to inspire further research,
particularly in the optimization of power electronics to meet
emerging global standards for efficiency and sustainability.
The ACF converter design showcased here demonstrates the
importance of thorough optimization for practical, efficient,
and cost-effective power conversion systems.
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