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Abstract—A high frequency transformer is a critical compo-
nent in a dual active bridge converter (DAB) used in a power
electronics-based solid state transformer. Operation of a DAB
converter requires its transformer to have a specific amount
of winding leakage inductance. The demand for high efficiency
requires minimization of transformer copper loss and core loss.
Furthermore, available window area limits the winding arrange-
ment of transformer. A hybrid of particle swarm optimization
(PSO) and differential evolution (DE) is proposed to solve this
multi-objective problem with constraints. DE provides diversity
to pbest of each particle, which is missing in standard PSO.
The differential evolution particle swarm optimization (DEPSO)
algorithm is applied to find optimal transformer designs for DAB
converters. Results show the DEPSO method is a generic effective
way to find optimal high frequency transformer design.

Index Terms—Solid State Transformer, High Frequency Trans-
former, Particle Swarm Optimization

1. INTRODUCTION

Power electronic converter-based solid state transformers
(SSTs) have become attractive during recent years [1] [2]. An
SST has smaller physical profile than a conventional passive
transformer does. More importantly, SST provides power flow
control at distributive level, such as active power control, reac-
tive power control, harmonic compensation and voltage ride-
through compensation, which is demanded by future smart
grid. Candidate SST topologies have dual active bridge (DAB)
converters (Fig. 1), which contain high frequency transformers
to provide both galvanic isolation and leakage inductance for
soft switching [1]. This high frequency transformer is critically
important for the operation of SSTs. Also, copper loss and
core loss need to be minimized to increase overall power
efficiency. What is more, a successful design is constrained by
the available core area and window area of a given magnetic
core. All of these make the transformer design for a DAB
converter a complex problem.

Transformer optimal design is a nonlinear multi-
dimensional problem with constraints [3], [4]. Evolutionary
computation and swarm intelligence methods have the
potential in solving this kind of problem. Evolutionary design
has been applied to transformer cost optimization [5]. Genetic
algorithms is proposed to minimize the weight and the loss
of the medium frequency transformers for switch mode
power supplies [6]. Particle swarm optimization (PSO) is a
population-based stochastic swarm intelligence optimization
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Fig. 1.

DAB Converter Schematic

technique [7]. PSO is capable of finding global optimal
points by using unsophisticated agents. PSO has been applied
in transformer fault diagnosis [8], [9]. However, PSO lacks
diversity in its principles, which can be compensated by
differential evolution (DE) [10]. DE gives mutual diversity
using mutation and crossover. Thus, Differential Evolution
Particle Swarm Optimization (DEPSO), a hybrid of PSO and
DE, could obtain better optimization performance [7].

This study presents a DEPSO-based approach to opti-
mize winding configurations for the transformers in DAB
converters. The proposed method minimizes power loss and
the difference between winding leakage inductance and its
design specification. The remainder of this paper is organized
as follows. Section II describes the objective functions and
constraints of transformer design. Section III describes the
DEPSO optimization algorithm. Section IV presents the im-
plementation of the proposed algorithm. Section V discusses
the results of a case study. Conclusions are made in Section
VI

II. PROBLEM DESCRIPTION

For simplicity, the type and size of transformer magnetic
core are fixed by engineering method [11]. The focus in this
study is to find an optimal winding configuration. This section
describes the modeling of winding impedance and power loss.

A. Winding Leakage Inductance

A case of winding configuration is shown in Fig. 2. Trans-
former winding leakage inductance is evaluated according the
one-dimensional method introduced in [12]. According to [12],
there are three contributions to winding leakage inductance.
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Firstly, leakage inductance due to the gaps between winding
portions is frequency independent, which is given by
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where 1o is flux magnetic constant, N}, is the number of turns
in this portion, I7 is the Mean Turn Length (MTL) of a given
core, g is the height of inter-portion gap, and b is the width
of winding breadth.

To simplify problem description, only full portions (portions
without a half layer of wires) are considered in this study. In
this case, leakage inductance due to inter-layer gaps in one
winding portion (which is also frequency independent) is
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where m is the number of whole layers in a portion and U is
the total height interlayer gaps.

Leakage inductance due to magnetic wires is frequency
dependent. It is the product of its dc component and a
frequency ratio. For a full portion, they are
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where IV; is the number of turns per layer and h is the height
of conductor, w is the radial frequency of transformer, pq is
the vacuum permeability, and a is the breadth of a conductor.
Im{} is an operator of taking the imaginary part of a complex
number. Detailed explanation of (3) — (9) can be found in [5],
which is not repeated here.

Note that a winding portion is defined by m.m.f varies
between peak and zero. Also note that Fig. 2 only shows half
the winding area. Thus total leakage inductance is twice of
the value obtained by (3) — (9).

B. Winding Ac Resistance

Ac winding resistance of high frequency transformer is
calculated using the orthogonality between skin effect and
proximity effect [13]. Skin effect and proximity effect can be
described by increasing resistance as frequency increases.
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Fig. 2. Transformer Winding Schematic

Ac resistance is the product of dc resistance and a factor
representing skin and proximity effects, which is given by

_ sinh§(n) + sin §(n) _q)Sinhé (n) — sing(n)
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where £(n) 5 50y 0(n) NI and d is the

diameter of wires. Dc component of winding resistance is
Nl

= an

where p is the resistivity of copper, N is total number of turns,

and A is wire copper area. Then ac winding resistance is the

product of dc resistance and the ratio representing resistance

increment due to skin effect and proximity effect.

C. Loss Modeling

Power loss in transformer consists of core loss and copper
loss.
Copper loss is
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where R,., and R,.s are the ac resistance of primary
and secondary windings, respectively, and I, and Iy, s
are the RMS current at primary and secondary windings,

respectively.
According to [11], peak flux density is
Vems % 10*
Bac = T Arr A 13
Kfosw Ae (13)

where Vs is the RMS voltage at primary side, N is
the number of turns at primary side, fs, is the switching
frequency of DAB converters, A, is the effective area of a
given magnetic core, and Ky is waveform coefficient. Then
core loss is given by

Pcore - k,men

ac’

(14)

where parameters k, m, and n for a given core material can
be found in [11] or from a manufacturer’s datasheet.
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Fig. 3. PSO Position Update

D. Design Constraints

Winding configuration of a transformer is limited by avail-
able window area of a given magnetic core. The width of
winding is

Width = Nid. (15)

The height of winding is

Height = Zmid+ nGp + <Z m; — 1) G, (16)

where d is the diameter of magnetic wires, n is the number
of winding portions, G, is the gap between winding portions,
and G is the gap between layers in a winding portion.

The width and height of winding coil should be less than
those specified in the magnetic core datasheet

Width < WindowW 1dth,
Height < WindowH eight,

III. DEPSO ALGORITHM

A. Farticle Swarm Optimization

a7

PSO is a population based optimization algorithm, inspired
by flock of birds or school of fish movements [7]. In PSO, a
population of particles flies through an unknown space with
velocity updated by inertia, cognition and social interaction
[7]. Velocity and position of each particle is updated by the
following equations.

vi(k)=w - v;(k) + c1 - rand() - (pbest; — x;(k)) +
co - rand() - (gbest; — z;(k)) ,

.’L‘l(k + 1) = ’Ul(k) + ;Ci(k),

(18)
19)

where z; is the position of the i-th particle in variable space,
v; is the velocity of the i-th particle, w is particle inertia,
c1 is cognitive acceleration constant, co is social acceleration
constant, pbest is particle’s best known position, gbest is the
best known position found by all particles, and rand() means
a random number between O and 1. The scheme of position
update is illustrated in Fig. 3.

rand<CR

rand<CR
rand<CR

pbest mutated Trail

Fig. 4. DE Crossover

B. Differential Evolution

DE is a population based evolutionary algorithm introduced
by Storn and Price [10]. Compared to GA, DE can represent
real number problems, which makes it possible to integrate
with PSO. DE defines a set of crossover and mutation opera-
tors in real number space. Mutation is given by

1
Ai(k) = 5 (@i(k) + za(k) = ap(k) — zc(k)),
where a, b, and c are parents used to generate an off-spring
for the i-th particle. And crossover is given by

oy S (k) + A (R),
Vij (k) - {J:ij(kf),

where CR is crossover rate (Fig. 4). Parents and offstrings
compete with each other according to a fitness function so that
those with better fitness are select to form a new generation
and the rest candidates are discarded.

(20)

if rand() < CR

if otherwise, @D

C. DEPSO

DEPSO is a hybrid of DE and PSO. DE provides the
diversity that lacks in PSO while retaining the search capability
of PSO [7]. The mechanism of DEPSO is: after position update
in every normal PSO iteration, DE operator is applied to every
pbest of each particle. In this way, the DEPSO algorithm is
shown in Fig. 5.

IV. IMPLEMENTATION OF DEPSO ALGORITHM

A. Fitness Function and Constraints

For leakage inductance, fitness metric is the relative error
of calculated leakage inductance L to expected leakage induc-

tance L*.
L—-L*
Fr, = 7| |

= (22)
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Fig. 5.

A diode-like function is used to normalize power loss and
provide penalty to high power loss.

PCOT€+PCU>

0.65P* 23)

Fp=03exp <
where P* is 7 Watts.
Using weighted aggregation, the two objectives can be
combined into one fitness function.

F =wFr +wsFp, 24)

where w; = 0.5 and wy = 0.5. The optimization target is
searching for parameters to minimize fitness function F'.

It is necessary to impose the design constraints described in
(17). After PSO update and DE operation, each new solution
is checked to determine whether the constraints in (17) is
satisfied. If not, the new solution is reset to the current pbest
position.

B. Particle and Search Space Definition

In this study, the shape and size of the magnetic core,
as well as turns ratio, are fixed. The optimizing algorithm
only searches for an optimal winding configuration. A particle
contains a vector of parameters to be optimized: diameter
of magnetic wire, number of wires in parallel for one turn,
number of turns in the primary winding, number of winding
portions, number of layers in one winding portion, thickness

DEPSO flowchart

of the gap between winding portions, and thickness of gap
between layers in a winding portion. Parameter search space,
which is given in Table I, is defined using common sense and
experience.

It is obviously that the parameters in Table I are all
integers. Therefore, Integer PSO is used in this work [7].
The parameters of all particles are rounded off to the nearest
integers.

C. DEPSO Parameters

In PSO, linearly decreasing weight inertia can cover both
early exploration and final exploitation. Weight inertia is

defined as . .
iteration

w=08-04 (25)

MmaXiteration
Individual and social acceleration constants are both set to 2.0
[7]. Maximum velocity is set to one-half of the entire search
space for each dimension. The number of particles is set to
50 and maximum number of iterations is set to 75. For DE
operator, crossover rate is set to 0.5. And the number of parents
is set to 4 for mutation.

V. CASE STUDIES AND RESULTS

One design case is a transformer for a 200 W 208V-to-
120V ac-ac dab converter [1]. The turns-ratio is 1.73:1 and the
frequency is 5 kHz. It uses an ETD-59 ferrite magnetic core.
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TABLE I
SEARCH SPACE DEFINITION

wire number of number of

gauge primary turns portions

layers per layers per | layers of

NOMEX

layers of

pri portion | sec portion Epoxy film

14,16,18,20,22,24 25 - 500 1,2,4,6,8,10

1-20 1-20 1-10 1-20

fit,

fit
12 \ Pl

0.8 4

0.6 4

0.4 q

0.2 q

(a) DEPSO
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Fig. 6. Fitness metrics over search process

Target leakage inductance is 900 pH respect to the low voltage
side. The searching process (variation of fitness function over
iterations) is shown in Fig. 6(a) for DEPSO and Fig. 6(b) for
conventional PSO, respectively. Three best transformer designs
by DEPSO are given in Table II after 20 trials. Figure 7
compares leakage inductance error and power loss of three
design methods: DEPSO, conventional PSO, and engineering
area product method. It is shown that the diversity introduced
in DEPSO provides better fine tuning over both PSO and hand
design.

VI. DISCUSSION AND CONCLUSION

An optimization method is presented to address the high
frequency transformer design problem for DAB converters in

9.00
6.75
4.50

2.25

0 1

Power Loss (W) Error in Lleak (%)

M DEPSO PSO B Hand Design

Fig. 7. Comparison among DEPSO, conventional PSO, and hand design

SSTs. The DEPSO method integrates the searching capability
of PSO and diversity of DE. Fitness functions are evaluated
by 1-D winding impedance analytical model and engineering
power loss estimation method. DE operator is applied in
every iteration to the pbest of particles in the population.
The DEPSO optimizing algorithm is applied to find optimal
designs for transformers in SSTs. Simulation results show this
algorithm is an effective and generic method for transformer
optimization.
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