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Abstract—With the development of advanced soft magnetic
materials of high saturation flux density and low specific core loss
and semiconductor power devices, the high frequency transformer
(HFT) has received significant attentions in recent years for its
widespread emerging applications. The optimal design of high
power density HFTs for high performance energy conversion
systems, however, is a multiphasic problem that needs special
considerations on various aspects such as core material selection,
minimization of parasitic components and thermal management.
This paper presents a comprehensive review on advancement of
soft magnetic materials for high power density magnetic devices
and advanced technologies for characterizations and optimal
design of HFTs. The future research and development trends are
also discussed.

Index Terms— High frequency transformer, amorphous and
nanocrystalline magnetic materials, modeling of parasitic
components, characterization.

I. INTRODUCTION

EDUCTION of size and weight and improvement of energy

efficiency of power devices are the key research objectives
in recent decades. The high temperature superconducting
(HTS) cable technology enables people to design compact,
lightweight and efficient power devices [1]-[3]. Scientists all
over the world are pushing the HTS technology for developing
large scale electrical machines (more than 10 MW) [4], [5], [6].
It is now obvious that HTS cable can reduce the transmission
line weight and power loss significantly [7], [8], [9]. On the
other hand, increasing the operating frequency can greatly
reduce the volume and weight of an electro-magnetic device to
achieve high power density. In recent years, various types of
high frequency transformers (HFTs) have been developed for
emerging applications such as solid state transformers (SSTs)
and power electronic converters in smart grids, renewable
energy, energy storage, and traction systems [10]-[12]. In the
wide spread distributed renewable power generation and the
associated management systems, the HFT is an enabling
component with a high possibility to substitute the conventional
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low frequency transformer. According to the Massachusetts
Institute of Technology Review in 2010, the SST has been
considered as one of the highly growing technologies [12].
Using high power density HFTs and semiconductor devices, the
SST can have much smaller volume and lower weight than
those of the conventional low frequency transformer. While
most HFTs are dry types, for high power range water cooling
can sometimes be employed and thus the periodic replacement
of oil or dielectric liquid used for cooling and insulation in the
conventional transformer can be avoided.

Recently, extensive research has been carried out on design
and characterization of HFTs. A review of SSTs and different
configurations in the field of power distribution was presented
in [12] with a focus on the SST applications. In [13]-[15],
different topologies in the field of power conversion between
medium ac voltage and low dc voltage, integration of renewable
energy, medium voltage grid to lower voltage grid, and high
voltage pulsed power supply sectors were proposed and
analyzed. In [16] and [17], the properties of different soft
magnetic materials were investigated. The core loss
measurement methods and their empirical expressions are
necessary for characterization of HFTs. Various experimental
techniques and models have been proposed to measure core loss
in [18]—-[22]. The winding parasitic elements such as resistance,
leakage inductance and stray capacitance can significantly
affect the performance of an HFT. Different experimental,
analytical and simulation methods have been proposed to
measure and predict the parasitic elements [23]—[26]. Since the
loss is dissipated as heat, proper thermal management is
required to operate the HFTs safely. In [10], [27] and [28], the
authors proposed different thermal management techniques for
the HFTs. However, the HFT technology is still facing many
challenges such as high core loss due to higher frequency
operation and large volume due to low saturation flux densities
of core materials [29]-[31]. To avoid the high core loss in the
conventional core material, e.g. silicon iron at high operating
frequency, advanced soft magnetic core materials with high
saturation flux density and low specific core loss such as
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amorphous and nanocrystalline magnetic materials are used for
HFTs [16]. However, vendors provide only data sheets of core
losses under sinusoidal voltage excitations, but the HFT
generally operates under non-sinusoidal excitations. Therefore,
extensive research is needed to characterize the advanced
magnetic materials for their widespread uses.

In this paper, the factors affecting the design of HFTs and the
state of the art design optimization processes are presented. The
effects of each factor and its models have been reviewed.
Moreover, the current research trend and future research
directions are also discussed.

Il. STATE OF ART MAGNETIC MATERIALS

One of the key factors for the design of HFTs is the selection
of appropriate core material. Both the efficiency and power
density of an HFT depend on the core loss and the saturation
flux density of the core materials. Till now, the silicon iron
(SiFe) alloys are the best choice as the core material of low
frequency laminated transformer. Some other conventional
magnetic materials like nickel-iron (NiFe) and cobalt iron
(CoFe) are also considered as core materials for low frequency
transformer. However, for medium and high-frequency
applications, due to higher core loss conventional magnetic
materials are not suggested to use. In recent years, new soft
magnetic materials like amorphous, nanocrystalline, and
ferrites have been developed especially for high-frequency
and/or high-speed electrical machine applications. The main
problem of ferrites is the very low-saturation flux density, e.g.
ferrites materials 3C85 and 3C93 present saturation flux
densities of 0.45 T and 0.52 T, respectively [17]. Therefore,
machine designers are trying to develop HFT using amorphous
and nanocrystalline magnetic materials.

A. Amorphous Magnetic Materials

Amorphous magnetic materials show very-low core loss
because of their very thin foil structures, high-permeability and
high-electrical resistivity [16]. The thickness and widths of
commercially available amorphous ribbon are 15—35 um and
2.5-213 mm, respectively. Fig. 1 shows a photograph of the
amorphous alloy (1 kg ribbon of 30 mm in width and 20 um in
thickness). They also present lower manufacturing process cost
compared to nanocrystalline magnetic materials. The first
commercial amorphous material is the Metglas manufactured
by Hitachi Metals Ltd., Japan in 1997 [32]. Metglas has mainly
three types: iron (Fe) based, cobalt (Co) based and nickel (Ni)
based. Fe based Metglas amorphous materials are commonly
used due to their availability. There are three commercial Fe
based amorphous materials, which are 2605HB1, 2605SA1 and
2605S3A. The saturation flux density of 2605HB1 is the
highest among them and it is 1.64 T. The core losses of Meglas
2605SA1, 2605S3A and 2605HB1 materials are 10, 3 and 12
W/kg, respectively, at 0.2 T under a sinusoidal excitation of 10
kHz [32]-[34]. On the other hand, Co based amorphous
materials, e.g. Metglas 2705M and 2714A show lower core
losses with lower saturation flux density. Under 10 kHz
sinusoidal excitation of 0.2 T, the iron loss is only 1.5 W/kg for
Metglas 2714A, whereas 10 W/kg for Metglas 2605SA1 [32]-

[34]. Due to very expensive cobalt content, Co based materials
are more expensive than the Fe based materials. Ni based
amorphous material such as Metglas 2826MB s also used for
high-frequency applications. Core loss of Metglas 2714A is the
lowest among the Metglas amorphous materials. However, its
lower saturation flux density and high price hinder its
applications. Recently, Vacuumschelze GmbH & Co. KG has
developed new Co based amorphous materials such as
VITROVAC 6025 F, VITROVAC 6030 F and VITROVAC
6155 F [35]. Their core losses at 0.3 T and 100 kHz are
comparable with that of Meglas 2714A, as shown in Table I.

TABLE |
COMPARISON OF DIFFERENT AMORPHOUS MATERIALS [32]-[35]

Amorphous Bs:  Core loss (W/kg)  Resistivity — Density
magnetic materials (T) 03T&100kHz (uQ.cm) (g/cm?)
VITROVAC 6025 F 0.40 100 1.40 7.8
VITROVAC6030F 0.70 110 1.30 7.75
VITROVAC6155F 0.90 130 1.10 7.90
Metglas 2705M 0.77 260 1.42 7.59
Metglas 2714A 057 120 1.38 7.90
Metglas 2605S3A 141 300 1.38 7.29
Metglas 2605SA1 156 1400 1.30 7.18
Metglas 2826MB 0.88 1360 1.38 7.90

Fig. 1. A photograph of the amorphous alloy (1 kg ribbon of 30 mm in width
and 20 um in thickness).

B. Nanocrystalline Magnetic Materials

Nanocrystalline magnetic material has received a great
attention due to its lower core loss than amorphous magnetic
materials. VITROPERM and FINEMET are commonly used
nanocrystalline magnetic materials which have core losses of
1.5and 5 W/kg, respectively under 10 kHz sinusoidal excitation
of 0.3 T, whereas Metglas 2605S3A features 7 W/kg. However,
the fabrication process of nanocrystalline is quite difficult and
expensive. Recently, Fes1sCu10M0Oo2  SisB14  and
Cupa.CuiMog 2SisB14 nanocrystalline alloy ribbons have been
developed which show higher saturation flux density than the
conventional nanocrystalline and amorphous materials [36],
[37]. The core losses at 1 T and 1 kHz (P10/1), and at 0.2 T and
10 kHz (P2n0k) for different soft magnetic materials are shown
in Table Il. The lower core loss is obtained for FINMET
nanocrstalline alloy but its lower saturation induction makes
obstacle for high power density applications. On the other hand,
the Feg18CU1.0M002SisB14 nanocrystalline alloy not only
exhibits higher saturation flux density but also exhibits lower
core loss.



TABLE Il
COMPARISON OF DIFFERENT MAGNETIC MATERIALS [36]

Different soft Bsat (Plollk) (Pz/mk)
materials (T (Wikg) (W/kg)
Fegla CULO MOo'z Si4B14 1.75 5 8
Metglas 2605HB1 alloy 1.64 44 12

6.5 wt%Si-steel 1.80 18.1 30
FINEMET (FT3) alloy 1.25 - <2

I11. CORE-LOSS MODELING OF HFT

In HFT’s design, one of the main challenges is to predict the
core loss accurately. The core loss increases with operating
frequency and flux density. Several models in the literatures
have been proposed to predict the core loss in the last few
decades. These models can be grouped into two approaches:
loss separation model and Steinmetz based model. In the first
method, the core loss has three parts: hysteresis loss, eddy
current loss and the anomalous or excess loss [38]. Authors of
[39] proposed a loss separation model for sinusoidal excitation
which is given by

P =K, B8 f 1 K _B2f2+8.76K,, BL° 15 1)

exc—m

where f is the frequency, Bn is the maximum flux density and
Kn, Ke, Kexe, @, b, and c¢ are the constant coefficients. The
measurements of these coefficients are extensive which makes
the method impractical for designers. In contrast, the Steinmetz
based empirical methods are more practical and straightforward
to predict the core losses. The method was first proposed by
Chas Proteus Steinmetz [40]. In this method, a generalized
equation for core loss in magnetic material is proposed which
is given by [40],

P=kf*B/ )
where k, o and S are the Steinmetz parameters. The main
downside of original Steinmetz equation (OSE) is that the
equation is valid for only sinusoidal excitation. However, in
HFT topologies, the excitation voltage is non-sinusoidal.
Moreover, the nonlinear relationship between excitation and
flux density makes it impossible to apply Fourier series
approach to evaluate the core loss. Therefore, many models
have been proposed to predict the core loss for non-sinusoidal
excitation. The OSE was first modified by authors of [41] where
the core loss is also related to the rate of the change of magnetic
flux density which is given by

P=kf:'Bhf, A3)
where f; is the fundamental frequency and feq is given by
2 dB
Chlyo ZI[ jdt )

In [42], it is shown that core loss not only depends on the rate
of the change of the flux density but also depends on its
instantaneous value. The authors proposed the following
generalized Steinmetz equation (GSE) for prediction of core
loss [42]

To
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where k; = 5 :
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0
In [43], authors showed that the time history of magnetic
material also affects the core loss. For that, the instantaneous

value of flux density is substituted by the peak to peak value
and the equation of the loss is given by [43]
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where k;, = o .
(27)“* [[cose|“ 2" “do
0

The author of [44] proposed another modified Steinmetz
equation known as natural Steinmetz equation (NSE) to predict
the core loss. The equation of NSE method is as follows [44]

p-a T a
pP— AB ﬁj_ t
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k
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where ky =

— .
(2m)** [|cosd|“ do
0

The simplest way to predict the core loss for non-sinusoidal
excitation with slight modification of Steinmetz equation was
proposed in [45], known as waveform coefficient Steinmetz
equation (WCSE). A factor (Krwc) which is the ratio of areas of
the non-sinusoidal and sinusoidal waveforms is just multiplied
by the original Steinmetz equation. The equation of the
waveform coefficient Steinmetz equation for any arbitrary
excitation voltage is given by [45]

P=Kack f“By. ®)

A loss occurs in the zero voltage time due to the relaxation
process. This loss is not considered in the abovementioned
methods. In [46], a new empirical method was proposed to

predict the core loss considering the relaxation process in zero
voltage interval. The total core-loss can be evaluated by [46]

j K,

where Py and Qy are given by

dB(t)‘ I\:[ “dt+§n:Qr, P, (9)
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where all constantans are material parameters. Recently, the
authors in [47] and [48] calculated Steinmetz parameters to
model core loss of HFT under square-wave excitation and
characterize amorphous core under square-wave excitation.
They also compared the core loss of amorphous alloy for both
sinusoidal and non-sinusoidal excitations. Fig. 2 shows the



comparison of core loss of Metglas 2605SA1 for square and
sinusoidal excitations.
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Fig. 2. Comparison of core loss of Metglas 2605SA1 under square and
sinusoidal excitations.

IV. EXPERIMENTAL TECHNIQUES FOR CORE LOSS
MEASUREMENT

Magnetic core loss is an important concern in the area of HFT
design. Since the core loss depends on the frequency, the
increase of operating frequency affects the efficiency and heat
dissipation. Consequently, at high frequency range the accurate
core loss measurement becomes significant. There are many
core loss measurement techniques reported in the literature
which can be classified into mainly two groups: thermal or
calorimeter techniques and electrical techniques [49].

A. Thermal or Calorimeter Techniques

In the thermal method, different types of coolants, e.g. water
and air are used to absorb heat produced due to core loss. As a
result, temperature of the coolant increases which indicates the
power dissipation. The power loss can be obtained from the
temperature difference and flow rate of coolant. In [19], the
authors proposed a calorimeter to measure the core loss. A core
under test (CUT) is placed inside the vessel where FC-40 is
used as coolant which flows at a constant rate with a pump and
control valve, as shown in Fig. 3. Under steady state condition,
the final temperature difference is measured. Finally, the total
power dissipated is calculated by [19]

P = pAVCAT (12)

where p is the density of the coolant, V the flow rate of the
coolant, C, the specific heat of fluid and A the cross section of
coolant path. To reduce the loss due to the convection and
convection and radiation, the authors of [50] proposed an
improved calorimeter technique to measure the core loss where
the CUT is placed inside a vacuum chamber and the test is done
under isothermal conditions. However, the thermal methods
have some common disadvantages, e.g. time consuming,
difficulty of separating winding loss from core loss, higher error
in case of low core loss and difficulty of making test platform
[49].
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Fig. 3. The block diagram of core loss measurement using calorimeter [19].
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Fig. 5. A photograph of the test platform to measure specific core loss of high-
frequency transformer [51].

B. Electrical Techniques

The disadvantages of thermal techniques can be eliminated
by the electrical techniques. The electrical techniques are
classified into two groups: impedance technique and wattmeter
technique. In impedance techniques, the core loss is considered
as an equivalent loss resistance, which may be associated with
parallel or series with the magnetizing inductance. The
Maxwell-Wien Bridge and network analyzer are generally
utilized in this approach to measure the core loss. The wattmeter
technique is the mostly used technique to measure core loss of
magnetic materials where two windings are wound on a core
used for experiment as shown in Fig. 4. Instead of traditional
wattmeter, oscilloscopes are commonly exploited to measure
core loss due to non-sinusoidal excitation [52]. A photograph to
measure core loss of HFT is shown in Fig. 5. The excitation
current and secondary open circuit voltage are used for
calculation of core loss by the following equation [52]:

1.
P= = [i, v, (bt (13)



where i, and vs are the primary current and secondary voltage,
respectively. In this method, dc bias in magnetization current is
not included during the core loss measurement set up. The
experimental set up for core loss measurement with dc bias is
shown in Fig. 6. A digital oscilloscope is exploited to sample
the excitation current and voltage. Finally, the core loss is
calculated from sampled data by using the following equation
[53]:

N, 10
PN Ry

=1 ref

(14)

where Np and Ns are the number of turns in primary and
secondary windings respectively, and Ry the resistance of
current sensor and vg the voltage across the current sensor
resistor and N the number of sample per period. To reduce the
effect of phase discrepancy which exists in abovementioned
methods, a resonant capacitor or ideal inductor is connected in
series with excitation winding as shown in Fig. 7 [20], [54],
[55]. In these approaches, the sum of voltage of secondary
winding and capacitor or inductor voltage is closely equal to the
voltage due to core loss. Consequently, the effect of phase
discrepancy will reduce. The value of resonant capacitor (C;) is
given by [20]
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Fig. 6. Schematic diagram of core loss measurement with dc bias [53].
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Fig. 7. Core loss measurement using capacitive cancellation [20].
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where Ly is the magnetizing inductance of the winding. In [56],
partial inductive and capacitive cancellation methods are also
proposed to decrease the effect of phase discrepancy. In partial
cancellation methods, a fraction of capacitive or inductive
voltages is employed in capacitive and inductive cancellation
instead of full capacitive or inductive voltages [56].

V. WINDING AC RESISTANCE MODELING

Winding loss or copper loss depends on the resistance of the
winding wires and affects the performance of a transformer.
The copper loss increases due to the increase of ac resistance
(Rac) of the wires with the increase of excitation frequency, as
shown in Fig. 8.

0 20 40 60 80 100
Frequency, f (kHz)
Fig. 8. Ry for different layers with frequency.

Due to the skin and proximity effect, the distribution of
current across the cross section of a conductor is not uniform.
This non-uniform current distribution makes a difference in the
values of ac resistance from dc value. One dimensional
Maxwell’s equation is first exploited to derive the expression of
leakage impedance [23]. The Dowell’s expression of leakage
resistance is given by (16) [23]

= plezlt M!+
nbh

(pz _1)D'} (16)
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where b is the winding breadth, p resistivity, # porosity factor,
p the number of layers, N; number of turns per layer, I mean
turn length, h height of conductor, and M'and D’are the real
parts of M and D, respectively, which are as follows [23]:

Jonu
M = ahcoth(ah), D = 2ahtanh(ah/2), o =
y2)

where ® is angular frequency, and [ is the permeability of
conductor. Due to cylindrical windings in most transformers,
the expression of ac resistance is derived as shown in (17) by
using the cylindrical coordinates instead of rectangular
coordinates which considers the curvature of wound wire [57],
[58].

Rac = Rch

sinh 2A+sin 2A 2(p? 1) sinh A—sinA a7
cosh 2A —cos 2A 3 cosh A +cos A
where Ry is the dc resistance of the winding, A the ratio of
thickness of conductor and skin depth, and p is the number of
layers. The aforementioned expressions of ac resistance have
some shortcomings, e.g. the effect of magnetizing current is not
considered, round conductor is replaced by square conductor
and the skin depth is considered as a function of porosity factor.
These shortcomings can be eliminated by more exact analytical
methods in [59] and [60]. The ac resistance of a solid round
conductor is given by [59], [60]

R, =R, 7| ber ybei'y —bei yber’y
& °2 ber'? y +bei'? y

—272(2p-1) (18)
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where y = h/(~/28) and h is the thickness of conductor, 6 the
skin depth. In the abovementioned methods, it is assumed that
the magnetic field across the cross section of the conductor is
uniform. In [61], this consideration is eliminated and a new
expression of ac resistance is developed which is given below

R, =R, 7| ber ybei’y —bei yber'y
& ©2 ber'? y +bei’” y

2 ' H ]
27”72(4p3—1+1]ber27ber;/—be|27bel % (19)
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Equations (16)—(19) are derived for only sinusoidal
excitation. For non-sinusoidal excitation, Fourier series
expansion can be utilized for determining the ac resistance. The
main problem of the approach is determination of Fourier
coefficients. The authors of [57] proposed a method to derive
the expression of ac resistance without calculating the Fourier
coefficients. The expression for leakage resistance is given by

[57]
R =1+ (5p2 _1) A4( I;ms ]

20
c " i (20)
where lins is the root mean square value of current and I}, is
the derivative of lyys.

VI. LEAKAGE INDUCTANCE MODELING

Leakage inductance is another parasitic element of HFT
which also affects the performance of HFT. Just like leakage
resistance, the leakage inductance in high frequency differs
from its static value and changes with the frequency due to eddy
current and proximity effects, as shown in Fig. 9. The analytical
expressing of leakage inductance was first obtained from the
Dowell’s expression which is as follows [23]:

L2 1, P*NZhL | 3M” + (p? —=1)D”
3b p’|e’h’|

(21)

where M"”and D' are the imaginary parts of M and D
respectively. In [62] and [25], the total leakage inductance is
obtained from the stored energy. The simplified equation of the
total leakage inductance with considering one turn per layer is
obtained from the sum of all stored magnetic energies which is
given below [62]
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Fig. 9. Leakage inductance with frequency for turn ratio 1 and 2.
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where, ki = sinh (2yt,)-2yt,, k2= vt cosh (ytp)—sinh (yz), np is the
number of layers in the primary winding, m the turn ratio, t, the
primary conductor thickness, tis; insulation thickness and hy
core window height. In [63], the effect of winding position on
core is investigated. The authors showed that the value of
leakage inductance also changes with the winding position and
the air gap between two windings. In addition, the wide range
of leakage inductance as a part of resonant converter can also
be obtained by changing the position of windings.

VII. STRAY CAPACITANCE MODELING

The performance of the converter is affected by the stray or
parasitic capacitance of HFT. Due to the stray capacitance, the
system may develop resonant frequency which creates
electromagnetic interference and unwanted oscillation in
primary and secondary currents of HFT. The parasitic
capacitance of HFT mainly comprises of turn to turn
capacitance, single layer capacitance, layer to layer capacitance
and inter-windings capacitance [64]. Here, inter-windings
capacitance is neglected.

A. Turn to Turn Capacitance

Turn to turn capacitance is the basic element of parasitic or
stray capacitance. The elementary capacitance between two
conductors consists of series connected elementary insulation
capacitance and air capacitance. The main challenge of
determination of capacitance is to calculate the effective
distance of electric field path which is shown in Fig. 10. Due to
lower insulation distance, in [64]—[66], the electric field line in
the insulation is considered as radial, and the radial distance can
easily be measured from their diameters. Therefore, the
insulation capacitance can be calculated by [66]

Electric field lines

@ (®)
Fig. 10. (a) Distribution of electric field, and (b) different proposed path of
electric field lines [26], [64]-[66].

(23)

where dCyc is the elementary insulation capacitance, & the
permittivity of insulation, I; the length per turn, & the deflection
angle, Do and D the diameters of solid wire including and
excluding insulation layer, respectively. In [26], however, the
distance is considered as a curve of a parabola. The equations
of parabola and insulation capacitance are as follows [26]:
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On the other hand, to determine the effective distance of
electric path in the air, the path is considered by many
approaches, e.g. parallel to the line between two centers of
conductors, radial until it touches the surface of other
conductor, curve of a circle or parabola as shown in Fig. 10
[26], [64]-[66]. The equations of different effective distances
in the air using aforementioned ways are given by (26)—(29)
[64]-[66]. Finally, the air capacitance and total capacitance can
be calculated by (30) and (31) respectively [26]
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x(6) = j 1+(dyJ dx (29)
d
1:D,
22
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where dCyg and dCyeq are the elementary air capacitance and
total equivalent capacitance, and & is the permittivity of air.

B. Single Layer Capacitance

There are many turns in a layer. If the capacitance between
turn and shield or core is neglected, the single layer capacitance
is equal to Ci/(n-1), where n is number of turn of a single layer.
The capacitance between turn and shield is considered as shown
in Fig. 11 and the capacitance between two terminals of the
winding is given by [64], [65]

Fig. 11. Equivalent network of turn to turn and turn to shield or core [65].

Cps(n)= - c. 32)

The shield capacitance (C) is considered as double of turn
to turn capacitance for simplicity. The effect of non-adjacent
turns is also neglected for simplicity.

C. Layer to Layer Capacitance

Capacitance also exists between two layers due to voltage
difference between them. The capacitance between two layers
can be obtained by [65]

n(n+1)(2n+1)
T IC,

where Cy is the layer to layer capacitance and | is the average
length of a turn. For higher turn ratio, multi-layer winding
exists. So the capacitance for multilayer winding is also
required to determine. The capacitance for multilayer winding
can be calculated using layer to layer capacitance, whose
equation is as follows [65]

C,=C,(z-1)(2/2)*

Cy = (33)

(34)

where z is the number of layers of a winding. Equation (34) can
be utilized to calculate the stray capacitance of primary and
secondary windings.

System requirements, e.g. /
voltage, frequency, power

Fixed data of magnetic core material, core loss

coefficients, inter layer and core distances, and
insulating material, loss tangent, dielectric constant et
v

Isolation and clearance calculation

v

Free Parameters, e.g. number of core stacks,
turns and layers, frontal length, current density,

thickness of foil etc

I Dimensions calculations]

| Power loss calculations |

Fig. 12. The flow chart of an optimal design of HFT [67].

VIIl. DESIGN OPTIMIZATION

It is important to optimize the design of an HFT to achieve
high power density and efficiency with all requirements, e.g.
lower leakage inductance, proper thermal management and
isolation. Most of the traditional optimal techniques are based
on the iterative approaches where a few parameters such as the
efficiency and maximum temperature limit, are focused by
optimizing variable parameters. Fig. 12 shows a general
optimization technique.
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Fig. 13. A photograph of the HFT core development process with amorphous
ribbon [71].
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In the above optimization technique, core materials, core
stacks, cross section, layer number, turn ratio, conductor
thickness and current density are normally fixed variables [67].
Then different design parameters like geometrical parameters,
core losses, winding losses, temperature and isolation distance
are solved for all set of variable in specified range. Finally, the
set of parameters which shows high power density and
efficiency in specific temperature are selected for optimal
design.

The authors of [68]-[70] proposed computer based heuristic
optimal algorithms, e.g. artificial neural network (ANN), multi-
objective genetic algorithm (MOGA) and Numeric Pareto
geometry optimization process to design high frequency
transformer which requires minimum number of parameters
compared to the aforementioned methods. Based on design
parameters as obtained from optimization process an optimal
core can be designed in the laboratory with the commercial
advanced magnetic ribbon. The authors of [71] and [72]
introduced the concept to develop HFT core with um thick
magnetic ribbon. Fig. 13 shows a photograph of the HFT core
development process with amorphous ribbon.

IX. CoupPLED FIELD-CIRCUIT APPROACH

For flux distribution, stability, reliability and transient
analysis of HFT, coupled field-circuit approach can be used.
The coupled field-circuit approach has two parts: field part and
circuit part [73]. The field and circuit parts are generally
analyzed by finite-element method (FEM) and nodal analysis
method respectively. In [74], the coupled field circuit approach
was utilized to analyze the HFT. The obtained mathematical
model is as follows [74]:

T, 0 A

. |l [s -CnA] [F

|:2ﬂ“efc-|[m LI} ﬂ +|:O R :||:I:|_|:U:| (35)
ot

where L, is the diagonal matrix of leakage inductances, R the
diagonal matrix of winding resistances, u the vector of input and
output voltages, i the vector of input and output currents, Cim
the correlation matrix, e the length of field along the axial
direction, T, the matrix related to area and conductivity, F the
vector of field sources, A the vector potential and S the function
of the curl of A. However, FEM based softwares such as
ANSYS and COMSOL are currently being popular as a design
and analysis tool of HFT due to more user friendly than coupled

field-circuit approach. Using ANSYS flux distribution of a
toroidal core based HFT is shown in Fig. 14.

Core

Primary

B (T
= 0.49692
0.45696
0.41699

0.37703
0.33706

Secondary
winding

0.29710

0.25714| /
B -
(I 19719 g

Fig. 14. Magnetic flux density at time, t = 0.00012 s of a toroidal core based
HFT operating at 25 kHz.

X. THERMAL MANAGEMENT MODELING

The thermal analysis is one of the major constituents in the
HFT design process. Since the whole power losses are
dissipated as heat, the temperature of the transformer rises
which affects the performance. In case of low power HFT’s
design, thermal management is often avoided due to low
amount of losses. For medium and higher density, however, the
analysis is important to achieve higher performance and safe
operation. Authors of [71] analyzed heat distribution in an HFT
with a thermal imaging camera. Fig. 15 shows a thermal image
of an HFT with amorphous magnetic core and Litz wire
windings under operation. However, the amount of increased
temperature due to loss is obtained by the following equation
[75]:

Fig. 15. Temperature distribution in an HFT with amorphous magnetic core
and Litz wire windings [72].

AT =P Ry, (36)

where AT is the temperature rise, Ru the thermal resistance and
Protar the transformer total loss. Compared to the theoretical
methods, empirical models are simple and easy to incorporate
in the HFT design. Moreover, empirical models provide almost
the same accuracy as the theoretical models. In [75], the authors
used the following empirical expression to predict R,

0.0457
W

where V. is the volume of the core. Since one of the HFT design
constraints is the thermal limit, the transformer must operate
below the maximum permissible temperature rise, i.e. Piotal Rin

Ry, = (37)



< ATmax, where ATmax iS the maximum permissible temperature
rise.

In the conventional low-frequency transformer, transformer
oil is used as insulation and cooling medium. However, due to
environment and safety reasons, transformer oil free HFT
design is preferred. To achieve efficient cooling concept for
high power HFT, heat from core is extracted from two ways
[10], [27], [28]. One way is the heat extraction by heat sinks
done from the lower and upper surfaces of the core where heat
also comes from the limbs due to thermal conduction [27].
Forced air or water cooled heat sinks are generally exploited as
heat sinks. Another way is the direct heat extraction from limbs
where the water cooled or heat pipe heat sinks are positioned
and windings are wound on it [27].

XI. FUTURE RESEARCH DIRECTION

Nowadays, the development of high power density and
efficient HFT is one of the interesting research areas as the
application of HFT has increased significantly in recent years.
To achieve a compact and lightweight design, the magnetic core
material should have simultaneously higher saturation flux
density and lower iron loss. Both properties cannot be obtained
simultaneously so far. Therefore, in future the magnetic
materials should be developed to achieve both higher saturation
flux density and lower specific core loss. Due to non-sinusoidal
input voltage, the core loss prediction becomes difficult. Simple
and accurate model can be developed in future for easier core
loss prediction. Efforts can be also emphasized to easy and
accurate modeling for other parameters of transformer, e.g.
leakage inductance, resistance, and stray capacitance. In
addition, generalized optimization techniques can be developed
to acquire more global optimal design. Finally, the low volume,
low weight and high efficiency HFT’s design is always the
attractive research focus for machine designers. Beside the
development of HFT, the development of high-frequency
common magnetic-link or bus with advanced magnetic
materials can be investigated further to integrate multiple power
sources magnetically, i.e. magnetic synchronization which is
not yet discussed in literature. As the HFT usually excites
through a power electronic circuit, the limitations and
properties of power switching devices should be well
investigated during the characterization of magnetic materials.
Recent development of silicon carbide (SiC) switching devices
could be a new route of research in designing HFT. HTS
technology can be combined with the advanced magnetic
material based HFT technology to reduce the size and weight
of the transformer further and improve the performance as well.

XIl. CONCLUSION

This paper presents an elaboration of different elements of
HFTs which can directly affect the design process to help the
machine designers to select the core material from broad range
of magnetic materials to meet the requirements. To design an
HFT, the prediction of iron loss and parasitic elements is
necessary. Therefore, a complete survey on different modeling
of core loss, leakage resistance, leakage inductance and stray

capacitance can help to predict their values to achieve an
optimal design. The present and future research directions are
also discussed to achieve compact and lightweight HFTs.
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