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Abstract—This paper presents an approach to design the
transformer and the link inductor for the high-frequency link
matrix converter. The proposed method aims to systematize the
design process of the HF-link using analytic and software tools.
The models for the characterization of the core and winding
losses have been reviewed. Considerations about the practical
implementation and construction of the magnetic devices are also
provided. The software receives the inputs from the mathematical
analysis and runs the optimization to find the best design. A 10
kW / 20 kHz transformer plus a link inductor are designed using
this strategy achieving a combined efficiency of 99.32%.

Index Terms—Power transformers, magnetic design, litz-wire,
ferrites, AC-DC power converters, matrix converters, battery
charger, energy storage, electric vehicles.

I. INTRODUCTION

DESIGN of highly-efficient active and passive components
for power electronics is crucial to implement a low-

carbon economy. Power electronics is making profoundly
changes within the transportation sector [1] and the electric
power system [2]. Bidirectional AC-DC converters are re-
quired for several applications, such as battery energy storage
systems (BESS) [3], chargers for electric vehicles (EVs) [4]
and solid-state transformers (SST) [5]. The development of
new wide bandgap power semiconductors [6] combined with
enhanced modulations and control techniques are contributing
for the miniaturization and efficiency improvement of the
power electronics converters. This is followed by the increase
of the switching frequency of power semiconductors. The
consequent change in the frequency spectrum of the current
that circulates in the power transformer of these converters
requires new design methods to achieve a minimum vol-
ume and maximum efficiency in all operating range. Several
approaches for the design of a high-frequency (HF) power
transformer were proposed in [7]–[20]. Matrix converters
(MC) are one of the most interesting families of converters due
to its unique and attractive characteristics [21]. By employing
an array of controlled four-quadrant power switches the MC
enables AC-AC conversion without any intermediate energy
storage element [22]. As concluded in [23], [24], the MC
can achieve higher power densities for AC-AC and AC-DC
conversion when compared with equivalent DC-link based
solutions. The high-frequency link matrix converter (HFLMC)
proposed in [25] is a single-stage bidirectional and isolated
AC-DC energy conversion system. By exploring the attributes

of the MCs, the circuit volume and weight can be reduced,
and a longer service life is expected when compared with
existing technical solutions [26]. In this paper is described the
design process of the HF power transformer (HFT) and the
link inductor for the HFLMC. The manuscript is organized as
follows: section II the topology and the modulation strategy
for the HFLMC are briefly described. The core loss modeling
and winding loss modeling are presented in section III and sec-
tion IV respectively. Finally, the detailed design of the power
transformer and the link inductor is presented in section V and
section VI respectively.

II. HIGH-FREQUENCY LINK MATRIX CONVERTER

Fig. 1 shows circuit schematic of the HFLMC. Each bidi-
rectional switch Sxy is composed by two transistors Sxy1

and Sxy2 (x = a, b, c and y = P,N ) in a common-source
configuration. The MC applies voltage vp to the transformer.
The FB produces io by impressing vs in the HFT’s secondary
winding. An output filter reduces the ripple in DC current,
idc, that charges and discharge the battery pack. The HFL
operation requires an AC voltage with balanced positive and
negative volt-seconds at the transformer terminals. Following
this requirement, the proposed modulation for the HFLMC
combines the space vector approach with phase-shift modu-
lation (PSM), as described in [25]. This allows the operation
of the converter using the same principle as for dual active
bridge (DAB). Active and reactive power can be independently
controlled (PQ control) as well the dc current, as demonstrated
in [26]. Fig. 2 depicts the voltages applied to the transformer
and the resulting current during one period of modulation, Ts.
The voltage difference between vp and vs is applied to the
transformer which stores energy in its leakage inductances.
Therefore, the equivalent inductance, L, serves as the main
energy transfer element. Design a transformer with a specific
leakage inductance is very complex. The typical design and
construction methods used in power magnetics are oriented
to minimize the leakage inductance and it is not often a
design variable. An alternative approach is to design the
transformer with the minimum leakage inductance and add
an external inductor to meet the requirements [27]. Fig. 3
represents an equivalent model of the transformer. Note that
in this work all coupling capacitances are neglected. Lp and
Ls are respectively the primary and secondary side leakage
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Fig. 1. Circuit schematic of the high-frequency link matrix converter.
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Fig. 3. Equivalent model of the high-frequency transformer.

inductances of the transformer. The magnetizing inductance
is characterized by LM referred to the primary side. Llink is
the external series inductor added to the transformer for the
HF-link operation. The equivalent inductance can be related
with Lp, Ls, and Llink by:

L = Llink + Lp +

(
Np

Ns

)2

Ls (1)

where Np and Ns are the number of turns of the primary and
secondary winding, respectively.

III. CORE LOSS MODELING

The three main physical loss sources in a magnetic core
are the hysteresis losses, eddy-current losses, and residual
losses. The B-H characteristic of a core material, also known
as the magnetization curve, represent the relation between the
flux density and the magnetic field. The energy loss due to
hysteresis in the B-H loop is directly proportional to the area
inside the magnetization curve and the excitation frequency,
fc [28]. The alternating flux in the core drives electrical eddy
currents to flow causing losses in the resistance of the core
material. These eddy currents typically increase at least as
f2c and are particularly significant in HF applications [28].
Moreover, during a phase of constant flux (where the applied
voltage across the magnetic component is zero) losses still
occur in the core material. According to [14], these residual
losses are due to relaxation processes that occur in the core.

The first empirical method to calculate core loss density, Pc,
was proposed by Steinmetz [29]. Core manufacturers provide
data of losses per volume that can be used to empirically
extract the parameters for the Steinmetz equation. Although,
these parameters are only valid for a limited frequency and
flux density range [20]. Moreover, the Steinmetz equation is
only valid for sinusoidal flux waveforms which is not normally
found in power electronics applications [18]. Several models
have been developed in order to overcome this limitation and
determine losses for a variety of waveforms. The generalized
Steinmetz equation (GSE), the improved GSE (iGSE), and
the improved iGSE (i2GSE) [14] are examples of these new
models. However, the impact of a DC premagnetization (HDC)
is not considered in these models. In order to overcome this
drawback, core loss measurements could be stored in a core
material database for further use in loss calculation [30]. This
database, designated by loss map, stores the loss information
for different operating points according the peak-to-peak flux
density, fc, temperature, and the DC bias [31].

The GeckoMAGNETICS [32] software uses a hybrid loss
modeling approach by employing the loss map and the i2GSE



model. Some loss map operating points are used to extract the
Steinmetz parameters for a wide frequency and flux density
range. Then, the core losses are calculated using the (i2GSE)
model that includes the relaxation effects. First, the flux den-
sity waveform is separated into its fundamental flux waveform
and into piecewise linear flux waveform segments. Then, the
loss energy is computed for all segments and combined to
represent the total core loss. In this work, the core losses are
determined using the design tool provided by the software.

IV. WINDING LOSS MODELING

Alternating currents induce eddy currents inside the con-
ductor and cause an irregular current distribution. This results
in ohmic losses in the winding that can be separated into
skin effect losses and proximity effect losses [17]. The skin
effect forces the current to flow close to the conductor surface
resulting in an increase of the effective resistance. The distance
from the outer boundary to where the current density falls
to 1/e of the maximum is called the skin depth δw and is
calculated as:

δw =
1√

π · σ · fw · µ
(2)

where fw is the frequency of the sinusoidal current, µ and σ
are the magnetic permeability and the electrical conductivity
of the conductor material, respectively. For copper conductors,
the relative magnetic permeability µr can be assumed equal
to one. The proximity effect losses are due to eddy currents
induced by external magnetic field He. For example, the air
gap fringing field or the magnetic field from other conductors
lead to the proximity effect. In the case of litz-wire, it is also
necessary to consider the internal magnetic field Hi induced
by each strand in its neighbouring strands [33].

In power electronic applications, usually the voltages and
currents are not sinusoidal waveforms. One way of handle
non-sinusoidal waveforms is by using Fourier analysis. The
effective frequency for a non-sinusoidal current waveform can
be calculated as [8]:

feff =
1

2π

√∑∞
j=0 I

2
j ω

2
j∑∞

j=0 I
2
j

(3)

where Ij is the rms amplitude of the Fourier component
at frequency ωj . The skin depth at feff is a more realistic
estimation for the magnetic design process. The effect of eddy
currents can be taken in account by the ac copper loss factor,
Fac, calculated by [17]:

Fac =
Rac

Rdc
= 1 +

(π ·N0 ·N)2d60
192 · δ4w · cb2

(4)

where N is the number of turns, N0 is the number of strands,
d0 is the diameter of the copper in each strand, and cb2 is
breadth of the window area of the core. This factor relates dc
resistance to an ac resistance which accounts for all winding
losses. The dc resistance can be determined by the following:

Rdc =
MLT ·N

π · σ · r20 ·N0
(5)

where MLT is the mean length per turn of the winding, and
r0 is the strand radius. Considering Fac and Rdc, the winding

TABLE I
CONVERTER PARAMETERS AND MAGNETICS TARGET SPECIFICATIONS.

Parameter Value Parameter Value Parameter Value

Vg,ll 400 V Vdc,nom 380 V L 44 µH

fi 50 Hz Idc,max 31 A IL,nom 45 A

Pnom 10 kW fs 20 kHz IL,pk 110 A

Ig,max 16 A n 1 Tmax 100◦C

losses can be estimated for a given sinusoidal current with rms
amplitude IL,nom by:

Pw = Rdc · Fac · I2L,nom. (6)

V. DESIGN OF POWER TRANSFORMER

A. Specifications

The power transfer between the matrix converter to the
full-bridge can be controlled by the amplitude and phase-
shift of vp and vp. For this analysis, it is considered that the
amplitude of these voltages is constant during one period of
modulation. In practice, this can be approximately achieved
if the switching frequency is sufficiently higher compared to
the grid frequency, fi. V1 and V2 defined in Fig. 2 are the
amplitude of the switching space vectors applied by the MC.
In turn, Vo is the amplitude of the output dc voltage applied
by the FB. The resulting power flow from the MC to the FB
over one switching period is given by:

PHFT =
3

4

VpVs
ωsL

nφ

(
1− |φ|

π

)
(7)

where ωs is the switching frequency in radians per second, n
is the transformer turns ratio, and φ is the phase-shift between
vp and vs. The operation parameters for the converter and
the specifications for the magnetic components that will be
considered in the design process are listed in Table I. For this
application, a 1:1 turns ratio is considered due to the nominal
dc voltage level. The equivalent inductance must be calculated
in order to allow full power transfer to the battery pack in the
worst operating conditions. Since grid voltage can be in the
±10% range, the minimum value is selected for Vp. The dc
side of the converter is supposed to support voltages in the
range 320-490 V to properly charge and discharge the battery
pack. Considering (7), the maximum value for L is calculated
as 44µH.

B. Core material and geometry

The magnetic materials typically used in power applications
are classified in ferromagnetics (iron alloys) and ferrimag-
netics (ferrites). The iron alloys exhibit high saturation flux
density, Bsat, while having a low electric resistivity when
compared with ferrites. Laminated cores, powder iron cores,
amorphous alloys, and nanocrystalline materials are examples
of iron alloys categories. The FT-3M and the 2705M are
examples of ferromagnetic materials available in the market.

Ferrite cores are ceramic materials having small saturation
flux density, typically in the 0.25 to 0.5 T range [28]. However,
the ferrites have a high electric resistivity allowing a much



smaller eddy current losses. Manganese-zinc (Mn-Zn) cores
are commonly used as inductors and transformers in 10 kHz to
1 MHz frequency range. The 3F3 and the N87 are examples of
ferrites available in the market. Regarding the core geometry,
U and E cores are commonly used in power applications due
to the capacity for being stacked, multiplying the magnetic
cross section and preserving the winding cross section.

In this design the N87 material was selected, which is a
low-medium frequency ferrite appropriated for the excitation
frequency employed in this application. The design of a
magnetic device (inductor or transformer) must ensure that
the core material does not saturate, which means that the
flux density must be lower than Bsat. Core losses produce
heat which increases the operating temperature and typically
reduces the Bsat limit. Therefore, it is necessary to do a
tradeoff between saturation flux density and core loss [28].
From Faraday’s law, the peak-to-peak flux density is:

∆B =
λ1

2 ·Np ·Ac
(8)

where λ1 is the flux linkage, and Ac is the effective magnetic
cross section of the core. As can be concluded by this equation,
a high operating flux density leads to a reduced size of the
core, since Ac can be smaller. In other way, if the excitation
frequency fc is increased the flux linkage is reduced, resulting
in a lower operating flux density. For the N87 ferrite material,
the saturation occurs for Bsat = 390 mT at 100◦C [34]. The
peak flux linkage applied to the transformer primary winding
is λ1 = 0.0102 V.s. The transformer must have a minimum
LM in order to limit the peak magnetizing current. Using (9),
LM,min was defined as 3 mH to ensure a peak magnetizing
current lower than 5% of IL,nom.

LM,min =
λ1

2 · IM,max
. (9)

C. Winding type

The more common winding types for magnetic devices
are the solid round wire, rectangular wire, foil winding, and
the litz-wire. Solid round wires are the most economical
solutions, but its scope of application is limited to relatively
low frequencies or low current windings. However, they have
high skin effect and proximity effect losses that penalize
efficiency. In turn, the rectangular wire allows a better fill
factor, and the skin effect and proximity effect losses are
decreased when compared with the solid round wire [20]. Foil
winding is a particular case of a rectangular wire with a very
thin layer. By making the foil thickness small compared to
the skin depth is possible to reduce even more the skin effect
and proximity effect losses. For a high-current application,
connecting multiple layers of foil in parallel is required.

A litz-wire is made of multiple individually insulated
strands twisted or woven together [8]. Eddy current effects in a
winding can be significantly reduced by employing litz-wire.
By choosing a strand diameter inferior to the skin depth is
possible to improve the performance regarding skin effect and
proximity effect losses [28]. Due to the insulation and packing
materials, the window area occupied by copper in a litz-wire

feff

Fig. 4. Frequency spectrum of the current in the transformer primary winding.

winding will be less than that of a solid round wire of the same
diameter, resulting in a higher DC resistance. Moreover, the
insulation and packing materials also difficult heat dissipation
contributing simultaneously for DC resistance increase.

Taking in account the employed excitation frequency and
with the intent of reducing the eddy current losses, litz-wire
was chosen for this application. The spectrum of iL is repre-
sented in Fig. 4 for operation with the parameters of Table I.
As can be seen, the main component of the current appears
at the switching frequency, fs = 20 kHz. Since both vp and
vs have a double frequency pattern, a significant component
is also generated at 2 ·fs. Other harmonics arise at side-bands
of the base frequency and its multiples due to the phase-shift
operation. From (3) and considering the harmonics up to 125
kHz, the effective frequency is calculated as 32.0 kHz. For an
effective frequency between 20 kHz and 50 kHz, a wire gauge
of 36 AWG is recommended by a litz-wire manufacture [35].
Another work [18] establishes a more restrictive relation using
the skin depth to strand radius ratio: δw/15 < r0 < δw/30. As
a compromise between both criteria it was decided to select
the 41 AWG wire gauge, resulting in δw,32kHz/r0 ≈ 10.3. The
fill factor, βw, is a ratio between the winding cross section and
the core window area, Aw, as defined in (10). Litz-wire has a
reduced fill factor, due to serving and strand packing issues,
when compared with other winding types. Values between 0.3
and 0.4 are commonly accepted for the fill factor of litz-wire
windings [36]. Since the turns ratio of the HFT is unitary, an
equal window distribution between primary and secondary is
considered in order to reduce the cost.

βw =
N · π · r20 ·N0

Aw
(10)

The winding arrangement is another degree of freedom
that influence winding losses. If maximum efficiency is de-
sired, primary and secondary windings must be fully in-
terleaved [18]. Moreover, a substantial reduction in leakage
inductance is obtained by interleaving the primary and sec-
ondary windings which is a critical design factor for the
HFLMC. The leakage inductance referred to the primary side
for magnetically symmetric arrangement of windings can be
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estimated by the following [37]:

Lleak =
µ0 ·MLT ·N2

p2w · hw

(∑
dw
3

+
∑

cw

)
(11)

where µ0 is the absolute permeability, dw the external diameter
of the litz-wire bundle, cw the insulation space between the
windings, hw the bobbin height, and pw is the number of
insulating interspaces between the litz-wire bundles. The flux
increase due to the leakage inductance is determined by (12).
After this calculation it must be verified if the total flux density
does not exceed the saturation limit.

∆Bleak =
Lleak · IL,pk

Np ·Ac
. (12)

D. Design results and verification

Recurring to its wide core and windings database, the
software evaluates the possible combinations and presents the
result in the conventional power-loss versus volume (P-V) plot.
The designer must implement the complete electric circuit and
respective command system in GeckoCIRCUITS [32] soft-
ware. Subsequently, GeckoMAGNETICS receive B, iL, and
is from simulation in order to compute the core and winding
losses for each design combination. Fig. 5 shows a flowchart
with the design process employing the software bundle. The
input parameters for the software are: 3≤ LM ≤10 mH,
n = 1, Tmax = 100◦C, double-E cores, N87 material, litz-
wire, and 0.2≤ βw ≤0.4. After evaluation of the possible
design combinations, the software present the results in a
P-V plot. The design that presented the best compromise
between losses and volume is detailed in Table II. Regarding
the magnetic circuit, 5 stacks of EE80 cores were mounted in a
custom bobbin, made of Polyphenylsulfone (PPSU) supporting
temperatures up to 180◦C. The stacks are spaced by 2 mm to
improve heat extraction from the windings. The specified peak
flux density is calculated by (8) as 238 mT. From (12), the flux
increase due to Lleak is 32.7 mT. As can be concluded, the
total flux density does not exceed the 273 mT limit previously
specified. A litz-wire with 1440 strands is selected which
has a 5.70 mm2 cross section. The RUPALIT Safety V155
with 3 layer mylar insulation [38] from Rudolf Pack GmbH
is chosen for this application. Each winding is composed
by two litz-wire bundles connected in parallel corresponding
to an effective cross section Acu = 11.40 mm2. For the
converter specifications of Table I, the resulting current density
at nominal operation is Jw = 3.99 A/mm2. The practical fill

TABLE II
DESIGN VALUES FOR THE POWER TRANSFORMER.

Variable Design value

Core 5 × EE80/38/20

Core material N87

Effective magnetic cross section 1950 mm2

Specified peak flux density 238 mT

Air gap (lg) 0 mm

Distance between stacks 2 mm

Number of Turns (Np : Ns) 11 : 11

Litz-wire (N0 × d0) 1440 × 71 µm

Winding arrangement 2 litz-wire bundles in parallel

Interleaving of the windings 2/1 vertical interleaved

Magnetizing inductance (LM ) 3.55 mH

Leakage inductances (Lp / Ls) 3.19 µH / 3.19 µH

DC Resistance (Rdc) 6.9 mΩ

Dimensions 80.0× 77.0× 143.5 mm

Boxed Volume 0.884 dm3
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Fig. 6. (a) Cut of the transformer with the winding arrangement. (b) MMF
distribution versus position of the interleaved windings inside the core window.

factor is calculated from (10) as βw = 0.28. The mean length
turn for the stacked cores is MLT = 0.372 m. Considering
the effective cross section and the number of turns, the dc
resistance of each winding at 100◦C is Rdc = 6.9 mΩ. By
(4) the ac copper loss factor at feff is Fac = 1.035. Taking in
account these results, from (6) the estimated winding losses
of each winding is Pw,hft = 14.9 W which is very close to the
15.1 W calculated by the software. This difference is related
to some minor aspects that are neglected by the Fac factor.

Fig. 6(a) shows the winding arrangement where it is clear
the interleaving of the secondary winding inside the primary
winding. The proximity effect losses are proportional to the
square of the magnetic flux (MMF) in the winding. Fig. 6(b)
depicts the MMF for this transformer. Since the interleaving
strategy reduces the MMF peak by half, the proximity effect
losses are reduced by a factor of four. Simultaneously, from
(11) can be concluded that the leakage inductance has one-
fourth the value of the simple winding arrangement.

A 3D CAD model of the transformer is represented in
Fig. 7(a). This is a compact design and achieves a power
density of 11.3 kW/dm3. The power loss distribution between
core and windings is depicted in Fig. 7(b). Winding losses
are divided in proximity effect losses, skin effect losses and
dc bias current. The total losses of this design are 46.6 W
corresponding to an efficiency of 99.53%.
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Fig. 7. (a) 3D CAD model of the transformer. (b) Core and winding losses
distribution in the transformer.

Fig. 8. P-V plot of the link inductor design.

VI. DESIGN OF LINK INDUCTOR

The additional inductance required for the HF-link oper-
ation must be provided by the link inductor. The projected
transformer has a total leakage inductance of 6.4 µH. Thus,
from (1) the link inductor must be designed to have at least
37.6 µH at iL,pk. Since the inductance varies with the current
and the temperature, the link inductor is designed with a
nominal value of Lnom = 40µH. Since this inductor will
conduct the same current as the transformer and will have
equal excitation frequency, the 41 AWG litz-wire is selected
for the conductor. For practical reasons, the design is restricted
to the same number of strands. Regarding the core, double-E
and ELP cores are preferred in order to provide a compact
inductor. The flowchart for inductor design methodology is
very similar of the one in Fig. 5. The input parameters for
the software are: Lnom = 40µH, Llink ≥ 0.90 · Lnom at
iL,pk, Tmax = 100◦C, double-E and ELP cores, N87 material,
and 1440 × 71 µm litz-wire. The P-V plot provided by the
software after the optimization is depicted in Fig. 8. As can
be seen, the space of results is large considering the volume
and power losses range. The selected design is marked in this
plot and the respective design values are listed in Table III.
Regarding the magnetic circuit, 2 stacks of EE70 cores can be
mounted in the available commercial bobbin. The stacks are
spaced by 1 mm to improve heat extraction from the windings.
An air gap of 5.6 mm is necessary to increase the reluctance
and prevent core saturation. The obtained inductance at peak
current is Llink,pk = 38.1µH. The peak flux density is
calculated as B̂max = 360 mT which has a smaller margin
for the limit of the N87 ferrite material. However, the selected
design is accepted since the core temperature is 73◦C. The

(a) (b)

Fig. 9. (a) 3D CAD model of the link inductor. (b) Core and winding losses
distribution in the link inductor.

TABLE III
DESIGN VALUES FOR THE LINK INDUCTOR.

Variable Design value

Core 2 × EE70/33/32

Core material N87

Effective magnetic cross section 1366 mm2

Specified peak flux density 360 mT

Air gap (lg) 5.6 mm

Distance between stacks 1 mm

Number of Turns (N ) 9

Litz-wire (N0 × d0) 1440 × 71 µm

Winding arrangement 2 litz-wire bundles in parallel

Inductance (Llink) 40.2 µH

DC Resistance (Rdc) 3.9 mΩ

Dimensions 70.5× 68.8× 82.0 mm

Boxed Volume 0.398 dm3

winding is composed by two litz-wire bundles connected in
parallel, resulting in a current density at nominal operation of
Jw = 3.99 A/mm2. The practical fill factor is calculated from
(10) as βw = 0.22. The mean length turn for the stacked cores
is MLT = 0.251 m. Considering the effective cross section
and the number of turns, the dc resistance of each winding at
100◦C is Rdc = 3.84 mΩ. By (4) the ac copper loss factor at
feff is Fac = 1.041. Taking in account these results, from (6)
the winding losses are estimated as Pw,link = 8.3 W which is
also very close to the 8.8 W calculated by the software.

A 3D CAD model of the link inductor is represented
in Fig. 9(a). This design achieves a power density of 25.1
kW/dm3. The power loss distribution between core and wind-
ing is depicted in Fig. 9(b). Winding losses are divided in
skin effect losses and dc bias current. The proximity effect
losses are negligible. The total losses of this design are 21.6
W corresponding to an efficiency of 99.78%.

VII. CONCLUSION

An approach to design the transformer and the link inductor
for the HFLMC has been presented in this paper. The models
for the core and winding losses characterization have been
reviewed and selected to guide the design. Core geometry and
materials are compared as also the different conductor types.
The most appropriate options for this specific application
are selected and are inputs for the software. The best result
from the optimization process is selected and validated using



the previously presented models. This design process was a
challenging task since the beginning, having in mind the non-
conventional waveform of the applied voltage. The worst-
case scenario is taking always into account resulting in robust
magnetic components. The high currents circulating in the
windings require the use of high gauge wires, in this case
litz to avoid excessive losses. The EE80 core is a good option
to accomodate this large windings since it has a large winding
area/magnetic area ratio. This ratio is much lower in the EE70
cores, which benefits the inductance factor, being much more
adequate for inductors. A 10 kW/ 20 kHz transformer plus a
link inductor are designed using this strategy. The final results
of the set designed are impressive, achieving a combined
efficiency at full load of 99.32%.
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