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This research investigates the characteristics and performance of magnetic core materials,
including Silicon Steel, Amorphous, Ferrite, and Nanocrystalline, that are suitable for use
in a switched-mode power supply (SMPS). The study examines the magnetic capability of
the system within a frequency range of 10-17 kHz in order to assess the effectiveness of
galvanic isolation. The study presents a systematic approach and provides an illustrative
example to elucidate the process of designing an effective galvanic isolation for power
electronics converters. The American Wire Gauge (AWG) standard is used to determine
the appropriate wire for the windings. The selection of ferrite materials N-97 and N-92 is
based on their favorable characteristics, including high permeability, low losses, and a
satisfactory working temperature. The paper presents three comprehensive designs
utilizing Ferrite cores across several operating frequencies. In the first design, utilizing
Ferrite N-97 at a frequency of 10 kHz, the combined losses from the core and winding
amounted to 2.148 W. Conversely, the second design consumes 35.16 W. The galvanic
losses for the third design amount to 11.58 W. Every design possesses a certain core and
Bobbin form. All three magnetic designs undergo verification to ensure that they are not
saturated. An in-depth analysis and simulation of a 1 kW full-bridge DC-DC converter
have been validated using "Ansys Software." An investigation of magnetic performance

Keywords:
performance and evaluation, magnetic core
materials, switched mode power supply

was conducted to assess the various core materials.

1. INTRODUCTION

The worldwide demand on the DC energy has been
increased rapidly for many applications such as medical
equipments, electrical vehicles power management/charging
stations, renewable energies, telecommunication power
supplies, and data centers. Figure 1 explains the DC energy
demand (in USD million) for demonstrated countries [1]. The
DC-DC converter divided into non-isolated and isolated
converters. The utilization of power electronics converters has
become indispensable in our everyday existence. However, it
is imperative that these converters are designed in a manner
that is both efficient and reliable [2]. The galvanic isolation is
an essential feature for power supplies especially for
applications that required safety and adorability aspects [3, 4].
DC-DC converters accumulats energy in the coil by
occasionally switching element within the structure, and then
transferring this energy to the output to provide the desired
power and voltage level. They are widely used in a variety of
applications, including vehicle, military, aerospace, energy,
mechatronics and medical systems, which require continuous
and multiple voltage levels with an effective and secure
galvanic isolation [5]. The study shows multiple stages of
energy transfer. One of the stages is a dual active bridge with
resonant DC-DC converter using high frequency galvanic
isolation. Moreover, the galvanic isolation is preventing from
the ground loop, isolating the two electric sides for the circuit
to offer extra protection for a fault [6, 7]. Additionally, the
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galvanic isolation directly affects the power supply
performance [8]. In order to design an efficient isolated power
supply, multiple considerations have to be taken [9]. One of
the most substantial factors is the galvanic isolation. One of
Practical Study of Mixed-Core High Frequency Power
Transformer .The design of medium- to high-frequency power
electronics transformer aims not only to minimize the power
loss in the windings and the core, but its heat removal features
should also allow optimal use of both core and copper. Heat
removal feature (e.g., thermal conduction) of a transformer is
complex because there exist multiple loss centers. The bulk of
total power loss is concentrated around a small segment of the
core assembly where windings are overlaid [10, 11]. Many
researches proposed and design isolated power electronics
converters topologies [12]. Most of them are focusing on the
circuit topology analysis in term of choosing circuits
parameters such as the switches, printed circuits board, and
other stuff. However, they did not cover the magnetic
performance. This research introduces design and analysis of
the galvanic isolation for switch mode power supply. The
study adopts a proposed design steps and complete design
example using the geometry method to design a high
frequency isolation. Multiply ferromagnetic core materials are
explained in terms of their performance such as BH curve, core
losses, winding losses, operating temperature. This paper
determines the magnetic properties for 1kW isolated full
bridge DC-DC converter working under different operation
conditions. The results are discussed using PExpert software
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“product of Ansys electronics desktop 2021gr;” to verify the
proposed design. The design aspects in terms of core shape,
windings style, magnetic properties are determined and
discussed in detailed.
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Figure 1. DC power supplies market, by region [1]

This study is offering some advantages as follow:
e  Full design steps for the galvanic isolation depending
on the power level and operating frequency.
e  Evaluate the magnetic performance by breaking down
its losses to determine if the design fit to specific

application.
e Selecting a proper wire for the winding using the
AWG standard.
e Identify a proper core material depending to specific
applications.
2. METHODOLOGY

Ferromagnetic core materials play a substantial role for the
galvanic isolation purpose and power electronics converters
performance [13, 14]. When it comes to the proper magnetic
design, multiple constrains have to be taken into account such
as core’s losses, allowable temperature footprint, and cost. In
this part of the study, different ferromagnetic materials for
example Silicon Steel, Ferrite, Amorphous, and
Nanocrystalline would be considered to explain their
properties in terms of their BH curve characteristics, core
losses. For the Silicon Steel 3% material, the BH curve is
shown in Figure 2(a). This figure illustrates that the saturated
flux density is about Bsat=1.6 Tesla happens at field intensity
H=200 A/m at 60 Hz frequency [15]. Another consideration is
the relative permeability pr. It is some sort of low as illustrated
in Figure 2(b). For Silicon Steel core losses, the BH curve area
represents the core losses for this material. Working at high
frequencies would significantly increase that core losses, Due
to that reason, Silicon Steel material is not recommended to
work in switch mode power supply with the range of 10th kHz
switching frequencies.

For the Amorphous material Figure 3(a) shows its BH cure
[16]. It is noticeably that the saturation of the flux density Bsat
1.5 Tessla occurred at field intensity H=1500 A/m.
Obviously, the relative permeability for the Amorphous is
larger than the Silicon Steel one. Figure 3(b) demonstrates the
core losses for various range of frequencies. It is clearly that
the Amorphous material would not work efficiently with the
range of high frequencies due to its high core losses because
that would leads to directly reduce the efficiency and rase the
core temperature.
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Figure 2. Silicon Steel (a) BH curve for different frequencies
range, (b) relative permeability for different range of
frequencies [15]
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Figure 3. Amorphous core material (a) BH curve, (b) core
losses for different range of frequencies [16]

Figure 4 explains the different Ferrite core materials. Figure
4(a) shows the BH curve of the Ferrite N-92 from TDK while
Figure 4(b) illustrates the Ferrite N-97 from EPCONS. It
shows their performance in terms of their BH.Both materials
have Bsal=510 mT occurred at H=1200 A/m [17].

Its clearly that the Ferrite materials have better relative
permeability than the Amorphous and Silicon Steel one. For
the core losses, Figure 5 illustrates their losses for these
particular materials with different operating temperatures at
100 kHz for TOROIDS core. Figure 6 demonstrates various
ferromagnetic core losses such as Amorphous, Ferrite, and
Nanocrystalline with different operating frequencies.
Certainly, the Nanocrystalline core has less losses. However,
when it comes to a design the cost factor plays a crucial role.
Since the Nanocrystalline material is the most expensive one,
a trade off should be taken in to design consideration when
another material such as Ferrite has an acceptable performance.
Due to these reasons, this study would consider the design
using the Ferrite material especially for range of frequencies
between (10-20) kHz.
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Figure 4. Ferrite BH curve (a) N-92 material, (b) N-97
material [17]
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Figure 5. Ferrite core losses versus flux density on R34
TOROIDS for (a) TDK N-92 material, (b) EPCONS N-97
material [7, 17]

900

. ===AMmorphous
™ .
= Ferrite
E === Nanocrystalline
4
1 500
g
E 300
8
0 = = —

20 50 100
Frequency(kHz)

Figure 6. Various ferromagnetic core losses with different
operating frequencies [16]

3. PROPOSED DESIGN EXAMPLE
3.1 Proposed design steps

Multiple magnetic design methods for high frequency
operating are used by researchers. However, this study focuses
on the core geometry approach Kg. Various objective
functions for the design could be considered such as allowable
galvanic losses, temperature, and cost. The design steps for
high frequency galvanic isolation are proposed in the
following steps.

Step One: Specify input voltage = v; output voltage = v
input current = I;, output current= I, switching frequency = f;,
specific Max duty cycle = Dma, turns ratio, ambient
temperature, output power Po, 1 efficiency [18].

Step Two: Specify core material’s shape by calculate the
Kg (core geometry constant) using Eq. (1)

Kg_ Pt

" 2kea

[cm3] (1)
where, ke (electrical constant) = 0.145 k¢ 2 (B)? *104,
Ptotal power @ = Regulation %, B=flux density in Tesla, k¢
(form factor) = 4.0 for square wave, k=4.44 for sin wave
According to the calculated Kg value, core geometry (area,
length, volume, window area= Wa, Ac= effective area), and
suitable bobbin size/shape can be determined.

Step Three: Specify (primary/secondary) windings,
primary current, and the area of product= Ap using Eqgs. (2)-(4)
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[5, 19].
P:\S;t:n’ primary turns[Faradays law]
*AC
V11074
or Ne- kexBm*fs*Ac
AB is the variation of the flux density, ton=on time )
of the switches, and the Ns=secondary turns can be

calculated from turn ratio — = —2

Np Vi
Li=Po/(V1*n), (Amp) A3)
A, =W, Ac [em?] 4)

Step Four: Identifying wire specification for the winding
using Egs. (5), (6) and AWG standard. Ku is utilization factor
= 0.4 according to [20].

Py+10°4

=Lt — __ (A/cm?), current densit
l(mme*AP( /cm?), current density

)

_12*\/Dmax

A, [cm?], wire area

(6)

From Ay, determined from the AWG (wire table), in order
to reduce the skin effect of the wire it can be minimize when
select wire that have the relationship (Rac /Rdc)=approach one:

. _ 6.62
Skin depth € = T
Wire diameter Dawg=2.E

nD"2

Aw(wire area) =

For the fill factor (winding to the whole window area of the
core) should by <1 (recommend to be no greater than about 50%
according to the PExpert tool.

Step Five: Estimate the copper loss, iron loss, and the
transformer’s regulation in following Eq. (10), and the primary
resistance& secondary illustrated in the following:

R,=MLT Np (%)10'6, primary resistance
Rs=MLT Ns (g)lO'ﬁ’ secondary resistance

where, MLT = the mean length turns. It can be determined by
manufacture data sheet. The term (s—z) can be defined using the
AWG standard table.

Pcu Prim— Il2 Rp (7)

Peusec= 122 Rs (8)

P., =total copper losses (pcu prim &Pey sec)

The total loss =Pyl loss (core losses &cu losses)

For the core losses Pcorc:Ptotal loss™ Pcu (Watt)

In order to calculate the operating flux density, the ratio
(mili Watt/gram) can be used the following Eq. (9), W¢ore:
core weight in gram.

Pcore 10_3
Weore

©)

0=Pc/(PotP o) 100% (10)



Step Six: Specify core material’s type to be suitable for the
application and operating frequency according to its BH curve
and PB (core losses curve). This step is critical to find
allowable flux density (Bo<Bsa), core losses, and curie
temperature [21, 22]

To calculate temperature, rise of core using the following
equation can be used (11) [23].

Total losses

AT=450( )"0.826 (11)

surface area=At

Step Seven:

The final design should be check to evaluate its performance.

Otherwise, another core material, core shape could be
considered in order to achieve the required outcome.

To demonstrate the previous design steps, a full design
example with its details is discussed in the following part of
this paper.

3.2 Typical magnetic case study

Design a high frequency galvanic isolation with the
following parameters

Vi=250 V, V,=125 V, duty ratio=0.5, turn ratio=0.5, f;=10
kHz, [,-8A, 1=0.99,1KVA

Regulation a=1%, AB =0.49Tesla, operate flux density in
tesla B=0.245Tesla, core is ferrite material N97

Step one:
Estimate K =0.145k¢f, 2B%nax 10
K.=0.145*42"10000%*0.49210=5570
to find k=VA/K.
1000/5570=0.179 [cm’]
From table the manufacture data:
MLT=15.8[cm], Weore=770 [gram], MPL=14.6 [cm],
W,=8.496 [cm?
Ac=9.1 [cm], wie,=475 [gram], Ap=77.314 [cm*],
A=395[cm?]

Step two:
_Vixton 250+50

Find Np= , =28 turn, where,
AB+Ac’ 0.49+910
1
tonz_:

=50 [usec]
2f 2x10000
N sec=14 turn from turn ratio =0.5

Step three:

To find AWG from relation g=6'—\;—2k
N

k=1 for cupper, €=0.066 [cm]
Wire diameter Dawc=2*&=2%0.066=0.1324 [cm]
" 2
%13.7 [cm]

From wire table colum two AWG=15

Bar wire area =Aw®g)=

Step four:

Calculate total copper losses
R,=15.8%28%104.3*10°=46[mQ]
R=15.8%14%104.3 *106=23[ mQ]

_ Po _ 1000 —4.04[A]
N*V1 0.99+250
%104.3 from wire table

P o =I1’Rpri+12?Rgec=2.2 [watt]

Step five:
Calculate core losses peore from relation below:
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mw

(gmm) =k* fy 18B247 /1000, where k=0.01, for N97

stanmitzs coefficients=0.01*10000"'80*0.245247/1000=8.535
Peore=8.535%* Weore 1073=8.535%770*1073=6.5[watt]
Total=6.5+2.2=8.7[ watt]
AT=450*(%) 082619 25 °C

Po_ 1000
=999,
Pin 1000+8.7

4. SIMULATION RESULTS

The circuit diagram for the isolated DC-DC converter is
shown in Figure 7. It has been simulated using the PExpert
software “product of Ansys electronics desktop 2021r;” .The
circuit parameters are listed in sub section 3.2. The study
adopts different ferromagnetic materials such as Ferrite N-97,
and N-92 with various operating frequencies. This converter is
selected to evaluate the magnetic performance in terms of
core’s materials, dimension, shape, and wire specifications.
This research conducts three complete magnetic design for this
converter. For the first galvanic design, Ferrite N-97 core
material is used at 10 kHz operating frequency. Figure 8 shows
the first galvanic isolation design for the core, and Bobbin
geometry dimensions in terms of area and width. For the
primary/secondary windings aspect, Figure 9 demonstrates the
wire specification. Both the primary and secondary windings
use AWGI15. The number of parallel wires is three for both
sides, and the distributed wires are depicted for both sides.

R.3VL

CT
—1
| 12

Duty Ratio = 0.5

—————— -
\G
Q== —————

Input bridge DC-AC Galvanic Isolation utput rectifier circuit

Figure 7. Proposed isolated DC-DC full bridge converter for
(1 kW) circuit diagram to design a proper galvanic isolation
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Figure 8. First galvanic isolation design shape for Ferrite N-
97 at 10 kHz (a) Core dimensions, (b) Bobbin dimensions



Component Windings
Core Size: PM87/T0

Bobbin: PM87/70

Core Materiat Ng7

Library: Epcos_Design

Pri. Wind.

Core Size: PMB7/70
Bobbin PM87/70

Core Matenal

Library: Epcos_Design

Figure 9. Winding aspect for the first galvanic isolation
design for Ferrite N-97 at 10 kHz frequency

Additionally, the wire is detailed in terms of its diameter,
insulation thickness, and thermal parameters as illustrated in
Figure 10. Figure 11 shows the magnetic analysis results for
Ferrite N-97 core. The results demonstrate the magnetic losses
breakdown (core losses = 1.13 W, winding losses = 1.01 W).
Moreover, additional information regarding the flux density,
temperature, and window filling factor is determined for this
operating condition.

Properties
Name: [lawG 1St
Dimensions 1
Wire diameter (w): IT
Insul. thickness &): Jooss

[ mm || [inches |

w
Resistivity |2.21e-08
Themal Parameters
Cond (W/:C/m) Emissivity
Wire:

j400 jo.os
Insulator: jo3 jos

Figure 10. Wire specification for the first design using N-97
Ferrite core at 10 kHz
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Figure 11. Magnetic analysis results for the first design using
N-97 Ferrite core at 10 kHz frequency

Figure 12 illustrates magnetic field intensity H, while
Figure 13 shows the flux density B. Figure 14 shows the
complete 3 D model for the first design using N-97 core
material, 10 kHz operating, and PM 87/70 core shape. The
second design utilizes the same core material, Ferrite N-97 at
17 kHz operating frequency. Figure 15 depicts Both core and
Bobbin shape, dimensions. Figure 16 illustrate the winding
aspect for the primary and secondary windings. Both the
primary and secondary windings use AWG20. Each side
features three parallel wires, and both sides display the
distributed wires. Furthermore, Figure 17 provides a visual
representation of the wire, including its diameter, insulation
thickness, and thermal properties. Figure 18 displays the
magnetic analysis findings for the Ferrite N-97 core. The

results indicate the specific values of magnetic losses, with
core losses amounting to 3.20 W and winding losses
amounting to 31.96 W. Furthermore, more data pertaining to
the flux density, temperature, and window filling factor are
determined for this specific working situation.
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Figure 12. Magnetic field intensity distributed H (A/m) for
the Ferrite N-97 at 10 kHz frequency
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Figure 13. Flux density (Tesla) distributed for the Ferrite N-
97 at 10 kHz frequency

= B

0 50 100 (mm)

Figure 14. 3D model design for the Ferrite N-97 PM core

shape 87/70
Propertes <o ot Name 'm
Nome:  [PMI&/S5
o0 Thermal Parameters
- - il CondW/iCm)y 03
ectve unts)
g e
e [EERST o FE
Voume: [617072 : 02 B
03 3.7
— DS o s
DS s
Unts rres
—mm | [Tnches e e _inches
(a) ()

Figure 15. Second galvanic isolation design shape for Ferrite
N-97 at 17 kHz (a) Core dimensions, (b) Bobbin dimensions



Component
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Figure 16. Winding aspect for the second galvanic isolation
design for Ferrite N-97 at 17 kHz frequency

Properties
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Wire diameter (w): |0.89
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Insulator:  [03 Jos

Figure 17. Wire specification for the second design using N-
97 Ferrite core at 17 kHz
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Figure 18. Magnetic analysis results for the second design
using N-97 Ferrite core at 17 kHz frequency

Figure 19 depicts the magnetic field intensity H. Figure 20
showcases the flux density B. The recent two figures provide
evidence that the galvanic isolation for this design does not
reach the saturation. For the 3D model of the second design,
Figure 21 shows the complete shape. For the final design
evaluation, Ferrite core N92 at 17 kHz frequency has been
selected. Figure 22. illustrates the core, Bobbin shape, and size.
The main and secondary windings wire specifications are
shown in Figure 23. There are three parallel wires on each side,
and the scattered wires are visible on both sides as well. In
addition, the thermal characteristics, insulation thickness, and
diameter of the wire are illustrated in Figure 24. The results of
the magnetic investigation on the Ferrite N-92 core are shown
in Figure 25. According to the findings, the magnetic losses
were 1.18 W for the core and 10.40 W for the windings. In
addition, for this particular working case, additional results
about the flux density, temperature, and window filling factor
are found. Figures 26 and 27 show the magnetic field intensity
H, the flux density B respectively confirming the design does
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not saturate. The complete 3D design model is shown in Figure
28. Following the proposed of the three design models, the
results for each model are summarized in Table 1. It is possible
to determine the design's objective function by looking at its
applications.
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Figure 19. Magnetic field intensity distributed H (A/m) for
the second design using Ferrite N-97 at 17 kHz frequency
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Figure 20. Flux density (Tesla) distributed for the second
design using Ferrite N-97 at 17 kHz frequency
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Figure 21. 3D model design for the second design using
Ferrite N-97 at 17 kHz
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Figure 22. Third galvanic isolation design shape for Ferrite
N-92 at 17 kHz (a) Core dimension, (b) Bobbin dimension



Component Windings

Core Size: ETD4Y/25/16 Pri. Wind.
Bobbin: ETD49/25/16 Wie. AWG2S

Core Materisl: Ng2 Nurnber of Tums: ]

Lbeary: Epcos_Design Paralll Tuns: 3

Component Windings

Core Size: ETD49/25/16 [Winding 2 -

Bobbin: ETD4%/25/16 Wae: AWG2S

Core Material N32 Number of Tums: el

Library: Epcos_Design Parallel Turns: 3

(Sec. Wind.

Figure 23. Winding aspect for the third galvanic isolation
design for Ferrite N-92 at 17 kHz frequency
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Figure 24. Wire specification for the third design using N-92
Ferrite core at 17 kHz
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Figure 25. Magnetic analysis results for the third design
using N-92 Ferrite core at 17 kHz frequency
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Figure 26. Magnetic field intensity distributed H (A/m) for
the third design using Ferrite N-92 at 17 kHz frequency
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Figure 27. Flux density (Tesla) distributed for the third
design using Ferrite N-92 at 17 kHz frequency
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Figure 28. 3D model design for the third design using Ferrite
N-92 at 17 kHz ETD49/25/16

Table 1. Galvanic isolation performance for the three proposed magnetic designed

Design Ferrite/Frequency Winding Core Losses  Total Foot Print Temp Primary (No. of Secondary (No. of
Number Losses (W) W) Losses (W)  (inch) (°O) Turn/AWG) Turn/AWG)
Ist Design  N97at 10KHZ 1.010 1.137 2.148 8.107 29.76 28/15 14/15
2nd Design ~ N97at 17kHZ 31.963 3.204 35.168 6.170 103.68 28/15 14/15
3rd Design  N92 at 17kHZ 10.401 1.185 11.586 1.476 95.47 62/25 31/25
5. CONCLUSION

Ultimately, this study elucidates the characteristics of
ferromagnetic materials based on their field intensity, flux
density, and losses across various operating frequencies. A
comprehensive design case study is presented to develop an
effective galvanic isolation solution for power electronics
applications. This study thoroughly examines three designs
that utilize distinct core materials and operate at various
frequencies. In addition, a comprehensive analysis and
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demonstration of the performance outcomes are provided. The
initial design technique utilizes N-97 ferromagnetic material
operating at a frequency of 10 kHz. The findings demonstrate
excellent performance with respect to winding losses of 1.01
W, core losses of 1.13 W, and a working temperature of just
29.76°C. The findings for the second strategy, which involves
employing the same core material but at a higher operating
frequency of 17 kHz, are as follows: The combined losses
from the core and winding amount to 35.16 W, while the
operating temperature is 103.68°C. Using N-92 Ferrite core



material, the final method yielded the following results: the
combined losses from the core and winding amount to 11.58
W, at a working temperature of 95.47°C. Each of the three
techniques has a distinct footprint. The magnetic design should
incorporate a trade-off particular to application based on the
primary target function of the design.
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