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Motivation . s M n E

The continuous drive to high performance energy conversion based on new wide
bandgap semiconductors forces an uprising new models and design rules for high
performance magnetic components. The state-of-the-art magnetic modeling assumes
high frequency effects in ferrites as negligible. Ferrite manufacturers provide
materials parameters as permittivity and conductivity as a constant that is common
for the ferrite family range. Power loss under rectangular wave excitation are
investigated predominantly by universities and research centers. Limited data
availability in magnetic materials datasheets narrows design procedure to available
data that incur substantial errors at high switching frequencies, the overcome of the
available data limitations is motivation to start a new research project. The research
work is focused on the magnetic flux distribution in the magnetic core, ferrite
electrical properties and power loss for various materials, core sizes and
excitations. The results are intended to be a foundation for further discussion to
introduce a standardized testing procedures for magnetic materials required by a
detailed design.
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Project Structure .s M n W‘

Due to the range of the work, the project is scoped in five main packages:
1. Large core testing - flux propagation in ferrites

a)  Flux distribution in T50 ferrite ring cores

b)  Flux distribution in T152 ferrite ring cores

c)  Design cores for equivalent circuit verification

This package is focused on the fundamentals of the magnetic flux distribution in the magnetic core. The

number of experiment was carried out in order to develop the non uniform flux distribution and

quantify the effect.

2. Core power loss comparison
a)  Material 3C?5 (various toroid sizes)
b)  Material 3E10 (various toroid sizes)
c)  Material 3F36(various toroid sizes)

This package investigates how the flux distribution impacts core power loss under sinusoidal and
rectangular voltage waveform. The results are presented as a Performance Factor and Herbert's Curve.
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Project Structure .s M n W‘

3. Core shape effect on power loss
a)  Lominated ferrite cores (core loss and impedance comparison)
b)  Hollowed ring cores (core loss and impedance comparison)
c)  String of beads (core loss and impedance comparison)

This package investigates core shape impact on flux distribution, power loss and inductor
performance. Three cores were designed and experimentally investigated for possible
performance improvement.

4. Ferrites electrical properties
a)  Measurement fixture development
b)  Sample size selection for material testing
c)  Preliminary magnetic materials tests

This package is focused on a novel method to determine the electric properties of conductivity
and permittivity of ferrite cores at high frequency.
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Project Structure .s M n W‘

5. Rectangular wave core loss tester

a)  H-Bridge development and component selection

b)  Software development for interfacing measurement setup and data acquisition
c) Data post-processing on the example of selected core

This package is focused on the core loss tester development for rectangular wave excitation.
Reliable core loss measurement based on the rectangular excitation is essential for magnetic
component design process. Further, the tester is to be employed to characterize magnetic flux
distribution on the core loss in relations to the applied voltage waveform.
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Introduction .s M n E

Magnetic core size, magnetic field amplitude and frequency has a strong impact
on the magnetic flux distribution in the core. The magnetic flux distribution is also
affected by the frequency dependent dynamic effects as eddy currents and wave
propagation effect. Eddy currents are characterized by the skin effect that results in
a non-uniform flux distribution in the core cross-section. Wave propagation effect is
characterized by material parameters dependent dimensional resonance. This
section of the project presents experimental investigation of the magnetic flux
distribution in selected ferrite ring cores.

Project development:

1.Flux distribution verification based on the T50 ring core - simplified
method

2.Flux distribution verification based on the T152 ring core - detailed
verification based on 4 shells and 49 segment core drilling scheme

3.Core samples preparation are subsequent task of this project
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Flux distribution in T50 ferrite ring core .snn ﬁ‘

The first step was to bore two vertical and one horizontal hole in two ferrite cores
made of 3E10 and 3C95 material and measure the magnetic flux distribution.

The holes divide core into two sections: inner and outer. Therefore, inner to outer
core segments ratio is compared. This simplified approach allows to measure
magnetic flux distribution up to the certain frequency extent where the magnetic
flux skin depth effect is limited to the magnet wire loop.

SMA MAGNETICS .



Flux distribution in T50 ferrite ring core .SM n ﬁ‘

Three holes were bored in selected ferrite cores:

Material 3E10 3C95 T
est setup:

Permeability 10 000 3 000 P

- - Oscilloscope
%‘S‘:TS':'I‘: 50x30x16.5mm | 50x30x16.5mm Core under test

L ] L ]
Core totfnl Cross 165 mm? 165 mm? Signal Amplif -
section Generator [ | ~MPINer
—1 vifva

Core volume 20.7 cm? 20.7 cm?

Vref

Section B

Section A
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Flux distribution in T50 ferrite ring core .SM n ﬁ‘

Section B

Section A voltage v, was defined in three steps: .

* V, measurement - section A + portion above it

* V, measurement

* Measured voltage subtraction: v, =v; - v,

vV

Section A

() =V,, sin(a)t + o, ) V2
v,(t)=V,, sin(a)t + g02)

vy (t) = Vyy sin( wt + ¢y)
vx(t) = v1(t) — v2(t)
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Flux distribution in T50 ferrite ring core .SM n ﬁ‘

Flux distribution in the section of TX50 core made from 3E10 material:

Section B
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Section A
1,2
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N
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0,2
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Flux distribution in T50 ferrite ring core .SM n ﬁ‘

Flux distribution in the section of TX50 core made from 3C95 material:

Section B

1,6

Section A

1,4 ——
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Flux distribution in T50 ferrite ring core .snn ﬁ‘

It is observed that magnetic flux undergoes a skin effect analogous to conductors
in high permeability materials as 3E10. In extreme case, magnetic flux in the core’s
middle section flow in an opposite direction to the equivalent flux in the core. Lower
permeability materials shows magnetic flux increase in the core’s middle section
caused by wave propagation effects.

To increase measurement accuracy number of drilled holes was tripled. Flux
distribution in the core was measured with higher resolution. With additional bores
measured flux characteristics could be presented in four core sections instead of
two. Simultaneously core size was increased from T50 to T152 that allows to
develop Eddy-currents and dimensional resonance effects at lower frequency.
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Flux distribution in T152 ferrite ring core .SM n ﬁ‘

Three sets of holes were bored in selected ferrite cores:

Material 3C95 Test setup:
Permeability 3 000 Oscilloscope
. . Core under test
Dimensions 152x104x24 mm
ODxIDxH _T < s
Signal :
Core totfal cross 576 mm? Gonorator Amplifier
section T vi/ w2
Core volume 231 cm? Vref
Section B Section D
Section A Section C

SMA MAGNETICS 18



Flux distribution in T152 ferrite ring core .SM n ﬁ‘

Flux distribution in the sections of TX152 core made from 3C95 material:

Magnetic flux density ratio

1 - — 7 —

—-—-'\_,l/ o

5 1 1,5
Frequency (MHz)

=—m==Section A Section B =====Section C Section D
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Flux distribution in T152 ferrite ring core .SM n ﬁ‘

Section D voltage Input volatege

Direct measurement of flux in section D:

V1

/V1—V2

V2

8
R
‘57
Z 6
e
S s
©
x 4
S 3
£
C2
&
21
0

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1 1,1 1,2 1,3 1,4 1,5
Frequency (MHz)

SMA MAGNETICS .



Flux distribution in T152 ferrite ring core .SM n

Measurement comparison with FEA

‘\\

>< . "f :
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>
=
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S
T 4 ~ 4
>
=
=
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—
]
&
=
1
0
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Flux distribution in T152 ferrite ring core .SM n ﬁ‘

Measurement comparison with FEA

Magnetic flux density ratio
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Measurement comparison with FEA .s M n W‘

Good coherence between FEA and measurement was achieved due to accurate
magnetic materials characteristic.

Magnetics materials properties required for FEA analysis:
1.Permeability frequency characteristic
2.Dielectric constant frequency characteristic
3.Conductivity frequency characteristic
4.Power loss measured at sinusoidal and square
wave excitation

Calculation based on data provided by material
manufacturer’ s may cause significant error.

The most important is to have correct data than
the most detailed equation or model.

23

SMA MAGNETICS



Measurement comparison with FEA .s M n W‘

Four simulations were performed to check the effect of core permeability,
permittivity and conductivity on flux distribution:

. . Simulation 1 — Ideal

The first simulation shows an ideal case of a -
lossless core. Magnetic flux intensity is stronger [ T J. [ ]
at the inner radius of the core and reduces due |

to the effect of the reluctance path.

Simulation 2 — High permittivity
f=500 kHz, up =10 000, & =20 000, 0 = 0.1 S/m

& )

SMA MAGNETICS 24

Simulation 2 - High permittivity

In the second simulation relative permittivity L‘
was set to 20000, large amplitude flux occurs |
under resonant conditions and is concentrated

in the inner part of the core.




Measurement comparison with FEA .s M n W‘

Simulation 3 - High conductivity

The magnetic flux density distribution is similar Simulation 3 — High conductivity
to current distribution in a conductor. Magnetic f=500kHz, iz =10000, & =1, 0= 5 /m

flux is concentrated in the outer circumference Y i r
while the core center exhibits flux density @ -—@

weakening due to core skin effect.

Simulation 4 — All parameters
f=500 kHz, uz = 10 000, &, =20 000, 0 =5 S/m

High frequency core effects are visible in FEA . - :
modeling of field distribution due to D .7@
introduction of permittivity and conductivity. J A

Only the identification of all magnetic material
properties allow for a precise calculation.

Simulation 4 - All parameters
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Measurement comparison with FEA .s M n W‘

FEM analysis with included magnetic material
characteristics help to understand effects which sets the
limit for effective core use:

B [teslal

1, 1688E-81

14 000 ] 1,8267E-81
9,5333E-82

o 8, BeBBE-82

12 000 | Datasheet - 25°C | Pt

7.3333E-82
6. 6008E-82
5. 8667E-82
5.1333E-82
4. 4OBAE-82
3. 6667E-82
2,9333E-82
2, 2009E-02
1. %667E-82
7.3333E-03

TX25 - 25°C |

10000 == .
L [ A/ TX50-25°C |
8 000

/ TX80 - 25°C |

Real permeability p'

6 000 0, 0203t +00
/ TX80-100°C |
4000
2 000 o
0 T T T
0,01 0,1 1 10

Frequency f (MHz)
f=500kHz, uz = 10 000, €, =20 000, 0 =5S/m
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Flux distribution in T152 ferrite ring core .SM n ﬁ‘

The flux distribution based on bored three sets of holes gives more precise data
than simplified three holes model.

Results confirm that flux distribution is affected by the frequency dependent
dynamic effects as eddy currents and wave propagation effect.

Shells representation give good flux distribution overview analogous to current
distribution in conductors.

FEA Simulation shows good correlation with measurement up to 1.3 MHz,

To further increase flux distribution measurement accuracy two ferrite cores T152
were drilled to obtain flux distribution in core 49 segments

SMA MAGNETICS 2



Flux distribution in T152 ferrite ring core .SM n ﬁ‘

Six horizontal holes and six vertical holes equally spaced to fraction the core into
49 segments.

Oscilloscope

Core under test

Section B Section D
Material 395 3E10 : | =eeon eehon
Section A SectionC |
Permeability 3 000 10 000 : ;
Dimensions
OD x ID x H 152x104x24 mm 152x104x24 mm
Core total cross 576 mm? 576 mm? . .
section ' ; !
|t
Core volume 231 cm?® 231 cm? .
[
»——
Test setup: . .
E

"y
—
.
LT —_"
.
Rt
L
4 . 3
K —

TR -“’]

Signal ;

Generator | | Amplifier } N /
T Vif vz
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Flux distribution in T152 ferrite ring core .SM n E

T152 core drilling scheme:
In four planes, one horizontal hole is drilled from the OD to the ID of the core.

To measure the voltage on a RED segment, the presented connections were used.
During the measurement pink area voltage is cancelled.

AB-CD
g
o-l°“‘ -
. e
29
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Flux distribution in T152 ferrite ring core .SM n ﬁ‘

Shells and 49 segments results are contrasted for Section A and B:

Magnetic flux density ratio

3,5

3,0

2,5

2,0

1,5

1,0

0,5

0,0

iy ) N
' 2 LLIT
, =
’ smEEm
/ ;
/ ’_.,..-I—lr-"."_.’
o’/’
/
=
{/
® -9, ’
S /
0 500 1000 1500
Frequency (kHz)

== Section A - 4 Shells
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=== Section A - 49 Segments

Magnetic flux density ratio

\D \D \D \D \H \H \H
(ST - N =T S N

o
o

o

500 1000

Frequency (kHz)

1500

=== Section B - 4 Shells =<0= Section B - 49 Segments
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Flux distribution in T152 ferrite ring core .SM n ﬁ‘

Shells and 49 segments results are contrasted for Section A and B:

6,0 8,0
i 7,0 i
5,0 a.‘\ 5 |
/ _| 8
2 ’ \ N o 6,0 T
C 4,0 ! ‘a ) 5 )
> ! S S50 '
z ! o z”
5 30 .' /'\. 2 40
© 7 / [T
3 ’ >
= ’ g 3,0
2,0 »” N & ol
+ o
@ ¢ B 2,0 meas—
@ 1,0 Eﬂ
S o — S 10
0,0 0,0
0 500 1000 1500 0 500 1000 1500
Frequency (kHz) Frequency (kHz)
=== Section C- 4 Shells === Section C-49 Segments Section D - 4 Shells Section D - 49 Segments
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Flux distribution in T152 ferrite ring core .SM n ﬁ‘

Beased on the measuremtns any combination of the core segments could be
contrasted with each other:

10,0
,,,,,, 3 —
PR Ty
g _‘-d-‘—"' - - - - g -
S R O g AEEECN
L - - - e
& /t/ -~ : : ' =
— ’ ’.
2 i o I EENE
’ s - y ' i ] '
@ Y Pl 1 2 [ — S ———
1,0 s s gt ”
x ~t 27 e ; |
= ~N oz ! I — — — ——
s ’ -
S A et HEE HN
— ’ z” - - - ¥ 3 ;
Loy, r - o S —" ——,
= g |- B =
& g .- =B __}
- h—vw—-—v.\—'.n—-:‘-—y:-—..—:
= il INEEEN
-_-.-:‘.-—-—-—f-h—-;:-._......i"__.-:_‘.__.-{
0,1
0 0,1 0,2 0,3 0,4 0,5
Frequency (MHz)
= «=-=Segment 1 === Segment 2 =f=-2Segment 3
= = =Segment 4 == Segment 5
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Flux distribution in T152 ferrite ring core .SM n

All measurement result collected in Excel files:

Excitation frequency

Section voltage and phase

sterjfl 3085
core g 192110178

vinp] [0S wia[v] [IE8 vin[v]
N 5 N

K] o000 k] | 200000
As|mi]  .00E7E As[] | 0.000575

elr) [ Eul |

vae |usit Segmeat | sk Ut Fhaze

ooz W 11 ooon |[vl 5.0z
oo N iz o.oea |[v] 0.5z
0117 |V 13 oaga [V 5.7
LECER U] 14 o1se |[v] 0528
01T |[V] 15 oaez |[v] 5118
a1 [V 16 | oim [ coese
0161 [V 17| oass [ -4.08
gk |[v] 1 0o v 5788
i | 22 | cam | EEE
w10 ||y 13 | oo |[v) 1240
LR 14 | o [y 4050
oz ||y x| oaz |[v 2
LESEII ] 26 o156 |Vl 1334
oz M a7 o218 |[v -3.500
0116 | LEY oizz [Vl -7.100
ooss M iz o105 |[v] 0.250
o1me M LR o201 |[v] 2.008
oz M £ 0257 |[v] 3.880
aiss [V s o [ mocz
o | & omE v 2310
0z ||y 7 o v aes
0eET [y 41| woes [ EE
w1 ||y 231 | oas |[v] EER
oz ||y 23 | o |[v) ERLS
wms ||y a4 | oam [ FE=
vz |V FERNETI A.500
0243 IV 4% 0267 |[vl 3584
o W aT ozzs |Vl -0.508

vis[v] IS8
[

1K) | Edocoe
Az m| | 0.000575

U

Fhaze Segmert  Vaue unit Fhaze Segment | value
378 L LECE ] T3 11 0.154
-27.47 Lz o157 N 55,51 iz 0.247
-20.35 L3 LECCI] -1z 4n 1z 0.283
1057 e oms W a7 14 | emT
-7z L3 a7 I 473 1 0.573
s ta oms v e 16 | oam
a3 17 ome v =T 17 | oasg
2070 11 01 v e 11| oz
£011 12 e LT 21 eam
EEE) 23 aam FLE 23 e
e 13 ams 700 24 wzer
3.8 25 o3ms | 1346 EENY:)
o238 25 o34 W] 0457 R 0.481
2231 7 a3 N 4.0 7 0.627
1132 31 0.4 W] ~43.3% L 0.281
7802 32 LRI 433 1z LR
13.33 33 o5 W] 4818 LR 0.a57
13.57 33 o W] sz9T B 0020
15 2 oem v Fren = | om:
B8 318 om0 v 18R & oEm
£ase 37 o v e 7 osm
L FESR-T ] s 41 | eam
FES) 42 a3 156 41 | oam
o) 13 osen | Y 43 oam
ERETY PSR 6748 44 | om0
7.7 PR | ©0.86 FEN =)
L7 45 0563 ] 446 48 0.553
-0.58 a7 0318 W] 1.3 aT 0.430

2546
EEEN
EEES
22T
2747
ECE
2030
178
143

6.5

Core section number

vin[u] |58
N

1[ke] | 1000000

Az ] | 0.000575

SQ{"\’»:\’. = -
,-J aaE
13 : . — .

14

: DA
1 ' ) d

o 1 e — —l— —
11| cas [ 1003 H H H H 51
12 | cam [y 1508 J } i

2z osm [y 2857 —— T — ¥
iEi o= EEEEE
25 | cEn [y aem2 ! | | !

26 | oz M Erry o | e § S— S— ——
a7 osee |[vi 2417 . . . . . .
LEY c.37 |[vl 141z

1z | o mm | ————, —
LA oaan |[v] £1.57 . . . . . .
34 oaos |V 71 i

== | cam [4 =72 [ e —e—C— —
36 | cmr [ .70 ‘ . . . . -
37 | o [ 17.52

41 | cas [ s

42 | cssE [ ELEE]

43 | casr [y B0

aa | ome [ 1230

a5 | o [ 1128

4E 0,575 |[v] 55.75

a7 c.are |[vl L7

The excel file is presented in Appendix 1 - Flux propagation — 3C95
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Flux distribution in T152 ferrite ring core .SM n ﬁ‘

Sense winding placement is time consuming and challenging. Therefore, the
method for permanent sense winding placement was defined. The idea is
presented in pictures below:

Step 1. Insert wires Step 2. Insert wire into the Step 3. Pull wires
(0.1mm) into each horizontal hole. Wire inserted into vertical
vertical hole, make smalll diameter must be smaller hole. Repeat for the
loop at the end of the than the hole radius. other vertical vires
inserted wire. Loops must Thread the wire through

be in line with horizontal each of the loops from first

hole. step.
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Cores equivalent circuit validation .snn

Four cores were machined for equivalent circuit validation.
Core details:

Material 3E10 3E10 3E10 3E10

Permeability 10 000 10 000 10 000 10 000

Dimensions 80x40x20 74.3x45.7x14.3 68.6x51.4x8.6 62.9x57.1x2.9
ODxIDxH mm mm mm mm

Core total cross 400 mm? 204.5 mm? 74 mm? 8.4 mm?
section
Core volume 75.3 cm? 38.5cm? 13.9cms? 1.6 cm?

In the next project phase core will be used to investigate
core equivalent circuit:
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Conclusion and future work .SM n E

1. Dense mesh of holes allows to assess flux distribution in the core

2. Presented flux propagation results starting from simple three-hole model up to
advanced 49 segments model confirms that magnetic flux distribution is
affected by the frequency dependent dynamic effects as eddy currents and
wave propagation effect

3. The three holes methods may be a subject for further discussion on the
approach to standardized test for magnetic material properties

Future work
1. Flux propagation research for rectangular wave excitation

SMA MAGNETICS +°



Appendices .snn E

The Appendices can be found on the PSMA website:
1. Flux propagation 4 shells - 3C95.xlsm

2. Flux propagation 49 segments- 3C95.xlsm
3. Flux propagation 49 segments- 3E10.xIsm

SMA MAGNETICS Y
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Introduction .s M n E

This section of the project investigates how core size influence magnetic material
performance. The power losses of different sized cores of the same material are
measured and contrasted for sinusoidal and rectangular excitation.

Project development:
1.Core samples preparation for the tests
2.Measure power loss with sinusoidal excitation
3.Measure power loss with rectangular excitation

4.Calculate BF curve and Herbert curve

SMA MAGNETICS 39
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Performance factor

related to PF. Performance factor is define as follows:

PFsc = f - Bac

Market available magnetic materials
performance factor comparison are
limited to the small ring cores power

loss measurement.

SMA MAGNETICS

Bf (mT-MHz)

PSMA £S5

Performance Factor PF is commonly used comparison method. It is defined as the
maximum product of peak flux density and frequency as a function of frequency at
a constant power loss density. Magnetic components physical size is inversely

Performance Factor
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A.J. Hanson, J.A. Belk, D.J. Perreault, C.R. Sullivan, ,Measurements and
performance factor comparison of magnetic materials at high frequency,”
IEEE Energy Conversion Congress and Exposition (ECCE) 2015
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Performance Factor curves for 3C95

Core construction details:

Tested samples

SMA MAGNETICS

PSMA 5

Sample 1 Sample 2 Sample 3 Sample 2 Sample 3

Material name 3C85 3C85 3C85

Material type Mn-Zn Mn-Zn Mn-Zn

Dimensions 152x104x24 mm 87x56x20 mm 50x30x16.5 mm

ODxIDxH
Core total cross 571 mm? 305 mm? 160 mm?
section
Core volume 226 cm?® 66.9 cm?® 19.3 cm?
Sample 1

42



Performance Factor curves for 3C95 material .s M n W
~

Core performance factor comparison:
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Performance Factor curves for 3C95 moteric’s M n E

Herbert Graph
Power loss density comparison:
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Performance Factor curves for 3E10 material .SM n W
|

Core construction details:

Tested samples

SMA MAGNETICS

Sample 1 Sample 2 Sample 3
Material name 3E10 3E10 3E10
Material type Mn-Zn Mn-Zn Mn-Zn
Dimensions 152x104x24 mm | 80x43x17.5 mm 50x30x16.5 mm
ODxIDxH
Core total cross 571 mm? 318 mm? 160 mm?
section
Core volume 226 cm?® 59.9 cm?® 19.3 cm?
Sample 1

Sample 2

Sample 3




Performance Factor curves for 3E10 material .SM n W
~

Core performance factor comparison:
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Test setup:
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Performance Factor curves for 3E10 material .SM n W
~

Herbert Graph
100
Power loss density comparison :
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Performance Factor curves for 3F36 material .s M n w
~

Core construction details:

Tested samples
Sample 1 Sample 2 Sample 3
Material name 3F36 3F36 3F36
Sample 2 Sample 1
Material type Mn-Zn Mn-Zn Mn-Zn
Dimensions 80x60x26 mm 50x30x16.5 mm 29x19x15 mm
ODxIDxH
Core total cross 255 mm? 160 mm? 70 mm?
section
Core volume 54.8 cm? 19.6 cm?® 4.9 cm?®
Sample 3

SMA MAGNETICS
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Performance Factor curves for 3F36 material .s M n W
~

Core performance factor comparison:
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Test setup:
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Performance Factor curves for 3F36 material .s M n W
el

Herbert Graph
Power loss density comparison :
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Conclusion .snn E

1. Optimum operating frequency decreases as core size increases

2. Core shape and size has significant influence on the core parameters. Core
overall size optimization is as important as material selection

3. Presented core parameters analysis indicates importance of consideration of
core size for application
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Introduction .s M n E

Ferrite magnetic materials are subject to high frequency effects such as eddy-
currents and dimensional resonance which result in non-uniform frequency-
dependent magnetic flux distributions. The magnetic flux distribution is determined
by the core shape; and thus, magnetic losses are core shape dependent. Therefore

this section of the project investigates how core shape influence magnetic material
performance

Project development:
1.Core samples preparation for the tests
2.Measure power loss with sinusoidal excitation
3.Measure power loss with rectangular excitation

4.Measure impedance characteristics

SMA MAGNETICS >
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Laminated ferrite ring core .SM n m‘

Traditional laminated iron cores are designed and used in high power magnetics
in the frequency range of 50 Hz to several kilohertz. Laminations limit the eddy
current that are induced in conductive core material. Ferrite appears as a bulk
highly resistive material that by intuition shall not be prone to eddy currents.
However, the ferrite core high impedance is a result of the material structure that is
built of small, electrically conductive, iron-oxide particles isolated by the filler. At
high frequency, the ferrite core becomes dominated by capacitive effects that
allows for the capacitive current to flow. The laminar structure sections the
conduction path which reduce high-frequency effects.

FEA results of flux distribution in solid and laminar core at 500 kHz:
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Laminated ferrite ring core .SM n m‘

Inductor construction details: Designed and built inductors:

Parameter Unit Solid Laminated
Material name - 3E10 3E10
Material type Mn-Zn Mn-Zn
Dimensions mm 80x45x17.5 80x45x3.5
ODxIDxH solid 5 laminations
Cmegg;"c:;mss mm? 324 324
Core volume cm?® 62.55 62.55
Number of turns 8/phase 8/phase

SMA MAGNETICS o



Laminated ferrite ring core

Core performance under sinusoidal excitation:
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Laminated ferrite ring core .SM n m‘

Power losses with rectangular excitation:

Herbert Graph
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Laminated ferrite ring core

Frequency characteristic:
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Laminated ferrite E-shape cores .SM n w‘

Core construction details: Designed and built inductors:
Parameter Unit Solid Laminated
Material name - 3C95 3C95
Material type Mn-Zn Mn-Zn
Dimensions A mm 65 65
Dimensions B mm 45 45
Dimensions C mm 20 20
Dimensions D mm 12 12
Dimensions E mm 22 22
Dimensions F mm 20 .5 .
4 laminations

SMA MAGNETICS o



Laminated ferrite E-shape cores .SM n w‘
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Hollowed ferrite ring core .SM n m‘

Inductor construction details: Designed and built inductors:
Parameter Unit Solid Hollowed
Material name - 3E12 3E12
Material type Mn-Zn Mn-Zn
Dimensions
OD x ID x H mm 86 x60x13.5 86 x60x28
Core totfal cross mm? 177 177
section
Core volume cm? 40.50 40.50
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Hollowed ferrite ring core

Core construction details:
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Hollowed ferrite ring core .SM n m‘

Core performance under sinusoidal excitation:
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Hollowed ferrite ring core .SM n m‘

Power losses with rectangular excitation:

Herbert Graph
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Hollowed ferrite ring core .SM n
—

Phase

Frequency characteristic:
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String of beads .SM n e

Core construction details:

Parameter Unit Core 1 Core 2 Core 3 Core 4
Material name - 3E10 3E10 3E10 3E10
Material tape Mn-Zn Mn-Zn Mn-Zn Mn-Zn

Dimensions

OD x ID x H mm 80x40x 15 (60x40x15)x2 | (50x40x15)x4 | (14x9x9)x64

CERIDEICERES | o 300 300 300 1472
section

Core total cm? 56.55 47.12 42.41 51.58

volume
Turns number - 5 5 5 1
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String of beads

Core setup

Core 1 Core 2

Core 4
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String of beads

Core performance under sinusoidal excitation:
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String of beads .s M n E

Power losses with rectangular excitation:

Herbert Graph
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String of beads .s M n e

Phase
Frequency characteristic:
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Conclusion and future work .SM n E

1. Laminar ferrite structure shows significant improvement of the impedance
characteristic while maintaining the same core size and mitigate parameters
deterioration of the large size bulk cores. The laminar structure reduces high-
frequency effects.

2. Hollowed core improve core performance at expense of increased size. The
performance is worse than for laminated core.

3. Core shape and size has significant influence on the core parameters. Core
overall size optimization is as important as material selection.
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Introduction .s M n E

The state-ofthe-art magnetic modelling assumes high frequency effects in ferrites as
negligible where material parameters as permeability and permittivity are provided as a
constant that is valid for the ferrite family range. Market available measurement fixtures
to determine ferrite’s electrical properties are limited to the ring cores with an external
diameter up to 30 mm; and thus, effective up to 1 MHz due to sample size and
associated frequency effects. The common sense perception of ferrites performance is
insufficient as frequency effects become significant; therefore, the new approach to
ferrite electrical properties measurements is required to determine magnetic material
performance beyond 1 MHz.

Project development:
1.Custom measurement fixture design and construction
2. Sample size selection
3. Preliminary material test - proof of the operation

4.Data post-processing (ferrite electrical properties calculation)
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Measurements fixture development .s M n W
|

In order to define ferrite electrical characteristics for dielectric constant, € and
conductivity, o dedicated test fixture was developed as below:

WayneKerr 6550B interface Compression force control

Tensometer

BNC connectors

Shielding
Electrode shielding for reduced stray Electrode
capacitance at the edge of the
electrodes Electrode shape and size adapted to

the tested Sample size and shape

SMA MAGNETICS 7




Measurements fixture development .s M n W
P ~

The test fixture has three exchangeable sets of electrodes that can be used for
measurement of custom shape samples: two electrodes for testing round cross
section samples with diameter 10 and 1.8 mm and one electrode for testing
rectangular cross section samples with dimensions 2.4 and 10 mm. Each electrode
is shielded to minimize fringing fields” effect.

"‘ .... W
‘o‘.
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Sample size selection for material testing .SM n W

The sample size selection plays important role in magnetic material testing. The
dimensions of tested sample may become within the range of the electromagnetic
wave wavelength for the frequencies of interest and developed dimensional

resonance can dominate measurement.

Sample No. Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
- | @& | »
Contact surface 78.5 mm? 78.5 mm? 78.5 mm? 1.5x8 mm? 2.54 mm?
cross section
Thickness/Height 2mm 5mm 10 mm 10 mm 18 mm
Material 3C90 (v ] (v ] (/] (v ] O
Tension 0.5 N/mm? 0.5 N/mm? 0.5 N/mm? 0.5 N/mm? 0.5 N/mm?

SMA MAGNETICS
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Sample size selection for material testing

Measured material properties:

100

Real permittivity €'-10°

10 T T T
0,01 0,1 1 10
Frequency f(MHz)
Samplel ------- Sample2  ----- Sample 3
—— —— Sample 4 vvvvvvvvvvvvvv Sample 5

Imaginary permittivity "+ 102

100

PSMA £S5

Measurement condition:
Tension - 0.5 N/mm?
Temperature - 20 °C

Measurement of the material properties are dominated by the dimensional

resonance at certain sample size.

SMA MAGNETICS
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Frequency f (MHz)
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Sample size selection for material testing .SM n W

The sample length influence on measured magnetic material properties was tested
on three samples:

Sample No. Sample 5-1 Sample 5-2 Sample 5-3
Shape ‘ ‘ ‘
Contact surface 2.54 mm? 2.54 mm? 2.54 mm?

cross section
Height 18 mm 10 mm 5 mm
Material 3C90 @ o @
Tension 0.5 N/mm? 0.5 N/mm? 0.5 N/mm?

SMA MAGNETICS
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Sample size selection for material testing .SM n W

Measurement condition:
Tension - 0.5 N/mm?

Measured material properties: Temperature - 20 °C

S 3

L 100 - 100
= w
= >
2 2
= B
g —— =
E. %
— o
S \\ >
a2 ©
c
‘oo
1+
E

10 10

0,01 0,1 1 10 0,01 0,1 1 10
Frequency f(MHz) Frequency f (MHz)
Sample 5-3 e Sample 5-2 ------- Sample 5-1 Sample 5-3 e Sample 5-2  ------- Sample 5-1

Sample length has no impact on measured parameters.
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Sample size selection for material testing .SM n W

The proposed test fixture is equipped with strain gauges for compression force
control. The force applied during measurements allows minimizing the negative
impact of sample contact resistance. However, excessive force would cause
significant parameter deterioration.

Sample No. Sample 3 -F, Sample 3-F, Sample 3—F; Sample 3—F, Sample 3—F;
Shape
Contact surface 78.5 mm? 78.5 mm? 78.5 mm? 78.5 mm? 78.5 mm?
cross section
Height 10 mm 10 mm 10 mm 10 mm 10 mm
Material 3C90 (/] (/] (/] (/] (/]
Force 40N 80N 120N 160N 200N
Tension 0.5 N/mm? 1.0 N/mm?2 1.5 N/mm?2 2.0 N/mm? 2.5N/mm?

SMA MAGNETICS
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Sample size selection for material testing .SM n

Measured material properties:

100

Real permittivity €"-10°

10
0,01 0,1
Frequency f(MHz)
Sample 3 - F1 e Sample 3-F2  ------- Sample 3 - F3
----Sample3-F4 ----- Sample 3 - F5
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Measurement condition:
Tension - variable
Temperature - 20 °C
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Sample size selection for material testing .SM n W

Ferrite materials show a high temperature dependency. Temperature increase
causes an increase in real. Imaginary permeability also increase together with

temperature; the biggest parameters variation is observed at low frequencies.

Sample No. Sample 5 -T, Sample 5-T, Sample 5-T, Sample 5-T, Sample 5-T;
Shape
Contact surface
: 2.54 mm? 2.54 mm? 2.54 mm? 2.54 mm? 2.54 mm?
cross section
Height 18 mm 18 mm 18 mm 18 mm 18 mm
Material 3C90
Tension 0.5 N/mm? 0.5 N/mm? 0.5 N/mm? 0.5 N/mm? 0.5 N/mm?
Temperature 20°C 30 °C 40 °C 50°C 60 °C

SMA MAGNETICS
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Sample size selection for material testing .SM n W

Measurement condition:
Tension - 0.5 N/mm?

Measured material properties:

o 100
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Magnetic material electrical properties .snn w
el

The permittivity and conductivity characteristics are measured using a Wayne
Kerr 6550B analyzer up to 20 MHz. The real part of the admittance determines
frequency dependent conductance G,. The imaginary permittivity is calculated
based on the conductance characteristic. The imaginary part of the admittance
gives the core real permittivity characteristics

YP — GP +j(1)CP, SP — S;J + S;),

1 Cph
JU— N r _ P
— Ep =
t——:ﬁ Gr Co P g0a,
T
Gph o
gp = 40— = L0 = WEYED

weEGA we
Equivalent circuit for parallel 04%c 0

representation of complex permittivi
P piexp y Gp - measured conductance

Cp - measured capacitance

&p - parallel relative complex permittivity

&' - real component of the parallel relative complex permittivity

&' - imaginary component of the parallel relative complex permittivity
&y - free space permittivity

h - tested sample height/lenght

A, - tested samples cross section
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Magnetic material electrical properties

Ferrite 3C20
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Magnetic material electrical properties .snn W
el

Ferrite FR/8
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Magnetic material electrical properties

Ferrite 3E10
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Conclusion and future work .SM n E

1. Measurement fixture was designed, built and tested

2. Tests based on five samples of various dimensions made of the same material
3C90 allows for selection of the best sample size to determine ferrite’s
permittivity and conductivity.

3. Three materials: 3C90, FR-78 and 3E10 are validated up to 5 MHz due to

sample’s minimum size due to high frequency effect development.

4. Presented methods for core parameters measurement are base for further
discussion on the standardized test for magnetic material properties and a
generic specification.

Future work

1. Ferrite validation up to 110°C during the tests
2. Ferrite validation under high density magnetic field
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Appendices .snn E

The Appendices can be found on the PSMA website:
1. Ferrite 3C90 Measurement results.xls

2. Ferrite FR78 Measurement results.xls

3. Ferrtie 3E10 Measurement results.xls
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Introduction .s M n E

Accurate core loss calculation is essential part of magnetic component design
process in power electronics applications. State of the art methods become
insufficient due to the input data which are based on the sinusoidal excitation core
loss measurement. Therefore this section of the project deals with core loss tester
development for rectangular wave excitation.

Project development:
1.H-bridge design and construction

2.Automated data acquisition to CSV excel file
(interface between power supply, arbitrary waveform generator and
oscilloscope)

3.Data post-processing (result compatible with Darthmouth studies)

4.Preliminary material test - proof of the operation
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H-bridge tester development

System requirements:
> Input voltage range (Vac i) £60 V
> Input current range(lyc oq): £10 A
> Switching frequency (fs,): 10-500 kHz

> Rectangular voltage wave generation with
variable duty cycle (D = 0-1)

Controlled DC

Voltage Source i

(Cvs)

> Asymmetric rectangulare voltage wave generation

(constant volt-seconds in each half)
> Minimized transition time: Toy, Toge < 5 ns

> Optimized dead-time and on-resistance

SMA MAGNETICS

Square
voltage
waveform
generator

Constant V-s

|

T 1
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General system schematic
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H-bridge tester development .s M n W‘

Analyzed topology:
1) Full bridge topology - selected for tester 3) T-NPC topology

iy M 2 inC 2

DC1 ipc1 TNV IN T
> » - -4
Sta S2a DC1 IpC TNV IN T
': j ’ ’
. DRV o] +.. .
Vdwla VidnZa S]U
CVS1 voc1| |Coca ) Coca| |[voc2 cVs?2 ™
e o N
T @D ‘:: ACT B — s ::‘ G‘D T vasT_[DRV]
VAC
CVS1 voc1| |Coer
1 T W |
-

S]ul—
o DRV CIIE §
* o
GMND
a ]
S |2 Sip
TiT 3T, AC!

2) Two half-bridges

DC1 ipc1 TNV IN T

H H
Sza
. t} tj ‘ cvs2 |
- Vioes e
Coc AN » Coca| |vocz CVS2 CD
e acz te<l, ‘ @D il

S2q I—}

»

'_

iy 1 2 inc 2
< <

™,

CV51 voC
7_1 G‘) == .,\‘I—-E:aoa ACT
VaC
Sip Ly Sae
Ibc2 HINY N 2 ‘
I\ - | < <
GMD
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H-bridge tester development

PSMA £S5

v 1 RdsON vt tdON| tr | tdOFF| tf
Manufacturer Code Type  Structure | A Tre] 'In;]' sl (] Package Driver
Infineon BSCOSZANDH |N-MOSFET Halfbridge | 30 | 60 38@VpSTIOV OSGEIm3A | 47 |38 17 | 3 |TISON HuLow sida
- - -' driver required
Half bridge Si MOSFET
Tewas Instrumants C5DBE584050C (N-MOSFET  Half-bridge 40 50 0.7 @Vps=1v 0TS @@ =304 | 11 | 24| 53 1T |DuakCool Bettorn Ve Hi/Low sida
& = driver required
e.g. DRVBIZX
on FOMDEZ40LETA0 [N-MOSFET Half-bridge | 40 | 103 20@ Vos=10v 07 @ li=1.6A | 12 | & | 36 | 8 |Dual Power HilLow side
SEMICONDUCTOR driver required
on FOMDAS30 |N-MOSFET |Half-bridge | 30 | 201 077 @ Vgs=10V 07 @ =204 | 14 | 13| 71 | 21 |Fower-338 /Lo side
SEMICONDUCTOR driver required
v 1 Rd=ON vt tdON| tr [tdOFF| tf
Manufacturer Code Structure T T T T Package Driver
| | Twe | M| [ motml [ (v | {ns] |fes]| [ns] [[ns]| o |
Analog Davices ADUN4120 Isolated,  |Haltbrigge | 35 | 2.3, [ROH =200 Motdefined | 33 |14 43 |12 [SDIC Mot requirad
ADUM4120-1  |High-Side  |PN- peak [ROL = 600 .
Precision | WOSFET @ ver = 15V o
Gate Drivers A
B
)
HH
Infinsan 2EDFTF275F Isolabed, Half-bridge | 22 8, |ROH =as50 Mot defined 37 |65 35 |45 B0IC - o Mot required
. . . High-Side | PH- peak |ROL = 350 qooonoan
Hal brldge Si MOSFET drivers MOSFET @ lout = 50me, 1
P—
TUOI000] 0
[xys IXRFDB30 |Low-Side  |Haifbridge | 30 | 30, [ROH =210 [Motdefined, | 24 | 4 | 22 | 4 |Low - [Nat required
RF MOSFET|PN- peak |ROL = 130 axtarnal inductance
Diriver MOSFET @ Veo = 30V Shottky RF
recommnded
IX¥YS IXDNGOS Low-Side, |Half-bridgs | 40 9, |ROH =@00 Mot defined, 40 | 22| 42 | 15 Power SOIC, Mot required
Ubtraifiast PH- peak |ROL = 400 axternal TO-263
MOSFET  |MOSFET @ ver =18V |Sholky
Drivers recommnded aitine
0150/ 0050
[Vishay / Siliconix  |SQJS04EP- | N-Channel, |Z-pack a0~ | 20 |[Rprp=13 [0.8 @ =6.0a [11/15] 416 | 21745 | 5.7 |PowsrPAK- [Low side anly
T1_GE3 P-Channel a0 Rnpn = & S0-8
MOSFET @ vgs=10V
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H-bridge tester development .s M n m‘

Selected semiconductors for the core loss tester:

v 1 RdsON Q Q Q Q
M fact Cod | Struct G-TOTAL GS GDh 0ss |
anuracturer ode ype ructure [ ] [ h ] [n ] [n ] [n ] [n ]
EPC EPC2001C GaN FETs Single 100 36 7 @ Vgs=5V 7.5 24 1.2 31

Package: LGA 4.1x1.6 mm n

| Y . .T =F
i i 1 i
| {l 1 i 4 it
e IRRiRiRin
= 1 i | - : b | :
LV R'Y S | U
[ B, = — = BE_JE =5 == % == -

Semiconductors are integrated into the

?V—;Il'l" EPC2002C, 100 vV DEVELOPMENT BU.;\WH(L:?
designed system on evaluation boards: gi‘ﬁ e
iz e Rl
a5 - :ii ‘\"J_" 700
me FHS _ L <
u.ui(\[: euﬁﬁs ﬁw suéi swates [
folto B e
4 [ e aolbE v
NEPCHp
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H-bridge tester development .s M n m‘

Prototype core loss tester for rectangular wave excitation:

VS 1 B Voo 1 - . e L\ = _ vDC 2 ,CVSZ
L] 1 Coc i Iac ] 7 . 1z
o G) - AC 14— — AC2 T @D T
p VaC : Coc 2i
Sip — Szb
s DRV oRv] T
v
SND
Gate Drhe

99

SMA MAGNETICS



H-bridge tester development .s M n m‘

Main PCB board

T
T
T
T
=

b L

B

—k
It
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g s
R

T T

|

E E | ¥ e _g _3 |

—F Fi*
H -
di==iy

EPC evaluation PCB board “;;s:f_

-

i
;I Y ol
o W Y
- _i}ba
IL T -

i
3
£
£
i
=2
IR
faj i
e
i R
| % E

Details provided in the Appendix 1 - Main_PCB.pdf

SMA MAGNETICS 100



H-bridge tester development

Details provided in the Appendix 1 - Main_PCB.pdf
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H-bridge tester development

GND' "

5 IEPCHp:

L]
L=}
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Software development for interfacing .s M n W‘

measurement setup and data acquisition

Measurement system:

USB Hub PC USB Hub
DC voltage DCvoltage

source 1 source 2

AWG —
Current m t .
00 H-Bridge reerinseeenenrnieesee
Oscilloscope

....... FPGA -

Alternative

Tested core
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Software development for interfacing
measurement setup and data acquisition

Measurement system elements:
> Oscilloscope - Tektronix MSO56
> Arbitrary waveform generator - Tektronix AFG3 1000
> DC power source 1&2 - Keithley 2230G-60-3
> Voltage probe - Tektronix TIVHO8
> Current probe - Tektronix TCPOO30A —
> FPGA control board - Altera DEO ' ;

> Core under test - magnetic core with two: excitation and
sensing winding (Both winding made to have an H-filed which

is aligned with the circumference of the core to compensate
any circumferential H-field as well as reducing stray inductance)

SMA MAGNETICS 1o



Software development for interfacing .s M n W‘

measurement setup and data acquisition

Designed system allows to generate pulses by:

1. FPGA algorithm
(frequencies and voltages are defined in the control algorithm. All parameters can
be adjusted by user via controller's buttons)

2. Arbitrary wavetorm generator
(frequencies and voltages are defined in the excel file, parameter could be easily
adjusted during the test)

H-bridge controlled by FPGA H-bridge controlled by AWG

105
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Software development for interfacing .s M n w‘

measurement setup and data acquisition

Excel file control all connected devices: oscilloscope, power supply, pulse
generator and also provides data aquisition and data postprocessing.
Communication is done using Python.

Control file

Voltage

_’ Powersupply_function.py . DC VOlt?ﬁ;
source
Frequency Ganrator function.py
> AWG

Duty Cycle Oscilloscope_function.py

Fi ions. '

unctions.py ﬁ =P | Oscilloscope

Results.csv

All control scripts are presented in Appendices 3 — 6.

SMA MAGNETICS 10e



Software development for interfacing .s M n W‘

measurement setup and data acquisition

Control file description:

AWG USB address Additional supply for PCB Oscilloscope USB address

GENN:R BLOCK POWER SUPPLY%( OSCILLOSCOPE ?K
SET UP: : :

Address | USB0:0X0357::0%0407.MY43001391:INSTR Boardpowersupaly. 1 71 V| Acdress | USBO:0X063%: 030413 :C013627::INSTR

ooy
i Current : Voltage 1 Trigger i

INSERT NEXT VALUES OF THE | INSERT NEXT VALUES OF THE INSERT NEXT VALLES OF THE | i d;';;":' i c:‘::::' i clj;:;nel i
FREQUENCY (kHz) | DUTY CYCLE (%) i VOLTAGE (V) i ;e jrme e i
LoCHL_ G oW o
'v l' 'v Measurement
1. e 25 5 t rl gge r
2. 100 50 6
. 150 75 7
. 200 8
S 0 : /
x 10 Enable the measurment
Test frequency Pulse duty cycle Test voltage

Presented file will test core with every combination of listed parameters: frequency, duty
cycle, voltage

The excel file is presented in Appendix 7 - Main_control_file

SMA MAGNETICS 17



Software development for interfacing
measurement setup and data acquisition

PSMA £S5

Measurements data are collected in one folder as presented below:

@) 5.0V_25_50.0kHz_ALL.csv

) 5.0V_25_75.0kHz_ALL.csv
@) 5.0V_25_100.0kHz_ALL.csv

B2 5.0V_25_125.0kHz_ALL.csv
g2 5.0V_25_150.0kHz_
@] 5.0V_ 50_50.0kHz_ALL.csv

@) 5.0V_50_100.0kHz_ALL.csv
f:) 5.0V_50_125.0kHz_ALL.csv
@) 5.0V_50_150.0kHz_ALL.csv

Test frequency

Pulse duty cycle

Test voltage

Results are compatible with scripts developed

during previous studies.

SMA MAGNETICS

50 kHz ..,

M|

1

v Time (s).,,Voltage (V),Current (A)
3

<3 -2.001300E-05
L3 -1.997300E-05
o -1.993300E-05
o -1.989300E-05
[ -1.985300E-05
] -1.981300E-05
£ -1.977300E-05
g8 -1.973300E-05
ghN -1.969300E-05
j74 -1.965200E-05
jER -1.961200E-05
JEN -1.957200E-05
40 -1.953200E-05
2N -1.949200E-05
I8 -1.945200E-05
g8 -1.941200E-05
jER -1.937200E-05
P{l -1.933200E-05
Al -1.929200E-05
Pl -1.925200E-05
PER -1.921200E-05
LY -1.917200E-05
il -1.913200E-05
Pl -1.909200E-05
FA8 -1.905200E-05
P8 -1.901200E-05
Vil -1.897100E-05
k[N -1.893100E-05
4N -1.889100E-05
k4 -1.885100E-05
EEN -1.881100E-05
kLN -1.877100E-05
EE0 -1.873100E-05

...4.424600E+00.5.181500E-02
...~3.8568000E+00.5.121200E-02
...-4.354100E+00,5.004600E-02
...-4.486900E+00,5.022000E-02
...-4.458300E+00,5.100600E-02
...-4.460700E+00,5.053100E-02
..,-4.478400E+00,5.084800E-02
...-4 476000E+00,5.103300E-02
...-4 469300E+00.5.040900E-02
...-4.503300E+00,5.024100E-02
...-4.483900E+00,5.015300E-02
...-4.452000E+00 4 954300E-02
...-4.454300E+00,5.008500E-02
..,-4.442900E+00,4 943200E-02
...-4.401300E+00.4_948600E-02
...-4.459800E+00.4_916000E-02
...-4.481400E+00.4.862300E-02
...-4.415400E+00 4 875100E-02
...-4.453000E+00 4 845600E-02
...~4.485500E+00 4 843900E-02
...-4 469400E+00,4 812200E-02
...-4.484T00E+00.4_802900E-02
...-4.482100E+00.4.737800E-02
...-4.422400E+00.4.734300E-02
...-4.461000E+00 4 .727200E-02
...-4.432200E+00 4 742100E-02
...-4.437000E+00.4 675000E-02
...-4.442700E+00,4 674700E-02
...-4.424000E+00.4_638100E-02
...-4.438100E+00.4_634800E-02
...-4.451700E+00.4.584500E-02
...-4.430200E+00.4.583400E-02
...-4.363200E+00 4 551100E-02
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Data post-processing .s M n W‘

Matlab script is employed for detailed analysis (e.g. power loss calculation).
Calculation example for toroidal core T50/30/16.5mm, 4V/turn, 80 kHz :

30
20 — 04
—04
10
< y —02 =
* -~ )
E: 0 /
= §
= {-0.2 @
-10 ‘\\
20 “\\‘\\}‘/ 1-0.6
) I I I I I I I
0 2 4 5} 8 10 12
Time (s) w108
10 «10% 5 210
14
2 1.5
12
1
1 10 =
—_ = E os
£ > 8 z
50 5 5
e} L= k=1
= w6 %05
-1 [
4 A
2 2 1.5
2
0 2 4 65 8 10 12 o 2 4 & & 10 12 30 20 -10 0 10 20 30
Time (s) 1078 Time (s) <108 Magnetizing force (Afm)
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Data post-processing on the example of .SM n w‘

selected cores

Herbert Graph
Power loss measured for three toroidal cores ‘
made of the same material 3C95 in three 30 \
, \ AN
SlZes. B
5 %
Tested samples % \ B
Material 3C95 3C95 - \ S
P )
Dimensions g -
OD x ID x H 152x104x24 mm 50x30x16.5 mm 8 \ g
Core total Ccross 558 mm? 164 mm? § \ ®
section -
Q
Core volume 224 cm?® 20.47 cm? %
[a
, ==

10 100 1000
Frequency (kHz)
—=@==3C95_T152/104/24 - @20°C 3C95_T87/56/20 - @20°C

=@=3(95_T50/30/16.5 - @20°C
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Data post-processing on the example of .SM n W‘

selected cores

Herbert Approximation

Measured data are presented on the r
N
Herbert graph. LU
k3 LY
Optimum operating point for a core is ] ——
dir | .d .f. d ” | ' A N \ Volts/turn
ectly identified as well as core losses RN S -
at the other operating points. N N Tt e
z b “E ‘\ . :1i
N = Zaniiii R
) N AT -
- - \ ﬁ\ ‘\‘Mr‘ = = =063
Curve fitting formula 3 th e
B \ \i ¢ - =25
et (143 R
= * * e * | — *
c Vb f Thee
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Conclusion and future work .SM n E

H-bridge was designed, built and tested
Automated data acquisition excel file was developed

Measured data are compatible with previous studies

Ll

Preliminary tests based on the three toroidal cores made of the same material
3C95 in three sizes were performed

5. Presented methods for core parameters measurement are base for further
discussion on the standardized test for magnetic material properties and a
generic specification

Future work
1. Study on flux propagation under rectangular waveform

2. Characterization of power losses under various rectangular flux pattern
conditions in range of ambient temperature
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Appendices .snn E

The Appendices can be found on the PSMA website:

Main_PCB.pdf

AWG_PCB.pdf

Python - Powersupply_function.py
Python - Generator_function.py
Python - Oscilloscope_function.py
Python - Functions_function.py

N O Ok~ N =

Excel - Main_control_file.xIsm
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