THE IMPACT OF PACKAGING ON SOFT
MAGNETIC CORE PERFORMANCE
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Mﬂmwuﬂ “flight qualified” through test and
demonstration (ground or flight)

TRL7

Vo

*System prototype demonstration in a flight environment

TRL6 J

*System/subsystem model or prototype demonstration in a relevant
environment (ground or flight)

TRLS |

sComponent and/or breadboard validation in relevant environment
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Wwhy Packaging?
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Overview

: PR - MATERIALS THERMAL
Application: Magnetics for MW scale core CONDUCTION
i i i CONVECTION
power conversion with high power . CONVECTIC
density, usually kHz—MHz EPOXY  Materials
BOBBIN Engineer
Challenges: Mechanical
1. Operation closer to margin limits and/or CONTROL  glectrical Engineer Gsﬁfshé[ETRY
integration of new materials and components ES;EEDW Engineer 7
at the subsystem level FRENUENCY BOOSTRATIO
o Systems PARASITICS
2. How to simulate the design space efficiently to POWER FACTOR :
enable complex systems? POWER RANGE =ngineer
PIeX Sy | PERFORMANCE
EFFICIENCY
COST
: : : WEIGHT
Goal: Develop design guidelines for soft VOLUME

magnetic nanocomposite core packaging
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e Parasitic impedances related to components and geometry / layout Frequency (H2)
* C, Is limited by safety to ~1uF for <1kV
e Fast dV/dt in WBG and UHBG semiconductors creates large CM currents in ground planes and chassis

Conducted EMI standards control noise f > 150kHz with parasitic resonances common in the 1-10 MHz range

Performance, safety, and reliability related to topology, layout, controls, and materlals
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What do we need from packaging?

Decouple winding stress from the core material

Provide mechanical mounting to withstand
vibration and shock

Provide adequate thermal path
Provide adequate electrical insulation
Fit into the surrounding components
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Hysteresis: Magnetic and Mechanical

Inter and intragranular strain:

Different magnitudes and directions ¢ (MPa)
, B (T)
Yield
§ A Saturation
®) // l“l’ g 1
73 S ] Eorp
Q) /

_ Large cyclic input
Representative

Area = energy
volume

i 3
Small cyclic input density (J/m?)
\ input
Residual & ge > BH
Coercivity H, for ‘soft’ magnetic
) materials H.~100 A/m
Domain structure: /
Same magnitude
=4alme magnitu / 10 < y, < 100,000
different direction
S TG 2023 - <y  THS2028 15200 ANUAL MEETING & EXHBITION
Eiﬂ T g oty Aol f www.tms.org/TMS2023 - #TMSAnnualMeeting

<
H (A/m)

Conjugate pairs

P «—YV
T «— S
M<+«— H

6 «— ¢




S

® o

B T
CE
o

AS

magnetostriction

cE
< E
CE T
1 ~H
t..g C i
C AS Cf._‘-. S

piezomagnetic

AT
C&S -

e [) —»

Single phase Random Anisotropy Model
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Characteristic length
scale of applied stress
is usually ‘global’
compared to grain size

e Coupling terms B = uH and € = Eo measurable for static conditions
e Dynamic conditions can be described using complex u* or E*

What about dynamic conditions for B = C3 o + u*H ...

Often, we want Cg~ — 0
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WEIGHT PERCENT ALUMINUM IN IRON 600 T T T T T T

Same mechanism used in Finemet...
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We can reduce magneto-elastic coupling either with
zero magnetostriction material or by mixing positive
and negative magnetostrictive phases in a composite

Magnetostriction, 4_ (10 a)
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Epoxy Impregnation Stress

AP¢ | Pe (%)

1404 Core loss
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Increasing Si

nanocomposite = Vcrystal )‘crystal t (1' Vcrystal) )‘matrix

Material data sheet core losses do
not include packaging stress.

In FeSi-based nanocomposites,
we can balance volume fraction
(v) with magnetostriction (A) of
crystal and matrix phases.
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-100 =50 0 50 100
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Mechanical and Thermal Requirements

Thermal: Typically, <150C with heat W AN
sinks as required. A

Mechanical: 3 axis vibration 20g
through 2kHz (DO-160G Section 8)

— Vibration + electrical function

— Usually measured in components
Packaging Options: Casings, potting,
windings, mounts

Problems within components and
problems in neighboring components...
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Vibration Stresses

FEA resonant modes: Box + potting + core
f, = 1384 Hz f, = 2410 Hz f; =2832 Hz

Test core Core accelerometer

F =ma ~ 100N for a 0.1kg core in 100g
o = 0.34 MPa over the bottom surface of the toroid

@ s FEA
Excitation and 2 o
sensing windings | s E=lerbaenoxy
. T B8 high damping
g 8 104 low damping — .
& S E = 2.5e6 silicone
: 8 s
@]
6_
Vibration stresses are small, but resonant modes " o "™ Vibration frequency (Hz) o o
could produce high localized core stress
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Vibration Stresses

1005
84 —— Core + epoxy
61 —— Planar ferrite
Test core Core accelerometer 1 Core + silicone gel Lyl [\
@ o A /
e
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8 2 \/
1
8]
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P 4 | | |
- 0 1000 2000 3000

Excitation and
sensing windings |

Frequency (Hz)

Table accelerometer

Comparison with rigid mount:
STANDEX ferrite inductor

Silicone potting produces lower resonant frequency
and lower acceleration compared to epoxy potting.
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. . 1.5 -|—— Before .\fizi?éil(l)ll
Vibration Stresses I .
Impedance analyzer (small signal) '
150 1 102.0 H 0.5- ﬁ
140 | 015 = 00
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g 1307 . 101.0- \ | /
5 2 10~ ,
E) 1207 %j 100.5 7 .1_5—I | | Bare:E:F:))gflz_lii%)(())%(I
° 110- o o0 110 5 H(g/ | 5 10
Core + silicone gel / 1.5 — Before vibration
100 99 5 — A~0 test core —— After vibration
o0 100Hz 20g 7
I I I I I | | 99_0—| ! | | I I I 0.5 1
0 50 100 150 200 250 300 0 S 10 15 a0 s 10 -
Time (s) Acceleration (g) n 007
e Negligible change ~1% in inductance from 20g 100Hz 051
vibration in z-axis for gel potted cores 101
: : 100Hz 20
e Measured >10% inductance change for epoxy impregnated ;. Core + siliconc gl
cores vibrated in x-axis 000 s
H (A/m)
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Vibration Stresses
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Heat Transfer and Electrical Conductivity

Core box (31x25x25 square toroid)
\ Potting (1 mm thick)

M 160 —
\k\ 130

—\ —

60C Heat Sink
FEA

140 — 160 W/kg

120

20 40 Wikg

20 Wikg
|

Peak Core Temperature (C)

——1kHz ——20kHz

Induced losses in heat
sink by stray fields

15

T T T | | |
06 08 10 12 14 16 18 2.0

Thermal Conductivity (W/m-K)

10

Induced loss in plate (W)

o . . o ’ FEA
For small potting dimensions, thermal conductivity of potting is 0 R
small compared to core losses. High thermal (electrical) 0 5 10 15
conductivity materials near windings may produce significant loss. standoff from plate (mm)
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X-57 EMI Filters

Design requirements

L=14pH, lc=10A, ID>17mm

Design comparison

Ferrite (SOA) Nanocomposite
21x53x51(mm) 21x40x25 (mm)
0.3 0.8

1600 5300

Reduction in size and mass —
compared to SOA

Filter design passed vibration
test at Armstrong Flight
Research Center




Packaging Design High thermal

Space: Tradeoffs CO”d“fC“V”y

Good thermal conduction.
Potential for induced eddy
current loss.

Soft / High damping mechanical

Mount Rigid / Low damping

— . Mount
Silicone gel potting

Low resonance frequency _ Epoxy potting
Low core loss Poor thermal conduction. High resonance frequency
Low potential for induced eddy High peak g
vibration effects likely to current loss. High core loss
increase with core size 1

Low thermal
conductivity
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Conclusions

Each design is different and should be validated

Silicone gel can be an effective potting material for
fragile MANCs under DO-160G vibrations

Softer mounts can shift vibrations to lower
frequency in neighboring components

Design Tradeoffs:
— high/low thermal and electrical conductivity
— Soft/rigid mounting

Thank you to NASA AATT Electrified Aircraft Propulsion
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