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Overview

________

Domains aligned

FeSiBPCuCr

External magnetic field

Refreshing the basics

* Link between saturation
and permeability

» Losses (copper, core, proximity,
fringing)

« Stability differences (soft- & hard
saturation, temperature dependance)

Material and design differences

» Material dictates component design

» Distributed vs. discrete air gap

TLVR requirements

 Low losses

« Stability of inductance

» High coupling factor

Possible Inductor topologies

» Simple power inductor ’FWZ
(discrete & embedded) .
* TLVR inductor / transformer
xillkss
[ an
» Coupled inductor
—T e
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Bs : saturation magnetic flux density(T)

Link between saturation and permeability =" YWAGEQO:
~.]Fe Magnetic
. -~ steel sheet
20 | \Q ~ FeSi - ppcane Drecton g favey
~ ~ amorphous . L
) « Permeability multiplies the
15 T Pﬁlw - TG magnetic field (H) strength to
45Ni /55Fg ~ L a» rotate the magnetic domains
10 | _ SENOUST € __ towards saturation
Ferrite for ~ ~
Power sour ; ; - . :
Wio aigap tioh it reremaioy @~ |+ high p = easy to rotate but quick
5[ WO W@ g "~ to saturate (aligned with field)
|
®*e “looTT * B=p+H=po*u +H
0.0 \
1,000 10,000 100,000 ’

M . permeability

Nanocrystal materials by their structure shifting borders
for EMC and power applications (downsizing)

External magnetic field

Ferrite material typically loose saturation capability i
with hlg her temperatu re but gain permeability Domains randomly aligned Domains aligned (saturation)
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Losses (core)
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Core loss(kW/m?) at 1MHz-50mT

0

» Core loss is created by rotating / flipping magnetic domains caused by the magnetic field

Core Bs vs Core loss

O METCOM
FeSiCr
H40
100000
O 10000
Fe-amorphous Oé
p200 ‘;‘
O < 1000
-7
Carbonyl Iron ,w,’ 2
p0 = "§ 100 e
- @ ,
-7 S L
Ferrite B60 > NANOMET - o
900 . 100
_O FeSiBEPCuCr
1
0.4 0.6 0.8 1.0 1.2 1.4 16 1.8 0 20
Core Bs(T)

P.,=k X f%xB,"

f: Frequency(kHz)
Bm : Magnetic flux density(mT)

* Higher magnetic flux and higher frequency increasing losses

<~ YAGEO:

Core loss

H
Magnetizing Force

Flux Densit

-+ 2MHz
___,_-,-’—‘*.‘ """ ¢ 1MHz
T e 500KHz
-] Steinmetz
approximation
L .0 Measured
- data
NANOMET
k 4 .54E-06
a 1.488
B 2.301
40 60 80 100
Bm (mT)
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Losses (coil)

* DC copper losses

S
7
% RdC — S
// p: Resistivity of the conductor
l: Length of the conductor
! < > S: Cross section of the conductor
[
— 2
P dc — R dc |

P,. : DC Power loss
R,.: DC resistance
I : DC current

 In a given form factor conductor and core
material compete for mechanical volume

 If core volume can be minimized usually
Rpc decreases (shorter conductor or
cross section increase)

YAGEO:

« AC copper loss (skin effect)

Eddy currents induce
magnetic field opposes

the original magnetic flux

Workaréund:

Changing round to flat wire reduces AC resistance

_
w= dt
P

Tholr f

6 : Penetration depth

p : Resistivity of material

U : Permeability of free space

i, . Relative permeability of material
f : Frequency

1/e
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Fringing losses

Gap position

Peak current[A]

YAGEO:

Load current generates magnetic flux.
Flux leak from the core gap.
If flux crosses conductor

Arms [A] —> generates eddy current
Temp [°C] 25 » Eddy current increases AC copper loss
Rpc [MQ] 0.268 - Fringing loss
Copper loss [W] 0.679 0.804 1.305
Core loss [W] 0.421 0.335 0.293
TotallosstW] | 1099 1140 [[4698
Ruc [MQ] 0.879 0.912 1.278
Conductor
Example taken: BRI o D b e 0 I 4 A .. - -~ -~
TPI078060L056N (Fringing loss’
(56nH,53Arated) | N (| HEEE @494 vap 0 [\ -/ .., 0T -----
(Eddy current loss)
. Loss@320kHz sine wave current Core loss Magnetic Flux
16 L7 i e
14 : : : 0203 | 0293 |
12 | | | | 0293 | |
240 1 : L JB3, | 03t : ' Copper loss
2 0 | 021 10880 0S89, B, | i
3 : | | | | | |
0.6 1 I I I : 1241 1 1 I _
04 | | : | : : Increase distance between the gap and conductor
02 | : : : : : to reduce crossing magnetic flux to conductor
0.0 I 1 I 1 1
| | | | |

O.4rnrrl 0.2mm 0.0mm -0.2mmr .3nl
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Stability differences YAGEO:

soft- & hard saturation, temperature dependance

Inductance (nH)

A NANOMET®

unit: mm

60 \
\
NANOMET® £
0 —25°C
—100°C
40
20 \0’ 4000 8000 12000 16000
H (A/m)
0
0 30 60 90 120 150
DC current (A)
——Metal composite —Ferrite 25°C

- - -Ferrite 100°C —M-TPI
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Comparison of material property

measured ring core OD13 x ID8 x h5mm

YAGEO:

Material Ferrite Metal composite FlakeComposite NANOMET®
composition Mn-Zn FeSiCr FeSiAl FeSiBPCuCr
Permeability 900

(100 w/gap) 25 100/ 200 100
Bs(T) 0.5 1.2 0.7 1.3
M-Temp. Fluctuate Stable Stable Stable
Core 0SS Small High High Medium
(relative loss :1) (relative loss :50) (relative loss: 25) (relative loss :5)
Core’s
Resistivity 102Qcm 10°Qcm 10*Qcm 108Qcm
(reference)

Closs Section
of core

Copyright ©® 2024 YAGEO Group All Rights Reserved




Material dictates component design (Airgap) YAGEO:

-rs— ( = %
LA \\: . ..,-,-&\ "
A N .
B A Mo air-gap
/ - Airgap is necessary to distributed airgap within material structure
soften saturation behavior -
Binder
@ high magnetic field / _ _
] _ Insulating coating
* Tight control of mechanical __— around the metal
; gap necessary \ Powder (Si)
, _» ° Overallie. y, =100 Metal Powder
Hsar Hsar: gy
Leakage Flux increase Homogeneous
visible at air gaps performance, less EMI
\|» (( R)) 3
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TLVR requirements (low losses) nexnsxssmm  YAGEQ:

. Freq[kHz] 600
Efficiency | Inductor only Vin[V] 12.0
100.0% ,
_863 Vout[V] 0,8
TP Lc[nH] 120,0
Number of phase 8
99.5%
—MTPI-H7 1
Vxl fYYLV
— — L, —» °
ic L .‘" ic il
90.0% MTPI-H7.1 ] % gv, )
_ = 7.1mm height Vc% P - i
o  35% lower RDC + . Vi
.g 98.5% ¥ YYN—v,
= — L —>
= MTPI g e "
. =copyoffBe3tpe | .37 -
98.0% i - m2
« 2 x saturation | P
I | & Vx2
I ] e e ———
m o WNPh
97 5% Core gap[um] 252 : v e L i;;; °
LO-pri[nH] 99,9 100,1 100,7 § é VNph )
LO-sec[nH] 99,0 99,7 100,8 1 _ + "
imNph
97 0% DCR-priimOhm] 0,124 0,124 0,083 _T_ e VxNph
0 100 200 300 400 I500 600 700 800 DCR-sec[mOhm] 0,439 0,439 0,266 —
out Ksp 0973 0973 0,981

Isat-30%(100C) 126,5 2242 132,8
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TLVR requirements (stability) nexnsxssmm  YAGEQ:

Inductance [nH]

Lvs | Freq[kHz] 600
o DbC —B63 Vin[V] 12,0
Vout[V] 0,8
—MTPI Lc[nH] 120,0
—MTPI-H7.1 Number of phase 8
100 ’
: Vyl
MTPI — . %v"
= copy off B63 type ic Lo+ i “on
80 » Better stability >90A 2L % gVI Lo
Ve % 1:1 - +|m1
MTPI-H7.1 * ~ Vxi
. y
60 = 7.1mm height — MV,
« Less stable L e © i
(at smaller size) 1_13 gvz ng
' - im2
0 | Y
I | *® Vx2
1 ] 2 mmmmmm————
m o wheh
Core gap[um] 252 ' — Ly  —
20 L .‘" ic iNph
LO-pri[nH] 99,9  100,1 1007 § é VNph .
LO-sec[nH] 99,0 99,7 100,8 11 ) *
imNph
0 DCR-prifmOhm] 0,124 0,124 0,083 4 e VxNph
0 20 20 50 80 100 120 DCR-secimOhm] 0,439 0,439 0,266 =
Idc [A] Ksp 0973 0,973 0,981

Isat-30%(100C) 126,5 2242 132,8
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TLVR requirements (coupling) nexexssmm  NAGEQO:

Coupling coefficient

_ - Freq[kHz] 600
o Coupling coefficient —_B63 Vin[V] 12,0
) Vout[V] 0,8

—MTPI Lc[nH] 120,0

—MTPI-H7.1 N e N
0.98 e vyl

\ MTPI-H7-1 — — ! %vg
— — = 7.1mm height ic L 1+ e Y

* Higher coupling due 2L, % gVI Lo

0.96 to smaller airgap Ve % - *nm
* * Vx1
Vy2

MTPI =1 ="

= copy off B63 type L J+ e "k
094 + Better stability >90A 1_13 gvz ng

' - im2
: | * * Vx2
m o T
0.92 ! fYYY\_VO
Core gap[um] 252 N Ly ;‘;
iNp
LO-pri[nH] 99,9 100,1  100,7 § é VNph )
LO-sec[nH] 99,0 99,7 100,8 11 ) + "
imNph
0.90 DCR-primOhm] 0,124 0,124 0,083 4 e VxNph
0 100 200 300 400 500 600 700 800 —

DCR-sec[mOhm] 0,439 0,439 0,266
out Ksp 0,973 0,973 0,981
Isat-30%(100C) 126,5 2242 132,8
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Typical load response of a TLVR buck inverter YAGEO:

expected performance benefits

| Less EMI leakage
| 20.8 t‘; et L°";d Step\ _ - due to reduced
| 50 A/Div i | | . -
| '/ Slew Rate: 125 A/ps | airgap
| |
i Output Voltage Ripple : ~ Secondary Current of TLVR |‘ Smaller size component
| (10 mV/Div) | Inductor (10 A/Div) ' 12x12x6 mm -> 12x7x6 mm
i |
e st v o e et e sl bl o e s o TP R« S I (R S

|
| | Expected lower voltage drop
With TLVR JI due to higher inductance

—__
——

—

|
| Expected increased secondary

| current due to higher

I coupling & lower Ry

Without TLVR

| & |

' 2 us/Div | |

1 !

I 1 |
Measure P1 freq(C3) P2:pkpk{(C2) P3:pkpk(C4) P4:--- P5:--- P6:--- P7:--- P8:---
value 23 DOA 2272 rN

status

200 Vol 57, No 1—February 2023
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About testing ? YAGEO:

» We tried to get some demoboards with TLVR s to test the differences

« Even if TLVR designs are visible in various articles those are not public to source

Fig. 8. Picture of the design series capacitor TLVR

Source ShanghaiTech University Source Article #A-0041 Rev. 1.0 (MPS) Source ADI Vol 57 No 1

* Various other sources show such demo boards, we would like to get one to show
the difference
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While checking a lot of sources... YAGEO:

« We found an interesting article where normal inductors where changed to
TLVR’s and some changes were made on the PCB to integrate those

* They removed original 1-phase inductors from a EVB (TPS536C7EVM),
and mounted TLVR instead.

« Thanks to Feiyang and Qiang for that great idea we took over

Adaptive-coupled Inductors for Multiphase Voltage
Regulators

Feiyang Zhu, Qiang Li
The Bradley Department of Electrical and Computer Engineering
Virginia Polytechnic Institute and State University, Blacksburg, VA, USA
feiyz94@vt.edu

3 u i I
Hal w
LT g

;;;»_"_="' L=Toa f A P A e
- A
=t \fAriable Lc .
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Adapting the Tl TPS53647EVM-710 YAGEO:

Sub board TN .. =)
= =1, '/ == erl—
] =i
i LA

[]

[]

[]

[]

0
—Hs
‘»—O/o—

3l"

A
st

R, {
E =B E = TL’""{LBL“

V, 12V g

1% 1%
Vot 1V B
F ~ 4 8 O k H Z Fig. 1. The n-phase ICL structure: (a) physical inductor structure, (b) the
sw —

equivalent circuit model of a multiphase buck converter with an ICL.

4-phase TLVR

EVM backside
/w sub board
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Efficiency measurement YAGEO:

> ] ]
Vin: 12V Vin: 12V )
95 - Vout: 1V 10— vout: v
fsw: 480kHz fsw: 480kHz /
£ 90 — S /
g — — | 3
o / o /
£ 85 7 £ 5 =
{5 / —NANOMET material MPTI TLVR = //
80 —Company 1 TLVR — // —NANOMET material MPTI TLVR
/
Original EVB —Company 1 TLVR
| | | | Original EVB
75 T T T T O } } } }
0 10 20 30 40 50 60 7( 0 10 20 30 40 50 60 70
Output current (A) Output current (A)

At higher output currents the parasitic sub board caused
extra losses against the original setup
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TLVR inductor simulation result — B60 vs MTPI

Package Size [mm] L12 X W6 Characteristics

MTPI
Lowest DCR
MTPI Ferrite Ferrite B60 12 6 12 119
Lowest DCR B60
Saturation curve comparison Loss comparison
... : 10A
140 out *
H Iron Loss B AC Copper Loss m DC Copper Loss
800
100 700
T 80 600
£ S 500 Total Total Total
265 mW 134 mW
& MTPI L DCR g 40— "
40 —_— owest 2 300 8
—— Ferrite No.1-25°C ~ 200
20 . 13
----- Ferrite No.1-100°C 100 . i
; ; s
0 50 100 MTPI Lowest MTPI Lowest Ferrite
Isat (A) profile DCR

Size (mm)
Model
No. Lp DCR
(nH) [ (mQ)

Prlmary

YAGEO:

Secondary

Isat A20% (A) Ls DCR
(nH) | (mQ)

0.38

0.42

Condition
Fs: 800kHz,
Vin: 12V,
Vout: 1.83V

Total
600 mW

0.08
0.13 108 84 119
lout : 60A
H Iron Loss B AC Copper Loss B DC Copper Loss
Total
599 704 mW Total
700
547 mW
600
B 500
E 400
m
3 300
-
200
100
0

MTPI Lowest JMTPI Lowest
profile DCR
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Possible Inductor topologies with NANOMET® YAGEO:

Single Inductor TLVR Coupled Inductor
» Advanced performance « Advanced performance « Advanced performance

* Need to try...

* No physical gap needed
(less EMI, less fringing

* No physical gap needed losses & better K factor)

(less EMI, less fringing

losses) « High stability & soft
+ High stability & soft saturation
saturation » Better behavior with

- No temperature load changes

dependency of material « No temperature
dependency of material

Copyright © 2024 YAGEO Group All Rights Reserved 19



Takeaways — benefits of NANOMET® YAGEO:

1 %
~
|
Ferrite
B60

- Total low losses on the level of ferrite even in smaller size Tl
.~

« Temperature stability of magnetic saturation

 Inductance is stable with current (also transients) - soft saturation
* No gap structure - less EMI - less fringing losses

« >1 MHz switching possible - lower L & lower C

« Any inductor structure possible we can press properly - Ildeas welcome !

* |[f you give us a TLVR test board we prove it
...or you get a few samples and test it yourself

» Next project is about high power PFC designs (150uH/50A/200kHz in 50cc)
- Stay tuned !




YAGEO

Thank you!

inX @ f&Q

WWW.YAGEO.COM

GROUP

Michael Freitag
Director Magnetics, Sensors & Actuator
Product Management EMEA

YAGEO EMEA

SUskindstralle 4, B1929 Munich, Germany
Mobile: +49 1728925280

E-Mail: michael.freitag@yageo.com
wwwyageo.com | www.kemet.com
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