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SMPS Inductors: What do you want to know’?‘=‘cET

Inductor types and model =

* Many types exist, all with their own propertles
" Magnetic material ;
" Geometry
" Wound/ single wire
* Round / flat wire

« Basic models incorporate L, Rdc. Isat@ldc
« These are measured using (small signal) sine wave excitation
-> This is not representative for SPMS use!

 What about AC losses (winding & core), self-heating, non-linear behavior,
handling large triangular currents...?
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SMPS Inductors: What do you want to know'> S CET.
Applications are getting more challenging __;-: =

« Higher frequencies
* Higher currents
« Higher power densities

* Wide-bandgap switchers with
high dv/dt (GaN & SiC)

* Higher power densities

7]
i, P { @, ®
s
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Measuring Inductors =CET.

Standard measurement =

* Apply a (small signal) continuous sine wave voltage and analyse
amplitude and phase shift of the current.

* Optionally, a DC-bias current can be added.

* Use modified Steinmetz to calculate core loss

UAC LDUT' IDC
© ®
_ Kr—1 Kb
Pv=Kox fe' " x B X fo

—=3ine wave is not _rTLepresentative for the application
—>Need a triangular current with varying DC bias
voltage, frequency and duty-cycle to include losses
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Buck converter where the output inductor is L.U.T.

Large in/output capacitors create an quasi ideal square-wave
voltage source

The result is a Triangular Flux Exitation with adjustable DC-bias,
duty-cycle and frequency

' Usource o (1 o 5)

|

fswitch L

|
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Triangular Flux: The MADMIX Approach =CET.

The Hardware
* Fully Automated through software

1(3 )
EE_ET MADMIX @ @ w

« Thermostreamer to heat or cool the [ r—
C.U.T. -45 to +225°C uu\unnmuumnmnmﬁmﬁ
 Calibrated using Calorimetric

techniques by compareing AC self
heating with a known heating power

B2 - _
- -
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L = Average inductance over one period
R4, = DC series resistance

R.. = Equivalent AC series resistance
P.c = Total AC power loss

Pcore = Power loss due to core

Pwino = Power loss in the windings

= Temperature of the L.U.T.




Triangular Flux: AC-power Loss =CET.

Energy Balance = AC loss

MADMIX = BUCK converter
example measurement:
® input (=set)
"  source voltage: 50V
" frequency: 1MHz
" duty cycle: 20%
" load current: 25A
® result (=BUCK converter)

Vout = Vsource.

. I i Vsource.5(1 — 6)
rip =
filL

—V V]
| [A]

" \Vout=10V (?.E+oo 2807 4E07 6E07 8E07 1.E-06time[s]
ey pac = ["otoncoa
ac == | v(t)i(t)at
® measured & calculated in SW - T J,
" basics: L, Irip, lout, Vout, ...
®  bower loss: Pdc, Pac, Pcore, ...
"  BH-loop, temperature, ...
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Triangular Flux: AC-power Loss
Splitting AC-loss into Core and Winding loss

n L, 1 .
AC-l0SS: Puc = 7| O v®d©) N
0 p—
Brh =" -
. H'fl I D H(t) = I - N e F/
e d t l } Hcllff ": ) H
[ | - . . ) — (Ijﬂ with  &(t) = [ Uy(t)dt -
Sefleld: r Al (T Df 7 ) //Hch
" Core IOSS: Pcore = Tfo H(t) dB(t)7 _‘_/______________..!"Brl

" Winding l0SS: Puind = Peot - Prore
" Measurements are done without additional winding!!!
=> no additional winding possible for most commercial parts (eg moulded)

" \Verification with additional winding on reference parts shows a deviation of
<10% over corner cases
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Triangular Flux: AC-power Loss

Example Measurements

" Sweep: Current ripple, Frequency @ fixed DC bias = 20A

ripple current AC power loss
10
4.7uH, 54A |dc
° ° ° ee oo o ®
1 @ _ o
10 ° ° ee o0 o ] et = .
o °
E ’g‘ ] e ©
o ° oo oo o ° 5 01 + ee
2 Q
= a.
°
0.01 ®
e 2
1 oo o e 0.001
1.E+04 1.E+05 1.E+06 1.E+04 1.E+05 1.E+06
frequency [Hz] frequency [Hz]
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Triangular Flux: AC-power Loss
Example Measurements

®  AC winding loss and core losses @ Current ripple sweep

25

N\

El15
o ,/”' )
g / /
5 1,0
2 i i

. ,/

/ S
0.0 /
00 05 1,0 1,5 2,0 2,5 30 35 40

Ripple Current [A] @ constant DC Current & switching frequency

4.7uH, 54A Idc
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Triangular Flux: AC-power Loss
Example Measurements

" Sweep: DC bias current & Ambient Temperature

100kHz 15% 20Vin (Irip=6A)

5.0E-06

4.5E-06

4.0E-06
ambient

L. 3.5E-06 ——40°C
|
85°C
3.0E-06 —125°C
2.5E-06
2.0E-06
0 10 20 30 40 50
lout [A]

T[°C]

DUT temperature

120 12
R A_

100 10

80
8

60
o

20
4

0
0 10 20 30 40 50 )

-20
-40 0

lout [A]

ripple current

\

0 10 20 30 40 50
lout [A]

=CET

I Cusiom

Intzgrated Power
Management
Selutians

4.7uH, 54A Idc

2023
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Triangular Flux: AC-power Loss =CET

Example Measurements

" Sweep: Current ripple @ thermal steady-state = 1 hour / point

Pac temperature rise
10.00 90 4.7uH, 54A Idc
80
70
1.00 60 11 K/W
S 5 50
8 = 40
0.10 30
20
10
0.01 0
1 10 100 1 2 3 4 5
Irip [A] Pac [W]
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Measuring at High-Voltage
High-Voltage MADMIX

" Principle: Full-Bridge Converter

2.V .5(1—96)

i . 27 source
u, Irip L
[/ \, t _
Ve = Vsource(26 - 1)
/=X ‘
max(V,) =V, .. + abs(VC)
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Measuring at High-Voltage

=CET

I Cusiom

High-Voltage MADMIX —5
" Specification comparison
Parameter MADMIX
MADMIX

Input Voltage 0.5-70V 50-500V

Max inductor voltage  66.5V 800V

Max current ripple 120Aptp 60Aptp

Frequency 10kHz-10MHz(15-20) 10kHz-2MHz

Duty-Cycle 5-95% 50-95%

DC bias 0-48A NA
2023 APEC 2023 16
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Measuring at High-Voltage =CET.

I Cusiom

High-Voltage MADMIX =

B Real-life waveforms

q‘ TELEDYNE LECROY
‘ Everywharayoulook”
B - j \fl{ r' rl; I 4
N\ ONN\
max(V)=800V .
- Irip=4,5A
. o \\\\\
o3 i, : i W ”m\\&\.& 2
&
Measure P1:ampl(C3) P2:rise(C3) P3:fall(C31 Pd:ovsh+(C3) P5- - - PG:- - - P7--- P8:- - -
value 2392V 9124 ns 6.352 ns 52%
status L v v "4

1.00 Vidiv 1.00 V/diy 300 mV/div 2.00 ps/div] Auto
0 mV offsst 50 mV ofst -500 mv 400 kS 20 GS/s|Edge Positive
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Measuring at High-Voltage ZCET
High-Voltage MADMIX Ko

®  Real-life waveforms dv/dt = 60V/ns

IR SRR I S S SN S 7/__t\_\{"_\;\__ S i
___________________________________________________________________________________________ SR v A R S R ) R—
i i
i / i
A rise / ! thp=1 OOOV
& le r&eﬂv N ST I
/ |
i
i i
L]
_________________________________________________________________________________________________ O] I R N T ———_—
0 hm— S —— S Vo
Y
Measure P1:ampl(C3) P2:nise(C3) P3:fall(C3) P4:0vsh+(C3] P5:duty(C4) P&:max(F1) PT:- - P8
value 32137V 18.311 ns — 5.9 % — 2525 MV/s
atus v v i, v A v

100 MV/s

20.0 ns/div
2807 k#
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Integrated Pawer
" E Management
igh-Voltage

®  Allows Pac & Pcore measurements
on BIG parts too!!!

" Eg: 75uH, 150A, 3kg inductor —
" 1kVptp ;gg

" 50% duty

= 40Aptp : B

® Pac=140W

winding: 40,9°C

N

2023 APEC 2023 -




Magnetic Core Voltage Breakdown

Inductor Failure

" Electrically conductive path in the core material

" May occur when a high potential is used to switch the inductor
® Can be modelled as a parallel resistor across the inductance
"  Causes a “‘jump” in the current waveforms Voltage waveform

_im_}ﬂ

current waveform

4/\/\/\/7 breakdc%
%

2023 APEC 2023
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Magnetic Core Voltage Breakdown 2 CET.
Inductor Failure =

Vibd 2u2H 1A32 300kH
BreakdoWn is showmg | ! |

................................................................................................................................................................................................................................................................... —

A1 i rst runzblue
Lo Breakdown _____ @3OV|n _____ red )
2. Second run: green
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Magnetic Core Voltage Breakdown =(ET.

Inductor Failure

" IJtremains a tricky
measurement

B Other failure mechanisms
may occur sooner

® Such as...thermal
breakdown, solder joints...

" BBQing parts may be a
side-effect
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Transformers =CET.

Coupled inductors =

short 00 Rload

"  Open-Short method, 2-steps

" Allows to measure the
coupling factor (leakage

inductance)
" All other parameters can N . , UGN | .

also be measured (AC- MADMIX MADMIX MADMIX
IOSSGS, core IOSS, VOItage OPEN secondary SHORTED secondary LOADED secondary

2
breakdown of core...) L= Ly L= Ly (1 — k%) L = Lypim (1~ ——

1+ (4?2
k? Rload
Ryer1 = —
fl™ p2 1+ (5?:;)2
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Become the standard for measuring SMPS capacitors -> MADMIX
(equivalent for inductors) has preceeded this already

Comparing different types and brands in an objective way to make a fair
comparison$

Stressing inductors/transformers as in the application will allow improved
reliability analysis, avoiding over- or under-design

Keep ahead of State-of-the-Art SMPS by increasing frequency range to 15-
20MHz of the standard MADMIX (new power amp is validated as we speak)

Add software functionality to measure (Brushless) DC motor coils and their
losses

In the end bring new insights in one of the oldest components in electronics
...Feel free to share your ideas!



« MADMIX is unique and additional way to measure SMPS
inductors with real-life stimuli: TRIANGULAR FLUX

 All crucial parameters can be measured, including
Inductance, core loss, winding loss, DCR, temperature
iIncrease, BH-loop, saturation...

 HIGH-VOLTAGE MADMIX allows measuring bigger parts,
higher inductances and core breakdown effects.

XS =5
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What can we do for you? =[ET.

I Cusiom

Intzgrated Power
Management
Selutions

Headquarters

MinDCet NV
Researchpark Haasrode

Romeinse Straat 10
3001 Leuven
Belgium

www.mindcet.com

mike@mindcet.com s —
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