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Magnetic Components: Inductors ﬁ

Ideal Component

L
= Pure inductance —N—

Nonidealities

R
= Winding loss —AAA—

e Conduction loss

o Skin and proximity effect
R

Ty = Magnetic core loss —_QNV—
/ = Parasitic capacitance 4| |7

-

%
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Magnetic Components: Loss Measurement ﬁ

oO——
Model ‘
>

o—o: L_Fjp R, |IR.

Small-signal measurement to extract model
parameters: L, C,, Ry, and R...

= [For design validation
= Estimating performance at operating conditions

L,C,, Ry, = Linear

« Core loss R, = Non-linear
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Magnetic Core Loss

-

= Core loss is non-linear

* Steinmetz model

P, = kf*BP = kf“

NI

(Re +Rg) Ao

Pv
(mWiem?)

67 Material Power Loss Density vs. Flux Density at 25°C

1000

7

7
/

/

F
/
v

/

/

/
/[

/

/

7

100

/

@ 3hHz
® ShiHz
@ 7MMHz
10MHz
® 15MHz
20MHz

B (mT)

100
o C

Fair-Rite 67 Material Data Sheet



Magnetic Core Loss

- B
= Core loss is non-linear

* Steinmetz model

NI

P, =kf*BF = kf*“
(Re +Rg) Ao

» Linear core loss at very low flux densities

« Complex permeability model

~wNZpu (U + p'"?)A,

R., =
P
lcﬂ”
 Model as a linear resistor for small-signal
measurement
" J
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Magnetic Core Loss

- B
= Core loss is non-linear

* Steinmetz model

NI

P, =kf*BF = kf*“
(Re +Rg) Ao

= | inear core loss at low flux densities

« Complex permeability model

~wNZpu (U + p'"?)A,
oy lcﬂ”

* Model as a linear resistor for small-signal

R

measurement
(S %

Measured Data

—— Steinmetz Prediction of R_ /
— — Rc from Complex Permeability I

B (mT)

Ungapped E30x15x7, ungapped, TDK N87 MnZn, 100x44AWG
B.X. Foo, A.L.F. Stein, C.R. Sullivan. “A Step-by-Step Guide to Extracting
Winding Resistance form and Impedance Measurement.” APEC 2017.



Magnetic Components: Loss Measurement ﬁ

O_
Model ‘

>
Small-Signal C
o— L ‘ R, R,

Small-signal measurement to extract model
parameters: L, C,, Ry, and R...

= [For design validation
= Estimating performance at operating conditions

e Linear R, at small-signal - Helps extraction
of L, Cy, Ry,.
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Magnetic Components: Loss Measurement ﬁ

O_
Model ‘

>
Small-Signal C
o— L ‘ R, R,

=
| |
|
P
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Magnetic Components: Loss Measurement ﬁ

O_
Model ‘

>
Small-Signal ‘C
O—— L PR, Re

s
| |
|
P!
| |
Il
P!

: L,C, R, R . R.p =7
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Loss measurement: Challenges ﬁ

- D
T » Separating winding loss and core loss
Measurement: 7 =R 4 iX DUT
m m T J4Am « Measure winding loss without core
i 0 Presence of core impacts magnetic field
» Use data sheet parameters to calculate
core loss
© © o Difference in drive level and core shape
Rw §Rw . 5
* Two-winding measurement for core loss
o Minimize winding mutual resistance
L éL §R“’ C : :
. o » Winding capacitance impacts measured
Impedance.
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Magnetic Components: Loss Measurement

Measurement

Models

T

L = Ry +j Xy

DUT | ——

i

RE

L,Cy Ry Res Repy =7
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Magnetic Components: Loss Measurement

Measurement

Models

T

L = Ry +j Xy

DUT | ——

RE

l

s Ve
t-u..‘

L,Cy Ry Res Repy =7
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Extracting Inductance

/Inductance Measurement )
» |[nductance varies with frequency
e Change in current distribution
» Parasitic capacitance
» Well-designed inductors - Small
variation
. J
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Extracting Inductance

p
Inductance Measurement

» |[nductance varies with frequency
e Change in current distribution
» Parasitic capacitance

» Well-designed inductors - Small
variation

» Possible measurement strategies
« Low-frequency measurement
« Self-resonant frequency measurement

* Model with low sensitivity to inductance
variation y
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Extracting Inductance

4 N
Inductance Measurement
20 [ 1 : -
» Low-frequency measurement: L = Ly
LLF =12.955 uH
10+ -
=
T |
e | Increasing
Sl Capacitive — — i
2 Impedance
4_ —
3_ —
2 1 1 PR il L 1 1 1 | L 1 : L |
10k 100 k 1™ 10 M

Frequency (Hz)
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Extracting Inductance

4 N\
Inductance Measurement
» Low-frequency measurement: L = Ly e
» Resonant-frequency measurement:
100
Z max f 0 %
L = ) Q = N
wo @ Af_34B
10
| | | | f{J = 7.7689§MJHZ
110 k 100 k 1M 10M
Frequency (Hz)
\ J
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Extracting Inductance and Parasitic Capacitance

p
Inductance Measurement

» Low-frequency measurement: L = Ly

= Resonant-frequency measurement:

Zmax fO

L = , —
woQ ¢ Af_34B

Calculate Parasitic Capacitance

1

C, = ——
P wil

1Z] (€2)

[

, max

100 ¢

1™
Frequency (Hz)

f, =7.7689MHz
10 M
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Magnetic Components: Loss Measurement

Measurement

Models

T

L = Ry +j Xy

DUT | ——

RE

l

L,Cy Ry Res Repy =7
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Extracting Core Loss: Two-Winding Measurement ﬁ

HP

HC——..|.
Impedance %

Analyzer E
LP ‘l N
LC ¢

Two-winding measurement
- Winding ESR is not excited.
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Extracting Core Loss: Two-Winding Measurement ﬁ

Hp /- A test component with two windings :
e = Two windings = Resistance matrix
Impedance é”? R — Rwinding 1 Rcore + Rwindingm ]
Analyzer Rcore T Rwindingm Rwinding 2
LP ‘l 17T » Require test component with
L.C ¢ Rwindingm < Rcore
* Few strands of very fine wire
Two-winding measurement « Winding placement away from the gap
- Winding ESR is not excited. 0 Zero-gap core
N J
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Core Loss: Zero-Gap Core Test Component ﬁ

Claim

R, iIndependent of gap length [,.
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Core Loss: Zero-Gap Core Test Component

s N
Proof
o, o,
éRW éR 7, = ol = jo—0
L = JOL = jW
?Rc,s Cp __CP RC + Rg
2
% I jL §RC‘, 7, = jw N
o (0] lc 4+ lg
uo(p' —ju'")A. Moy
Claim
R, iIndependent of gap length [,.
. J
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Core Loss: Zero-Gap Core Test Component

- ™
Proof
o, o,
éR”’ éR 2, = jool = jo—1
L = JOL = jw
?Rc,s Cp __CP RC + Rg
2
?L %L §R‘"’ Z; = jw i
o o ., L
uo(p' —ju'")A. Moy
| 1 5 I L i l
Claim Rep| JoL — joN2puo(u' = ju'")Ac "|joN?Hodg
R, iIndependent of gap length [,. Real Imaginary
wN?po(u'? + ')A,
Rc,p — l "
cH
\_ J
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Extracting Core Loss: Summary ﬁ

- ™
HP = A test component with two windings
HC 11+ « Few strands of very fine wire
Impedance #H?
Analyzer | o Low mutual winding resistance
LP ...........
— ‘ o Low parasitic capacitance

« Zero-gap core

© é O R, Is independent of gap length.
Ry o Assumes linear core loss
—C . :
g o Can overestimate core loss if
%L §Rc,p zero-gap flux density is in the
nonlinear regime.
o " J
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Extracting Inductor Model Parameters: Summary ﬁ

4 N
* Inductance L - low-frequency or
T resonant-frequency measurement
Zim = R + jXim DUT = Parasitic capacitance C,, = calculate
i from resonant frequency and L
= Core loss R, 2 two-winding
o measurement
éRw e A separate test component with zero-
—C, gap core & few strands of fine wire
:}L §Rc,p = Winding loss R,, =2 Calculate from model
o, - J
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Extracting Winding Loss from Measurement ﬁ

= + jwC,
Zm Ry + (joL Il Rep)

1 .
Ry =Re[4———- (jL I Re)
Zy 100
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Extracting Winding Loss: A Different Model

Model A Model B
O O
3 Iz
R, T = i |
i §L §Rp l :}L

Approximately true if wL > R,,,

l.e. relatively low-loss winding.

RE

-

R

Model B has no term with inductance L -
Less sensitive to error in inductance extraction

1

1

~

1
+

Z. R, +joL

1
Rw,modeleRe 1 ~ 1 iC
Zm Rep 1907

w,model A —

Re<

+ jwC
Ry &

Vs.

Zm

—jwG,

- (jor >)

%
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Loss Extraction: An Example

Step 1. Measure impedance of DUT. =2 Z,,, = R, + j X, j

1k: T LR
500 |

Zm = Rm + jX,, | DUT -
:L 100 ¢
50

A sample inductor in an RM6 core

— 100

1Z] (£2)
Phase (degrees)

50k 100k 200k 500k 1M 2M 5M 10
Frequency (Hz)

1_ | 1
10k 20k
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Loss Extraction: An Example

Step 2: Extract inductance and parasitic capacitance of DUT. < L, G, J
2kr —— ———— 20
o = 7.77 MHz B
Tk Zmae = 1L14KQ = Lrgs = éz'gngH
O 500 - Af_348 = 5.19 MHz P : 18
200 - | I'.
R 1
W 100 - 16
—l S 5
T 7 N ; =
AR o
élf Rc,p 10_:——--p--_----.~_1_) ________________ g I:
| 5¢ 12
o R |
1L I N B ! N B I I B 10
10k 20k 50k 100k 200k 500k 1M 2M 5M 10M

Frequency (Hz)
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Loss Extraction: An Example

[ Step 3: Measure a 2-winding test component (zero-gap, few strands of very fine wire) 2 R, J

r———r——— 300

1250

~
=

)
S

(kQ

200

=
p,ungapped
&)
p,ungapped (‘”H)

L

o~
MW
=
o
=
R
w

150

1 L | 1 | 1 1 L | I R | 1 L L M| 100
10k 20k 50k 100k 200k 500k 1M 2M 5M 10M
Frequency (Hz)
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Loss Extraction: An Example

Step 4: Extract R,,,. j
100 - Using low-frequency inductance T

Model A Model B ~

o o 10; —_
R, T R, S :

1 IE : |
R, ::}Xm ] _q} R, j:]X,,, §Rp __CP ﬂfg
L R, L I

i é § l # 100 m ¢ i
10m:

10k 20k 50k 100k 200k 500k 1M 2M 5M 10M
Frequency (Hz)
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Loss Models: Comparison

Model A Model B
O (o,
[ Iz
o, TS s 28, 776,
L %L §R,, l %L

1 .
Ry Modela = Re 1 . — (]wl‘ I RCJ?)
R ¥ % 19CP
1
RW,ModelB = Re 1 1

R ¥ j%n  Ro, /@
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Loss Models: Comparison

Model A Model B
Q o
2 L
R, = 2| &=«
L e 2k, i 3

Rw,ModelA = Re 1 .
R ¥ Xy, 19Cp

1
RW,Model B — Re 1 1

Ry + jXm a Rc,p

—jwGC,

R (mQ)

100

100 m |

1M0m:

10 k

10:"

- Using low-frequency inductance

Model A

1 1 L 1 1

| IR T

5M 10M

50k 100k 200k 500k 1M 2M
Frequency (Hz)

20 k
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Loss Models: Comparison

Model A Model B
O O
[ Iz
Z = i J = i
m — m __C
R, HiX, P RX, 2k, 6

Rw,ModelA = Re 1 .
R ¥ jXm %

Cp

1
Rw,Model B = Re 1 1

Ry + jXm a Rc,p

—jwGC,

R (mQ)

100

100 m

1M0m:

10 k

10 ¢

- Using self-resonant-frequency inductance

Model B

- Model B is less sensitive to
~error in inductance extraction.

T

Model A

| IR T

5M

1 1 L 1 1

20 k 50k 100k 200k 500k
Frequency (Hz)

1M 2M 10 M
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Magnetic Components: Transformers ﬁ

ldeal Model

> [
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Magnetic Components: Transformers

m:n
Ideal Model . .
> |
Rwl L] mn L2 Rw2
o—WA—TT
C,—=— R..< R., L, H
O O
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Magnetic Components: Transformers

m:n
Ideal Model . .
> |

Leakage Inductances
R, L, /- L Ry

o—WA—TT "
C le—
r1 R, < R, L, ‘ ‘
Parasitic Capacitance —/ \
O \ O

Magnetizing Inductance
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Magnetic Components: Transformers ﬁ

m.n
Ideal Model .
> [
R, L L, R,
wl 1 mn 2 2
Winding 1 Loss / . . Winding 2 Loss
C,—=— me§ R., L, H

C 7 o

Winding Mutual Resistance Core Loss
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Transformers: Measurement Strategy ﬁ

Rw! Li mn L2 Rw.?
oW\ TN —W-—o
GRS k3 3 3IE
o, O

Winding 2 open circuited

\4
R, L
o—fv\f\,—rrf\ = L, and C,, > Resonant frequency
Gm= g chg :§Lm " R.p and R, 2 Two-winding test
» |, and R,,; > a different measurement
o

pkyaw@resonant-link.com



Transformers: Measurement Strategy

Winding 2 open circuited

Rwi LI
WA=

C,——= me§ Rc,p§ %Lm

Series Opposing
- ,R,“’,f WLJ m:n

L 2 Rw.?
TN—W—o

C,—— ng Rc.p§ %Lm é“?

Winding 1 open circuited

RWZ L 2
O—AMA—TT

2
n
Cp/a::amei aR § §Mn1 o (a)

op

Other Possible Measurements
» Winding 1 short circuited

» Winding 2 short circuited

= Series aiding
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Summary
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Summary ﬁ

~

p
T Challenges
Measurement: Z,, = R, + jX,,, DUT

» Separating winding loss and core loss

& » Winding capacitance impacts measured
l Impedance.

Procedure

R § * |Inductance and parasitic capacitance -
w Rw
resonant frequency

Models: R —C — o
:}L §R = Core loss = 2-winding measurement
ap

o o » Winding loss = Extracted from model
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Summary ﬁ

T /New Model
Measurement: Z,, = R, + jX,, | DUT '

Z =
m —C,
& Ry, tjX, §Rp ’

= Model extraction has no inductance L term.

o, o,
R, §R = | eSS sensitive to errors in inductance
i - extraction
Models: R, =G —C,
Transformers
: 3 3R,
o o = Open-circuit each winding

) = Series-opposing measurement
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Thank You!

Phyo Aung Kyaw
pkyaw@resonant-link.com
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