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Small Signal Core Loss

A gapless inductor has imaginary impedance W
Z = jowL

Where L depends on the permeability and geometry of the core:
N? N? NZ?Au' “wN?Au'

HcA (‘\o’m A A A

An inductor with /inear loss has complex impedance
Z = jwL + R

Linear power loss means that
Ploss X 12

which, in an inductor, also means that
Ploss X BZ




Small Signal Core Loss

An inductor with /inear loss has complex impedance m A A A
Z =jwL+ R

We can think of this impedance as two parts, an inductive part calculated above, plus an additional
resistive part calculated separately. Alternatively, we could associate the loss entirely with the
inductance and model the system as

Z = ijcomplex
Where L.ompiex Must have both real (inductive) and imaginary (resistive) parts. In this
interpretation, L.,mpiex Cannot depend on a real permeability u'; instead, the "permeability” must be
thought of as complex
N2A(u' —ju'") . N*Ay"  N*Ap"
Lcomplex — I Z=jw I + w l—
Cc C Cc

Where u 2 u' — ju'' so that the resulting real resistance is positive. Both u' and u'' are functions of
frequency, but must be invariant with drive level (otherwise not a linear system!)

This interpretation allows one to treat /inear core loss as a material property, u"

4 I



Small Signal Core Loss W—W\/‘—

N2Au' N2Au"
+w
le le

The ratio of the imaginary part to the real part is the Quality Factor:

Z =jwL+ R =].C‘)Lcomplex = jw

wL oy
TR
An equivalent expression is the loss tangent,
1 R ‘Ll”
Q wL W
The loss tangent is so named because R/wL is opposite/adjacent in a complex impedance triangle
7
tano = —-
U
Imaginary
wlL

Real




Typical Magnetic Material Complex Permeability
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When loss is approximately linear, complex permeability is very convenient

a) Loss tangent (& R) is a constant material property; does not depend on
operating condition

b) R does not need to be measured at the true drive level and therefore is
easily and quickly measured on an LCR meter/impedance analyzer/VNA, etc.

c) It is valid and convenient to include loss as a simple resistor in simulations

d) It is valid to break complicated excitations into individual Fourier
components (fundamental, third harmonic, etc.), calculate loss individually for
each one, and add the results back up

7 I



——— Steinmetz Prediction of Rc

' / Actual core

— — Rc from Complex Permeability
— Measured Data

s __________ A
o’ If core were linear
— - e s == == == == (onaP vsBplot,
this would be P x B?)
= Core loss is only linear for very
small ac drive levels (small-signal)
0.1 e
0.01 0.1 1 10
B (mT)
B. X. Foo, A. L. F. Stein and C. R. Sullivan, "A step-by-step guide to extracting winding resistance from an impedance measurement," 2017 IEEE 8 P

Applied Power Electronics Conference and Exposition (APEC), Tampa, FL, USA, 2017, pp. 861-867, doi: 10.1109/APEC.2017.7930797.



Pet Peeves Regarding VNAs/LCR Meters:

1) You cannot measure loss with a VNA and expect results to work
at high drive levels. Core loss is nonlinear.

2) Just because core loss decreases quickly with drive level does not
mean you can use very low drives (like VNA) to measure copper loss
alone. Core loss becomes linear for low enough drive and is often

not negligible.

3) You cannot remove the core and measure copper loss alone on a
VNA. HF current flows near regions of high H-field, and removing
the core completely changes the H-field distribution near the wires.




Only very-low-ripple chokes/filters experience “small-signal” ac excitation. For
most power applications, including buck chokes, modeling loss as linear is
invalid. If loss is not linear, we lose a lot of convenient and powerful tools:

a) Loss now depends on drive level and we cannot extrapolate from the loss at one
drive level to the loss at another without more information

b) Itis not valid to include loss as a simple resistor in simulations

c) Loss must be measured at the true drive level and therefore is not easily or quickly
measured. Small-signal tools (LCR meter, impedance analyzer, VNA) are all out of the
question

d) Loss must be measured under relevant excitations. It is not valid to break
complicated excitations into individual Fourier components (fundamental, third
harmonic, etc.), calculate loss individually for each one, and sum the results

(though iGSE has been shown to work pretty well) 10 P



Large-signal power loss must be characterized
experimentally across both frequency and drive level

104 MFWO006
— T=100°C 3C92 ;
At high drive, P scales faster than B>  p, R
(“resistance” not constant). (kW/m?3) S —f N
- . e £
This is nonlinear / / S
103 /=
f17J
Il II :%_’\l
(1117 o
i
1/
At a low enough drive level, we 102 I
J I
expect the curve to become « B* /
(constant resistance), as we i 1
showed earlier \ /
o /




Better and Worse Ways to Communicate Core Loss
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Good: B field is at the discretion of the Bad: B field is rarely fixed by circuit and
component designer, whereas frequency is frequency is rarely at the discretion of the
dictated by circuit and (rightfully) chosen component designer. It makes little sense to
as a tradeoff among many factors. It fix B and vary frequency. Convenient for the

makes sense to fix frequency and vary B. manufacturer to measure but not for the user! P
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The Steinmetz Equation

You may have observed that loss is not linear (P « B%), but it does appear to
obey a power law relationship (straight lines on loglog plot, P « B8#2), This

observation is known as the Steinmetz equation

P = k(f)Bﬁ(f) 104

Where typically 2 < B(f) < 3. -

103

Note that this is an observation about a common trend 2
in magnetic material losses. It is not an immutable law "
of the universe and is not derived from first principles

10

Less-reliably, § may be constant and P may obey a
power law relationship with frequency: P « kf*B#
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Measuring Core Loss Under Large-Signal Sinusoidal Excitations

Core Under
Test
The direct approach to measuring loss is power |1
to measure voltage and current across amplifier| § g
time and then average their product -
Digital Oscilloscope
1 2T
P, = VoL : v(t)i(t) d(wt) 'VR.@ v,
| L |

While v(t)i(t) includes both loss and
energy storage, the average across a
cycle is pure loss in steady state.

(in many cases, a second winding is added to try to
isolate core loss from winding loss - the distinction
is not important here)

(b) equivalent model

M. Mu, F. C. Lee, Q. Li, D. Gilham and K. D. T. Ngo, "A high frequency core loss measurement method for arbitrary excitations," 2071 Twenty-Sixth Annual IEEE Applied Power
Electronics Conference and Exposition (APEC), Fort Worth, TX, USA, 2011, pp. 157-162, doi: 10.1109/APEC.2011.5744590.



Even for a nonlinear system, if V is sinusoidal, then only the component of I
which is at the same frequency (/,) can contribute to real power, therefore we
can (and, in some sense, must) only focus on the fundamental component of I. If I is
markedly non-sinusoidal, Fourier analysis can extract the fundamental component

2T . 1 2T . .
P, = VoL : v(t)i(t)d(wt) = VoL : V sin(wt) I; sin(wt + ¢1) d(wt)
VIl 2T
= oL sin(wt) sin(wt + ¢,) d(wt)
0
v
= VoL TT COS (b4

For low-loss inductors,¢ willbe  €0s 88" = 0.0349

close to 90 degrees cos 89" = 0.0174
cos 90° = 0.0000

If the true phase is 89 degrees and if our measurement is off by 1 degree, our
answer is either 100% too high or 100% too low! e P



Quantifying sensitivity to phase angle for linear or quasi-linear systems:

Total Impedance:

Quality Factor:

Phase Angle [deg]:

How fast does phase change with Q?

(Phase Sensitivity)

For a given %Q (% error), what d@ is acceptable?

Delay/Skew Error:

Max measurable Q for a target % accuracy and

given delay/skew:

z=R+jwlL =720

__ 2TEstore wL

Q = = —=tané
Eqiss R
180 -1
= —tan
0 —ta Q
aé 180 1

dQ  m Q2+1

180 d 180d 180d
10 = Q _ 1804Q/Q _ 180dQ/Q

T Q%+1 w Q-I% T Q

df =% X 360° = tuf X 360°

0. ~180d0/Q _ d0/Q
max T dob 2t tyf




Inductor Voltage

Inductor Current

The best work I know of on direct IV skew correction
still has uncertainty ~ 1/3 ns

i Vi=V; i Inductor Voltage V(1)
Ny : [ [— Guidelines without Timing Skew @
/ \ | — — Guidelines with Timing Skew &
i ! T T
0 o | ii |
S E | -V
s %
Region (1 @ | ® @ ) ON @ ®

|
------------- Inductor Current without Timing Skew /;,4(7)

]

Inductor Current with Timing Skew /,4(¢+&)

L. Yiand ). Moon, "In Situ Direct Magnetic Loss Measurement With Improved Accuracy for Lossier Magnetics," in IEEE Transactions
on Instrumentation and Measurement, vol. 71, pp. 1-14, 2022, Art no. 6001414, doi: 10.1109/TIM.2022.3150877.

Vu(V)

Oreal (HS)

Mean (1)

SD (1-0)

20

-39.5047

0.3243

40

-39.27776

0.1897

60

-39.1504

0.2159
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Measurable Q with dQ/Q error and td delay

104 ~
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What is the fundamental problem with the direct [V measurement? We have to integrate the following:

v(t)i(t) =~ sin(x) cos(x) = %sin(Zx)

-~ sm(Zx) has zero average value but plenty of area to integrate.

ey % 4

While the blue and orange areas are individually large, their difference is small. Thus minor errors in
measuring the large numbers results in huge errors in the difference

I I I I I I

y = sin(2x) _




1

Why is there a small-difference-of-large-numbers problem?
Blue and orange areas are /arge because the energy storageis large (jwlL)
The difference is smallbecause the /ossis small (R)

= We're trying to find a tiny needle of loss in a haystack of energy storage
— We're trying to find a tiny needle of real impedance in haystack of imaginary impedance

oy = siﬁ(x) Y = siﬁ(Zx)

T T I T T




— We're trying to find a tiny needle of loss in a haystack of energy storage

— We're trying to find a tiny needle of real impedance in haystack of imaginary
impedance




— We're trying to find a tiny needle of loss in a haystack of energy storage

— We're trying to find a tiny needle of real impedance in haystack of imaginary
impedance

— What if we could get rid of the haystack and leave the needle? (getrid of the
imaginary impedance and leave the real impedance?)




By operating at the resonant frequency between a capacitor and the inductor DUT, jwL
cancels with 1/jwC (burning down the haystack) and we are left with R alone (the
needle).

Now %fv(t)i(t) ~ %f V sinwt Isinwt = g (no ¢ dependence at all!)

Before, small ¢ differences caused huge answer differences
Now, small ¢ differences cause no error at all (to first-order Taylor approximation)

r I L RCU RCOI’C l
(— —
: —/vv\,-l—|—‘| n L‘W\'"WV: | :_,_ We can be even more clever and measure
| . ] .
| T R | R Ve(t) instead of i(t) at high frequency. If R
| | Device under test | § | is small, then it turns out that
l Vin Vout
| @ | | Vel _ 0, = wL
| RF : Resonant | C| [Vinl L R
: Power ESjaRLar, _ :’\Jl = Only voltage measurements
ourcel __ I I .
— = l l = Only voltage magnitudes
Y. Han, G. Cheung, A. Li, C. R. Sullivan and D. J. Perreault, "Evaluation of Magnetic Materials for Very High Frequency Power Applications," in IEEE 23 P

Transactions on Power Electronics, vol. 27, no. 1, pp. 425-435, Jan. 2012, doi: 10.1109/TPEL.2011.2159995.



'- - - = I L RCU Rcore l
| LYY Ly S
| | I|_ l | RCI

| Device under test |
I l Vin I Vout = QL - -
| RF Resonant 1€
| Powerl Capacitor | 1~ |
| Sourcel __ — L L J_
e — —_— J

=1 I

Disadvantages:
1) For each frequency, need to change capacitor and usually fine-tune frequency
2) Low net impedance (low Vin, high I) - sometimes makes PA nonlinear
3) Need very low-loss capacitors, sometimes with up to a couple kV across them at HF
4) Result reflects total inductor loss. Must design experiment to ensure P.,,. > P.,
(Can also estimate P, to “back-out” P.,,.)

Y. Han, G. Cheung, A. Li, C. R. Sullivan and D. J. Perreault, "Evaluation of Magnetic Materials for Very High Frequency Power Applications," in IEEE 24 P
Transactions on Power Electronics, vol. 27, no. 1, pp. 425-435, Jan. 2012, doi: 10.1109/TPEL.2011.2159995.



Another series-resonant circuit, originally
from Virginia Tech:

Original method used a current-sense resistor and
integrated v(t) x i(t)

Slightly modified method measures the amplitudes of
V3 and V,,;

N .
Vi _ R8s + L)+ gzl o1 :
N B res T w2Las Ny Cres .
Vout,pk |Il jwércs w=Lyr No 28 Vout

|3 (Beore +3(WLar = wLar))| Rere

|%MLM‘ a wLM

M. Solomentsev, O. Okeke and A. J. Hanson, "A Resonant Approach to Transformer Loss Characterization," 2022 IEEE Applied Power Electronics
Conference and Exposition (APEC), Houston, TX, USA, 2022, pp. 596-603, doi: 10.1109/APEC43599.2022.9773516.




Non-Resonant Method: “Partial Cancellation”
Another way to “"burn the haystack” and avoid resonance

1 Ri L, L, R;
O A A\ Y - AAA °
Iy T N N | + +
Reore + -
Vin V2
Lm — %
Excitation l - V3
)
Ree¥
Ny Ny
_ VR +ip L 3I£ _
AN
R ESL °
ref

+ Works for arbitrary excitations

An air-core “twin” is used instead of a
capacitor.

. d
V3 = [1Rcore + (Lm — L) Ell

If L =L,,, then v; measures the
“voltage across R.,0."

- Relies on v*i measurement; still somewhat sensitive to skew

- Need air core L equal to cored L,,,, may not be achievable

M. Mu, F. C. Lee, Q. Li, D. Gilham, and K. D. T. Ngo, “A high frequency core loss measurement method for arbitrary excitations,” in 2011 Twenty-Sixth 26
Annual IEEE Applied Power Electronics Conference and Exposition (APEC), Mar. 2011, pp. 157-162. doi: 10.1109/APEC.2011.5744590.
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Frontiers

« Automating core loss measurements at high frequency

« HF loss measurement for arbitrary waveforms - still elusive

 HF characterization of coupled-magnetic components

« Machine learning to predict behavior under un-tested conditions
« Core-shape dependent loss mechanisms (dimensional resonance)
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Fig. 32.  Experimental magnetic flux density ratio in the each segment, fre- Fig.5. Tested apparent permeability of large toroid from ML91s. and

quency characteristic—material 3F36. corre sponding_ 5;111_111ated flux distrib‘ution with permeability ¢ = 1000 —
Fig. 29.  Section arrangement in tested ring core. j35. and pernuttivity € = 30000 — j6000.
M. Kacki, M. S. Rytko, J. G. Hayes, and C. R. Sullivan, "Analysis and Experimental Investigation of High- A. Nabih, R. Gadelrab, Q. Li, and Fred. C. Lee, “Dimensional Effects of Core Loss and Design
Frequency Magnetic Flux Distribution in Mn-Zn Ferrite Cores,” IEEE Transactions on Power Electronics, vol. 38, Considerations for High Frequency Magnetics,” in 2021 IEEE Energy Conversion Congress and
no. 1, pp. 703-716, Jan. 2023, doi: 10.1109/TPEL.2022.3200954. Exposition (ECCE), Oct. 2021, pp. 5488-5495. doi: 10.1109/ECCE47101.2021.9595465.
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Presentation Notes
Aside from producing a “core loss map”, important to be able to characterize your magnetic component under real excitations
Simple-to-implement solutions for large-signal magnetic loss testing is an asset, and a direction being pursued
Ultimately this is what’s important for design and verification.

We have seen the importance of core shape on core loss 
Uncertainty on ubiquity of core loss data collected from a single (usually small) coreset


https://doi.org/10.1109/TPEL.2022.3200954
https://doi.org/10.1109/ECCE47101.2021.9595465

Summary

Understanding loss in a linear way (core loss “resistance,” complex permeability, loss tangent)
only applicable for small excitations

Large-signal core loss characterized by experimental graphs and/or Steinmetz equation

Low-frequency core loss can be measured by direct VI measurements, but phase error makes
this method untenable at high frequency (MHz+)

Resonant and other methods cancel energy storage (“reactance”) and make loss (“resistance”)
easier to measure at high frequency

Mike Ranjram, Arizona State University Mike.Ranjram@asu.edu
Alex Hanson, University of Texas at Austin, ajhanson@utexas.edu 28 P
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