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Overview

* Review of Maxwell’'s equations
« Skin effect
e Proximity effect
e Windings
 Single layer and multiple-layer windings
* Dowell’'s method for estimating AC losses
e Litz wire
e Core loss
e Steel
 Ferrites
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Ampere’s Law
* Flowing current creates a magnetic
field
d

H-dl=[J-dA+—[5,E-dA
C S dtS

* In magnetic systems, generally there
IS high current and low voltage (and
hence low electric field) and we can
approximate for low d/dt:

§H -dl zj.] -dA
C 5

 The magnetic flux density integrated
around a closed contour equals the
net current flowing through the
surface bounded by the contour
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Field From Current Loop, NI =500 A-turns
o Axisymmetric problem; colil radius R = 1”

7.610e-002 : =5.221e-002
7.3992-002 : 7.810e-002
6.988e-002 - 7.39%e-002
6.677e-002 - 6.988e-002
6.166e-002 : 6.577e-002
5.755e-002 : 6.166e-002
5.343e-002 : 5.755e-002
4.932e-002 : 5.343e-002
4.5212-002 : 4.932e-002
4.110e-002 - 4 5621e-002
3.699e-002 - 4.110e-002
3.2882-002 : 3.699e-002
2.877e-002 : 3.288e-002
2.466e-002 : 2.877e-002
2.055e-002 : 2. 466e-002
1.644e-002 : 2.055e-002
1.233e-002 : 1.644e-002
8.221e-003 : 1.233e-002
4.110e-003 : 8.2212-003
<0.000e+000 : 4.110e-003

Density Plot: |Bl. Tesla
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Faraday’s Law
e A changing magnetic flux impinging on
a conductor creates an electric field
and hence a current (eddy current)

. d e -
iE-dI:—a_!B-dA

+
Ay

* The electric field integrated around a
closed contour equals the net time-
varying magnetic flux density flowing
through the surface bounded by the

contour
 |n a conductor, this electric field creates
a current by: J=06F

* Induction motors, brakes, etc. and eddy
currents
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Gauss’ Magnetic Law
» Gauss' magnetic law says that the N A\\//B &

Integral of the magnetic flux density over
any closed surface Is zero, or:

§B-dA=0
e This law impliess that magnetic fields are Bg,lAg
due to e_Iectrlc currents and that B,A, =BA +B,A,
magnetic charges (“monopoles”) do not

exist.

e Note: similar form to KCL In circuits!
(We’'ll use this analogy later...)
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Skin Depth o

« At high frequency, magnetic fields penetrate only a finite
depth into a conductor

[ 2 I
o= |[—— \/ [meters]
DU T uo

o A corollary to this is that current flow in a wire is in a thin

layer near the surface of the wire, if r,, >> & where r,, = wire
radius

e For copperat75°C,c~5x10" Qimt
— 3 ~9 mm at 60 Hz, 0.23 mm at 100 kHz
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Isolated Wire at Low Frequency

Low frequency is if radius of the wire is much smaller than
a skin depth
The entire cross-sectional area of the wire Is used

0 =

R —
Fig. 1 - Isolated Conductor at Low Frequency

Reference: L. H. Dixon, “Eddy Current Losses in Transformer Windings and Circuit Wiring”

© M. T. Thompson, 2009 High Frequency Losses in Magnetics 8



Example 1. 14 Gage Wire Go-And-Return

« Copper wire diameter = 1.6 mm; wire center-center spacing
10 mm. Currentis +15A (RMS) in left wire, -15A in right wire
 Assume 1 meter deep into paper

3.848e-003 ; =4.051e-003
3.646e-003 : 3.6848e-003
3.443e-003 : 3.646e-003
3.241e-003 : 3.443-003
3.038e-003 : 3.241e-003
2.836e-003 : 3.038-003
2.633e-003 : 2.636e-003
2.431e-003 : 2.633e-003
2.228e-003 : 2431003
2.025e-003 : 2. 228e-003
1.823e-003 : 2.025e-003
1.620e-003 : 1.823e-003
1.415e-003 : 1.620e-003
1.215e-003 : 1.418e-003
1.013e-003 : 1.215e-003
8.102e-004 : 1.013e-003
6.076e-004 : 6.102e-004
4.051e-004 : 6.076e-004
2.025e-004 : 4.051e-004
<0.0008-+000 : 2.025e-004

Density Plot: |B|, Tesla

o
f;

@)l
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Example 1. Current Density vs. Radius, 1 Hz

e 1Hz, leftwire. At1l Hz, 6 =66 mm >>r, (0.8 mm) so no

high frequency effects

« Power dissipation in wire = 1.93 Watts; R,-/Rp- =1

-10

20

15

10

I I
05 1
Length, mm

|Js+le|, MA/m™2
Re[Js+le], MA/m*2
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Example 1. Current Density vs. Radius, 60 Hz

60 Hz, left wire. At 60 Hz, 6 = 8.5 mm >>r,,
* Note that current density J is still uniform across the wire
« Power dissipation = 1.94 Watts; R,-/Ry: = 1.005

20

|Js+le|, MA/mA2

15 Re[Jst+Je], MA/m"2

10

A

0

5

-10

T T
0 05 1

Length, mm
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Example 1. Analysis for Small Skin Depth Limit
|

Rpc = >
o(ar?)

w

_ | B |
Rac = o'(ﬂrz _ﬂ_(rw _5)2)_ O_E(er5_52)

I
R on(2r,6-6%) 1,

Rpe | o 2r,5 67
olar?

W

Forr,=0.8 mmand 6 =0.21 mm:

Rac ~ 2.19

RDC
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Example 1. Current Density vs. Radius, 100 kHz

e At 100 kHz, skin depth 6 = 0.21 mm <<r,,
« Power dissipation = 4.27 Watts; Ryc/Rpc = 2.2
 Note non-uniform current distribution in the wire

40

|Js+le|, MA/m#2
Re[Jstle], MAIm™2

30

20

10

-10

[ I
0 0.5 1
Length, mm
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Isolated Wire at High Frequency
Induced eddy current in the wire aids current flow at the
outer radius of the wire, and opposes current flow at the

center of the wire
Result: high frequency resistance of the wire is higher than

the low frequency resistance. Resistance goes up as
frequency goes up

J=—u Opon l
CG——= =) g.___z _____ =) s ——
G = r-—--_—----:--__-]g
ACTUAL COUIVALENT
Fig. 2 - Eddy Current at High Frequency Fig. 3 - High Frequency Current Distribution

Reference: L. H. Dixon, “Eddy Current Losses in Transformer Windings and Circuit Wiring”
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Fte. 2—Hesistance ratio of isolated nonmagnetic tubular eonductors in Lerms

pargmeter (/R a., where f s the frequency in cycles, and Re the direct-current resistar
per thovaand feet,

Reference: B. Carsten, “Calculating High Frequency Conductor Losses in Switchmode Magnetics,” HFPC ‘93
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Isolated Rectangular/Round Conductor

40
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P= m: fin cycles, Rdc¢ = d-c resistance in ohms per cm.of length

F16. 3.—Resistance ratio of rectangular conductors in terms of parameter p, involving
the frequency f in cycles, and Ra. the resistance in ohms per centimeter of length. These
curves are a combination of experimental and calculated results, with the dotted portions
representing low-frequency results extrapolated to join on with the theoretical results for
high frequencies.

Reference: B. Carsten, “Calculating High Frequency Conductor Losses in Switchmode Magnetics,” HFPC ‘93
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Inductor Winding with Single Layer
e This example has N = 4 turns in a single layer

Fig. 8 - Inductor Winding

Reference: L. H. Dixon, “Eddy Current Losses in Transformer Windings and Circuit Wiring”

© M. T. Thompson, 2009 High Frequency Losses in Magnetics
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Transformer Winding with Single Layers

e This example has N =4 turns in a primary, N =1 turnin a
secondary

Fig. 9 - Transformer Windings

Reference: L. H. Dixon, “Eddy Current Losses in Transformer Windings and Circuit Wiring”

© M. T. Thompson, 2009 High Frequency Losses in Magnetics 18



Multiple Winding Layers and the “Proximity Effect”

e Things get more complicated when you have multiple
winding layers

e This is due to the “proximity effect”

e The field from one wire affects the current distribution in
adjacent wires

© M. T. Thompson, 2009 High Frequency Losses in Magnetics 19



Transformer Winding with Multiple Layers

Low frequency MMF diagram

Current is uniformly distributed through all conductors

since the conductors are much thinner than a skin depth

s S
P1 P2 3 2

3
OO T

§

0O
O

Fig. 10 - Multiple Layer Winding

Reference: L. H. Dixon, “Eddy Current Losses in Transformer Windings and Circuit Wiring”
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Proximity Effect --- 1 Winding Layer

e Multiple layers cause losses to increase faster than might
be expected via skin depth alone

e Let's assume 1 foil winding layer first, with winding
thickness t. The layer carries 1 Amp (dot into the page)

]

L

1T
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Proximity Effect --- 2 Winding Layers

« 2 layer coll (left side of coil shown only) with small skin depth
limitt >> 5

e Field from winding 1 induces eddy current in winding 2

e |ncrease Is 3x
|

CRRENT | =1 2
CURRENT K.
L0565 g 5
4 1
2 LAYER WINPINE Low FREW LOSS IR, + IF

T r4
Wionw FReg Loss I E,_ 4+ ST Ko,
(3% /mcREASE)
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Proximity Effect --- 3 Winding Layers

3 layer coil (left side of coil shown only)

Increase i1s (19/3)x
1 H4
] X [
i o A a

CURRENT | =12 <23

cwprevr. | 1 4 19

LOSS | § 13

L;_x [NCPEAS E
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Proximity Effect

e By the Dowell
approximation,
we can show that
at high
frequencies (t >>
) the total
winding
resistance as
compared to the
low frequency
resistance are:

r _ Ruc “(ij 2M? +1
Roe (SN 3

© M. T. Thompson, 2009
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Proximity +
Skin Effect
--- Dowell
Method

In the Dowell
method, round
wires are
approximated
by an
equivalent foill,
and a 1D
solution is done

B: Round Wire or Strap to Foil Winding Transformation

Dowell (and others later) transform wire to “equivalent foil”
by the process shown in Figure 2.2 below. Round wires (a) are
first replaced with square wires of equal area (b}, squeezed
together (c¢) and “stretched” axially to cover the original
winding breadth (d). The new foil thickness “h” is equal to
the thickness of the square wire, and the resistivity is raised
by @ factor of S/h to maintgin the same resistance., A similar
process can be applied to strap windings; (f) - (e) — (d).

,odo' la-h+ h=10.884d l¢h—> <+h-o)
H—h-—u k"h_"

'f_

- w

S i
'

®: > === & e

O

(a) (b) (c) (d) (e) (f)

Wire or Strap to Equivalent Foil Transformation

Figure 2.2

-

Reference: B. Carsten, “Calculating High Frequency Conductor Losses in Switchmode Magnetics,” HFPC ‘93

© M. T. Thompson, 2009
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Proximity + Skin Effect --- Dowell Method

« Classic reference: P. L. Dowell, “Effects of Eddy Currents
In Transformer Windings,” Proceedings of the IEE, vol. 13,
no. 8, August 1966, pp. 1387-1394

Reference: B. Carsten, “Calculating High Frequency Conductor Losses in Switchmode Magnetics,” HFPC ‘93
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Proximity + Skin Effect --- Dowell Method

e This is a general result (but 1D), over all range of wire
diameters and d/6
* The total resistance increase is given by:

a:ﬁ:@_el(m{%j(w—1)<el<¢>—zez<¢>>}

3
o= S

sinh(2¢) +sin(2¢p)
cosh(2¢) —cos(2¢)

G ( )_ sinh(p) cos(e) + cosh(@)sin(p)
20/ = cosh(2¢) — cos(2¢)

A

© M. T. Thompson, 2009 High Frequency Losses in Magnetics

27



Proximity + Skin Effect --- Dowell Method
* Note that for tiny wires F, > 1

5 Calculates Rac/Rdc vs. t/skindepth and nurmber of winding layers M
10

10°

e
_E
10" /M{

phi =eff layer thickness/skindep
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Proximity + Skin Effect --- Dowell Method

Calculates Rac/Rdc vs. t/skindepth and nunber of winding layers M

10

10°

Rac/Rdc

AT

10

\

RERARRARY

10

o
=
N
w

4 5 6 7 8 9 10
phi =€ff layer thickness/skindep
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Proximity + Skin Effect --- Dowell Method

function proxy

ohe

Calculates proximity and skin effect losses in windings using Dowell method
Define a = d/skindepth where d iz wire diameter

M = number of winding lavyers

Feference, Erickson, Znd edition, pp. 508-522

o ke

o

clear all
for M=1:10
ga=0.1:0.01:2;
phi=sqrti{pi) *a/2;
Gl={zinh{(Z*phi)+=sin{2*phi)) ./ {(cosh (2*%phi) -co=z (2*phi) ) ;
GZ={=zinh(phi) .*cos (phi)+cosh {phi) .*=in{phi)) ./ {(cosh {(Z*phi)-cos (Z*phi) ) ;
Fp=phi.*{(G1+{(2/3) * (M*2-1) * (Gl-2*GZ) ) ;
semilogy{a,Fp, "k™)
text{l.5,Fpiround {length (Fp; *0.75) ), ["TM=",numZstr (M) ])
hold on
Fnd
title{'Calculates Rac/Rdc wvs. d/skindepth and number of winding layers MT)
xlabel {"Wire diam/skin depth™)
vlabel { "Rac/Rdc™)
grid; hold off;
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Example 2: Using Dowell’s Method

« N=490, 24 gage
wire, 75 kHz
° » \ 7] o Y.
Zallegﬁers, 70 turns 1 , 7}?;:;; e Eren
e SKin depth 0= domn |0 x
0.26 mm |
e Wirediam. d = .
0.51 mm VU L;Z_’J
e n=0.7910 W
e ¢ =1.5461
e N=7,phi=
1.5461, Dowell
predicts Fp = 26
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4.8 Q

A
&
1l

* R,c=734Q
* Fp, =Ry /Ry =15.3 from FEA

© M. T. Thompson, 2009

Example 2. FEA Result
7S h‘-l'}

39n H T340
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1.229e-002 :
1.164e-002 :
1.100e-002
1.035e-002 :
9.702e-003 :
9.056e-003 :
§.409e-003 :
7.762e-003
7.115e-003
6.465e-003
5.821e-003 :
5.175e-003 :
4.528e-003 :
3.881e-003 :
3.234e-003
2.587e-003 :
1.940e-003 :
1.294e-003 :
5.468e-004
<0.000e+000 : 6.465e-004

Density Plot: |Bl, Tesla

»1.284e-002
1.229e-002
1.164e-002
1.100e-002
1.035e-002
9.702e-003
9.056e-003
8.409e-003
7.762e-003
7.115e-003
B6.465e-003
5.821e-003
5.175e-003
4.528e-003
3.881e-003
3.234e-003
2.587e-003
1.940e-003
1.294e-003
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Optimum Winding Thickness vs. Number of Layers

 Dowell’'s method shows that optimal winding thickness is
phi () near or a little less than a skin depth. Note: phi =
about a skin depth

10°

101 g

10°

“Total winding loss vs phi and nuber of winding layers M

Total loss

M\

/
=

\ \\\>§\
\\

10"

o
o
(&
[EN

15
phi =eff layer thickness/skindep

N

25 3
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Comment on Dowell Method

* Note that it's a 1D approximation to a 2D or 3D problem
 Seems to do better for tall coils

© M. T. Thompson, 2009 High Frequency Losses in Magnetics
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How to Keep AC Losses Low

e Conductor thickness must be small to keep AC losses to a
minimum

« Keep number of winding layers low

e Sometimes foil is used for low voltage, high current
windings

e In transformers, you can interleave the windings

 If foll is not appropriate, multiple conductors can be used.
Litz wire is the name for multiple, twisted strands
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Litz Wire

e Multiple small conductors

« Disadvantages
— Cost
— Reduced copper fill factor
— Manufacturing

© M. T. Thompson, 2009 High Frequency Losses in Magnetics
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MWS

Litz Wire

Wire Industries
LITZ Wire
About Home  HNews Company Knowledge Contact Us
MWS Wire Industries i
r N ™ N
Technical Data Sales and Order
On Our Products The term Litz wire is derived from the German word litzendraht Information
meaning woven wire. Generally defined, it is a wire constructed of
Spocialy || el i nsted wites buchod or brade fogater i
_ Products P d ¥y Reguest for Quote
Multifilar l Request for Literature
Twistite Clur Sales Staff
Microsguare Shipment Tracking
Terms & Conditions
Insulated International
Products Dlistributors
Round Magnet A
Wire
Square Uik g Othar Technical
A Information
Bondable Magnet
Wire
AERLE The multistrandcaonfiguration minimizes the power losses otherwise Maanat Wirs
. encountered in a solid conductor due to the "skin effect", or the InsEIatinns
Bare Wire tendency of radio frequency current to be concentrated at the Snools Sizes
Products surface of the conductar., Mp .
Connet anufacturing

© M. T. Thompson, 2009
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Litz Wire Designation

* For instance, type 100/40 Litz has 100 paralleled strands of
#40 AWG wire
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Core Loss

Core type B, Relative core loss Applications
Laminations 1.5-20T high 90-60 Hz transformers,
iron, silicon steel inductors
Powdered cores 0.6-0.8T medium 1 kHz transformers,
powdered iron, 100 kHz filter inductors
molypermalloy
Ferrite 0.25-05T low 20 kHz -1 MHz
Manganese-zinc, transformers,
Nickel-zinc ac inductors

Reference: Erickson and Maksimovic, Fundamentals of Power Electronics, 2"d edition, 2001

© M. T. Thompson, 2009
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Core Loss

 From purely first-order analysis, we can see that
eddy current losses scale as B2f? and hysteresis

power loss increases proportionally with frequency.

In practice, measurements are done on magnetic
cores to determine the functional dependence.

Manufacturers sometimes provide curve fit of the
form:

PL = Afu(AB)ﬁ

with curve fit parameters o Is usually in the range

of 1.0 ~ 2.0 and B is in the range 2.0 ~ 3.0, but this
varies from material to material

© M. T. Thompson, 2009 High Frequency Losses in Magnetics
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Core Loss for 3F3

1{:4 MEWD48
ET:IIJEI'Q‘-: 3F3 1
p'.‘r f‘ -‘f.r.
(kW/m3) S5
LS .‘:'?Jf
/ 3
103 Lﬁ?
1
I

/ A
/[ 1/ /
T
10
1 10 102 § mm) 10°

Fig.6 Specific power loss as a function of peak

flux density with frequency as a parameter.

Reference: http://ferroxcube.com/prod/assets/3f3.pdf

© M. T. Thompson, 2009 High Frequency Losses in Magnetics
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Ferrite Core Performance Factor

80000 . I— GE‘!-"I-":J?I‘E
Py = 500 mW/cm? | ",f 4F1
3F5
T % Brax
(Hz T) 3F45 /z’"?\\
60000 /,/7/\
A7 /1
3F35 i/
M
40000 scgi__ /
> \ r; aF4
pa=sl
//r‘ - |
3C04
r -
pd ,f”’é/fscgn
20000 i af
%55
A
=
0
1072 101

10
operating freq. (MHz)

Fig.22 Performance factor (f x Bpax) at PV = 500 mW/cm?® as a function of frequency for power ferrite materials.
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Example 3: From IEEE Paper

pc = K1- fF7. gk? (1)
where
pe [KW/m?] —core power loss density
f [Hz] —frequency
B [T} —flux density

K1, K2, and K3 —curve fitting formula constants.

The values of K1, K2, and K3 for the FERROXCUBE
ferrite grades at core temperature 100°C, which provide an
approximation accuracy about 20%, can be found in [17]. For
the case of 3CB0 grade, these values are K1 = 16.7, K2 =
1.3, K3 = 2.5,

Reference: Petkov, “Optimum Design of a High-Power, High-Frequency Transformer,” IEEE Transactions on Power
Electronics, vol. 11, no. 1, January 1996, pp. 33-42
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Example 4. From Magnetics, Inc.

Table 3 Power Loss

Material Frequency a c d
K f<500 kHz 0.0530 1.60 315
at 80°C 500 kHz=f<1 MHz 0.00113 219 3.10
£21 MHz 177109 413 2.98
R f<100 kHz 0.074 143 2.85
at 100°C 100 kHz=f<500 kHz 0.036 1.64 2 68
f=500 kHz 0.014 1.684 22
P f<100 kHz 0.158 1.36 2.86
at 80°C 100 kHz=f<500 kHz 0.0434 1.63 262
f=500 kHz 7367107 347 254
F f<10 kHz 0.790 1.06 2.85
at 25°C 10 kHz<f<100 kHz 0.0717 1.72 2 66
100 kHz=f<500 kHz 0.0573 1.66 268
f=500 kHz 0.01286 1.68 2.29
J f<20 kHz 0.245 1.39 250
at 25°C f>20 kHz 000458 242 250
w f<20 kHz 0.300 1.26 2.60
at 25°C f>20 kHz 0.00382 232 262
H f<20 kHz 0.148 1.50 2.25
at 25°C f>20 kHz 0.135 1.62 215

FORMAT: P = af®Bd P in mW/em?, B in kG, f in kHz

Reference: http://www.mag-inc.com/pdf/fc-s7.pdf
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