PSMA

High Frequency Effects in the Core
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Losses in Magnetic
Components

Core losses

Hysteresis loss

Eddy current loss

Copper losses

Skin effect loss

Proximity effect loss

Power Electronics Research Centre, NUI Galway



Ferromagnetic Materials
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Core Loss
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*» Hysteresis loss is the area inside the B-H loop
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* Eddy current loss is reduced by laminations in steel
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Ferromagnetic Materials

Soft magnetic materials are classified as:

® Ferrites

® [aminated iron alloys
® Powered iron

® Amorphous alloys

® Nanocrystalline materials
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Core Shapes
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Core Loss Density vs Frequency
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Performance Factor
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Transformer Design
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Voltage equation

Power equation

Basic Equations

V. =K f NBA K, =4.44 for a sinewave
=4.00 for a squarewave

SVA=K fB-3NI -4

I =JA
Window utilisation factor
YN A,
ku — _i=l
w

YVA=K fBJ kW A

A =W xA

Window areaxcross — sectional area

Y VA=K fBkAJ
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Transformer Losses

Winding losses

Total resistive losses P =YRI’= ,OZ NMLT(J,A4,)

) i=1 A
Z N A

wi
i

k = T is window utilization factor

a

V. =MLTxW is volume of the windings

Mean Length of a Turn, MLT Window area, 7,

PCU = p w V\l'k” JUZ %% - \/ /\ / /
---------------- > I
{ \a | | Cross-sectional
Core losses A | | area, 4c
A Volume of Q -------- . | /
P _ K o B /3 windings,Vy %' |
i y f 2 77
€ C C :;(:?" 3 :
Heat loss by convection \_dT —— - \
L — e A e e e e o — - \ \
— Volume of
])total :Pcu —I_ ])fc - h(AtAT 2’:— core, VC

Typical layout of a transformer
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Dimensional Analysis 8

(15)

V _ k A 3/4 Mean Length ;f a Turn, MLT / Window area, 7,
w w p
"\J/ ~ / |
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M\ e | | area, Ac
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4 =k, P 77
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k,=10, k. =5.6 and k=40 are typical values N L \:\
. 3/4 2 — - — X\ 7/ — - — — — \ \
Pcu - pwkwAp kuJo  —— i Volume of
P _k A3/4K aéﬂ 27, core,Ve
1‘0_ c T p cf
P =h k A"AT Typical layout of a transformer

total

Y VA=K fBk AJ

Power Electronics Research Centre, NUI Galway 13



Losses Optimization

Winding losses

Pcu=pwVwk{ 2va }= az

K fBkkA | f'B
Core losses
P=VK f'B =bf'B’
Total losses
a A
P=———+bf"B’
](‘ZBZ f

At a given operation frequency,

oP B 2a
/B B

+ Bbf“B" =0

The minimum losses occur when

2 fe total ﬂ
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Losses Optimization

Losses — — — - 50Hz
A ——— 50kHz
\
P \ P
_ 7
Py
P _ 7 I
-
Pfe - = - Pcu
>
Bopip Biat Bopis Flux density

Winding, core and total losses at different frequencies

/7

s The first step in the design is to establish whether the optimum flux density
given by the optimization criterion is greater or less than the saturation flux
density.
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Losses Optimization

Core size
L ok 42 1 4/7 ZVA 8/7
" | hk, B kAT | | K fB,

Current density

B ik AT 1
7o = 2 ok k AV
b+2pk, k, A,

Optimum flux density

2B
(B+2)" [p,k,]

(£B )" e = [hkAT] { K’k }

ZVA2
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P=k A"K fB’
P_=h k A"AT
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p,=F*2p
p
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Core Losses Correction

P=VK B
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Optimum Core Size
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Design Methodology

Specifications : Y VA, K f.k,,AT

Select Material : Bg,pc.K,0.0

Calculate B,

Yes

No

Bmax < B sat

Calculate 4,

Select 4,

@

A

Wa A,
MLT W,
m MLT

'

Calculate Turns

Calculate J,

Select Wires

Calculate 4,

Calculate Copper Loss

Select 4+

Calculate Core Loss

Select 4,

Calculate High Frequency Losses

Calculate Efficiency, 7
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Push-pull Converter Transformer

Circuit Waveforms
P

1,
%_ I~ \ ™~
0
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Push-pull Converter: Specifications

Design specifications Core data: EPCOS N67 Mn-Zn

Input 36 > 72V K. 9.12

a 1.24
Output 24V, 300 W

Vi 2.0
Frequency, f 50 kHz B, 04T
Temperature Rise, AT 35 °C

Core loss
Ambient Temperature, T, |45°C P, = chaBmﬂ
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Push-pull Converter: Voltage factor

Calculations:
(1) Voltage waveform factor K, oy
14
24 ’
D="=0.67 EN =7
36 0 £ A £ A > ¢
2R AN T / L
e L_
Push-pull converter voltage and flux waveforms
B B 4B 4
V=N @=N cd—=N A —"—=N A —=— AB_
Pade " “dt " °Dr/2 " °Dr D7

4
Vrms= \/BVS = ﬁprBmaxAcsz prBmaxAc

K =—— =438

4
JD
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Push-pull Converter: Power factor

Calculations: a
(2) Power factor k,,, Ky g - -
=JDv;I1_=.JD/DI; ol L
A
[
ans = \/BK = =] == (1+ D) " -
\/_ 2 I I g
y 1 = iNADy, NIEDE vy
=05 D

<p>=["v(0)i(t)dt :%VSISDT' = ngls

o o [\)‘Q’N ~
T

<p> 1 <p> D A
k = = , k ! = = 7
v 1. N2 v 1. \1+D N N Y
0 DI" T T >
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Push-pull Converter: Core size

Calculations:

(3) VA ratings of the windings

VA= L(£+EJ+L(£+EJ = \/§+ I+ D P
k\2 2) k\2 2 \"p |
= [\/5+ , /12(;767 j(300) ~898.6 VA

(4) Optimum A,

1

éo _ 27 % 208 [(1 0)(40)(35)] : |:48992 (24):| 7x2.07-2 . 50000_(77:;3:2)
(2.0+2)" [(1.72x107°)(10)][(5.6)(9.12)] 898.6
=0.127T

The optimum flux density is less than B,

L _[amxiohan20+2 1 T 898.6
. (10)(40) 2.0 0.4x35]| | (4.899)(50000)(0.127)

8/7
} =2.54cm*

Power Electronics Research Centre, NUI Galway 25



ETD44 Core Data

A, 1.73 cm?
W, 2.10 cm?
A, 3.63 cm*
V, 17.70 cm3
f 1.0
K, 0.4
MLT 7.77 cm
P20 1.72 pQ-cm
Ay 0.00393
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Fringing (Different Frequencies)
Magnetic Field Intensity

Width of conductor: 0.2mm Core: Magnetics® port core
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Fringing (Different Frequencies)

Magnetic Flux
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Fringing (Different Frequencies)

Current Density
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High Frequency Effects in the Windings
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High
frequency
effects

High Frequency Effects

Core

optimization Eddy current

Skin effect
Windings
optimization
Proximity effect

N
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Design Issues for High Frequency

i 7 7
Core
20000

Az Core Eddy currents :::::
(1D / / 33390
N—" / / / - 9890

ore0e

NS ¢ -+

{7y [ | Eddy A 22000

| y|y L current (¥ eee0e

IS © © ® |® ® 0000
oy
IR

T T Ohm loss @®990®
L Vi LA, [ 1]

LV LY L B2 E-1- 1
|t L Primary Secondary :

Skin effect Proximity effect Fringing effect

= High frequency winding loss

= Core loss: Steinmetz equation, iGSE.

» Parasitic parameters: leakage inductance, stray capacitance

Power Electronics Research Centre, NUI Galway 33



Eddy Current in the Core

1

0.9}
0.8}
0.7}
Ls o6}
ac flu ‘ 0.5¢
/ / 04F
I 0.3}
eddy } magnetic material with 02k

VAN ferrite conductivity o '
current coil i and relative 0.1
+ permeability p, . . . . . . . . .
0 05 1 15 2 25 3 35 4 45 5
0
Eddy current losses in a toroidal core Equivalent core inductance versus frequency
2
L — lLlrILION Ac

The inductance of the toroid under the lower frequency £,
The inductance terms of the core impendence is
N b  core radius
= —_ A - — =
L °(1 12 +1.43A° A<zl 6  skin depth
=L, l+ 1 + 1 A>2.1
A 16A" 16A’

/gc‘
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Eddy Current in the Core

10 1.5
1 1
Resistivity (Qm) Ly
Ly
0.1} 0.5F Ls ,—010m \
L, \
— # (manufacturer) R
12 N .\ -
1 kHz 10kHz 100kHz 1 MHz 10 MHz 100N 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz
Frequency Frequency

Fig. 7.7 Resistivity of P type ferrite

Complex permeability

rs

-

r

1

—+

Inductance and rel. permeability v frequency and

A4
1- 4
12+1.43A
| 1

_|_
A 16A° 16A*
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Eddy Current Core Losses

The equivalent core resistance:

2

R,za)LOA—zﬂfza HHN ) L7b
° 4 [ 2

The average power loss in the core due to eddy currents is

_nfioB ‘nb’
4

P

% The core losses may be reduced by increasing the electrical resistivity or
reducing the electrical conductivity of the core material.

% The use of a smaller core cross-section to reduce eddy current losses
suggests the use of laminations.

Power Electronics Research Centre, NUI Galway
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Eddy Current Core Losses

Performance Factor:

70000

60000

., 50000

40000

f-B(kHz - mT)

30000

20000

10000

m NB7
mm N49
e NS9

10 100 1000
f (kHz2)
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Flux Distribution in the Core

Assumptions:
Homogeneous core
Constant resistivity
Constant permeability
No dielectric effects

Figure 6.3 Circular Coil-on a Core of Infinite Length
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AXxial Flux Distribution in the Core

s b 1. Flux bunches to the surface
2. Fluxis higher at the surface
1.5
e 100Hz
:
ro ir
Q.75 +
100kHz
0.5 r
Q.25 p
TMHz
4 5 A ."""‘""_"—'l" i
% 0.25 6.5 0.75 i 7,25 1.5 .75 2
r/b

Figure 6.5 Axial Flux Distribution as a function of Frequency, z=0
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AXxial Flux Distribution in the Core

~Z = 0,25m

01?5 =
0.9+

0.25 &

r/b

Figure 6.6 Axial Fiux Distribution along the Core, =100 kHz
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Core Losses (GSE, iGSE)

Steinmetz equation:
=K f“B_"*

The time-average power loss with non-sinusoidal excitation using the iGSE

_J‘kdB(t) ‘ABMd k‘AB‘ _I dB(t)
dt dt
_ k,»\ AR dB(t)
dt
where
—_— KC
2 e [ “do
A useful approximation is
k= - 6.8244
27 ! (1 1044+~ )
a+1.354
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Core data: EPCOS N67 Mn-Zn

Push-pull Converter Transformer

Core data: ETD44

K. 9.12 A, 1.73 cm?
1.24 A 2.78 cm?
p 2 A, 4.81 cm*
Biat 0.4T1 V. 17.70 cm3
k; 1.0
k, 0.4
MLT 7.77 cm
P20 1.72 pQ-cm
s 0.00393

Power Electronics Research Centre, NUI Galway
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Push-pull Converter Transformer

Calculations:

(1) power loss per unit volume

R _ ki ‘AB p-a l J-ODr/z AB L(:D)m AB df ~ k[ ‘AB B-a _DzABa (DT)la:l
T DT /2 DT /2 T
v A
P
k= 5 6.8244
2’“7Z'”(1.1044+'j Brax == ,
o +1.354 T, .\ y
A B /
= 212 co =00s L7 N L
22 (1.10444— : j B[ | ==Y
1.24+1.354 : :
. | | .

0 DT2 T2 (I+D)T2 T

Flux waveform for the push-pull converter
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Compare iGSE and GSE

Calculations:

(2) AB
. JDv. J0.67(36)
" K fN A (4.88)(50000)(6)(1.73x10")

AB=2B =0232T

=0.116 T

(3) The core loss per unit volume
—0(1 o
P =k |AB|"" =| |2AB[" (DT)"
= k[aB" | 2AB[ (DT ]

=(0.9275)(0.232)*"**(50000) [(2 x0.232)" x(0.67 /(50 OOO))“”“]
=0.871x10° W/m’

(4) The total core loss

17.71x10°x0.871x10° = 1.543 W
(5) The total core loss by GSE = 1.466 W
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