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Basic Concepts
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¢~ Basic Magnetic Theory
AVIPERIES A H: Magnetic field
: ®: Magnetic flux
§Hd| =ni B: Magnetic flux density
A Area
FARADAY/S LAWY V(:  Voltage
i Current
do dl: Vector lenght
V(t) =n— T8 Permeability
dt o Air permeability
[T Relative permeability
n: Number of turns
B =puH F(t): Electromagnetic force
® = BA
M= g
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¢ Basic Magnetic Theory

Faraday’s law

V(t) < » B(t), o(t)
Core
characteristic

i(t) < » H(t), F(t)

Ampere’s law
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¢ Basic Magnetic Theory

H
................. D —
i)
A di(t
H(t)l = ni(t) LZIJ-nZA
I
V(t) = nAp% e

dt
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¢ Basic Magnetic Theory

Magnetic Circuits

T/+ I (length) 1-

d (flux) — > ’A (area)
—>
| H
F=HI=—®
HA
F=®R = ——(Rreluctance
HA —AW—
+ —
=
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¢ Basic Magnetic Theory

0}
>
i(t)
> ;
V('f)T n g D i I, Air gap
; .
R, I
+
_O %Rg ni(t) = ®(R, +R,)
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¢~ Basic Magnetic Theory

do
V() =n— n? i(t
O="G = a'®
ni(t) = ®(R, +R,) R.+R, dt
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¢~ Basic Magnetic Theory

Transformer

@ . _In
+ iy(t) \> ip(t) + R A
q - -
Vl(t)T n; § g n, I V,(1) n,i, +n,i, =®R
W - do
V,=n,—
k P Potdt|de_V, VY,
dd| dt n, n
V2 = zdi 1 2
t
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¢~ Basic Magnetic Theory

2 [ , [
Vlzﬂg i1+&|2 > < <
R dt . i,
VlT L, H TVZ
V, =L dm
dt
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iz Basic Concepts

# There are many Applications of Magnetic components
v Galvanic Isolation
v Adjust Voltage Levels
v Filters
v' Resonant Inductors
v" Measurements for Feedback and Protections

v' Pulse Transformers
v o

# But basically, they produce
v Energy Storage
v Energy Transfer
v’ Losses

Magnetic Components Design
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Magnetic Energy

3

Air Gap

Window

Energy

Window

Feore

- Inductors I

avara)

T

A
il

- -

Flux density

mm  Transformers |

Each inductance models the
“magnetic energy storage”
In each different zone

o

9
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Electric Energy

%ZDIE

“electric energy storage”

Each capacitance models the

N7 7

C1
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Winding Losses

i RM10/I .. T e Ve Skin effect

| Ferroxcube 3C81 [ 5 Proximity effect
i ' Gap effect

End effect

Core Losses

Eddy Current
Hysteretic
Residual

Each resistance
models the “losses” in
each different element

N

Losses @ 1MHz — — “
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Gap effect |

Proximity effect |

Same
Window Different Open Circuit Resistances  Short Circuit Resistance
Core
Ropen_prim (mQ) Ropen;sec (mQ) Rshort_prim (mQ)
_______| A 3.5 3.65 5.74
B 6.32 6.33 5.74
Ci L.
E° Core Proximity effect |
Magnetic Components Design
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"‘. Ideal and Real Components

1]

» Ideal transformer:

No energy storage !!
No losses !!

MWV _nrm MM

» Real transformer :

v Common energy:

o
met g From any

D oni = @@ winding

v Self energy
v' Conductor losses

Notice the difference between
“transferred” and “stored” energy

%ZDIE
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Magnetic Component Elements

Core
M Flux Path
M Energy storage

Windings
M Electrical terminals
M Current path

Bobbin
M Windings holder

Magnetic Components Design
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The Role of the Core I

Axial Symmetry Axis Axial Symmetry Axis Axial Symmetry Axis

W, = 100

Cylindrical Core

Flux Lines

The Core helps to create a flux path

Additionally the core determines the energy and inductance
Unfortunately, the core also produces losses

Magnetic Components Design
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5 The Role of the Core II

Magnetic Energy
Axial Symmetry Axis 013 pJ Axial Symmetry Axis 015 HJ

Reluctance f—
L=y, p, _Area .

_ 1 Jength

U Area Length

O

Material

Geometry Turns

Axial Symmetry Axis 3 9 HJ

—a

POT Core

No Core Cylindrical Core

Magnetic Components Design
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5 The Effective Values of the Core

Effective Values

Ae:CI; Ve_gz; Ie :glz
C C
L=u - Area 2 2 2
“o“r —L h n2 5 | .
end C, =Y mm?  C, =) Lmm?
= A = A
Magnetic Components Design
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B
53 The Tolerances of the Core
AL AIR GAP
GRADE (nH) - (um)
388 B 160 3% =59 =900
250 +3% =92 =500
315 +3% =116 =400
v =147 =300
[ 630%3% N\ =232 =150
N\, 4950 +25% / 1820 =0
S —

{HE”

K. (and A)) depends on the “micro-gap”
(2.5 pm or 100 mils each union) because of
mechanization process

Magnetic Components Design
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M Effective values
M Magnetic coupling
M Heat transfer

M Unit Cost

M Manufacturing Cost

Materials
3F3, 3C85, 3C90, N67, N47...

M Core losses o "; ’
- i B= uH a—
M Permeability and Reluctance o Tk
M Conductivity MENED” auncas | 7
R . | | — ‘,;5_1;}-”.1:__ | T
M Saturation flux density . ANEans %EE
L=H _H Ari n2 " BH Curve / f‘lfﬁ Core losses
O T'Length T T
Magnetic Components Design
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53 The Role of the Gap
B No Gap
M Adjust the reluctance value m Gap
M Adjust the energy storage
M Avoid saturation
H#
238pH  43pJ  138pH  14p)  52pH 8wl 30uH 6l 21 pH

Axial Symmetry Axis Axial Symmetry Axis

B =

¥

)

L 8

150 pm ﬁ
Air Gap

Ferrite Core Ferrite Core

En ergy Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003
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5 The current and energy distribution I
Current Density Magnetic Field

0.75 mm
29.5 mil

50Hz |
< 0.1 skin depths ‘ |

]
50 kHz __./”LL /1 _‘*\ r\ ‘ W

2.5 skin depths 4 { L I -

500 kHz —'H r\/T

7.9 skin depths V

Magnetic Components Design
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iz The current and energy distribution II

Energy I

Losses I

Magnetic Components Design
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7z Interleaving Application

0.75 mm
29.5 mils
Magnetic Field /
50 kHz _:
2.5 skin depths {]
Al 7] i I e M~
Current Density d / ; L~——--Jr

Magnetic Components Design
niversidad Politécnica de Madrid (UPM) 2003
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x Selection of Constructive Elements

F M Depends on the application (see data books)
’ w Depends on the power (“area product” or data books)

F COREWATERIAE™  Depends on the “frequency” (see data books)

- w Depends on the “frequency” (skin depth)

Solid wire: low frequency

Litz wire and foils: high frequency I

l!,‘ CONDUCTORARES Depends on the optimum losses ’

L
Magnetic Components Design
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¢~ Example of selection of elements

Lozzes considering selected madel

2 skin depths RM4/I e
7.068 [rw]
Performance factor AWG 30 o
B max _— Ferroxcube 3C85 ‘winding: 477,236 [mw]
» 3‘F4' AwE15 L =20 pH
d EB1E f = 200kHz Total 484304 (mw)

AwiE17
AR

aFy AWE13

e
/ / » 2&23? Losses considening selected model
3085 Core: 7.068 [miv/
AWEZ2 g
e SWGZ3 —_
/ BWG24 Winding: 132,385 (]
HWEZS -
HWG2E Tatal: 139,453 [miw]
AWEZT
AWE2E
w2 AWG 24 I O 4 skin depths
AWEID
200 kHz 1 MHz A3

A orzes considering selected model
LEER RM4/I
Cusrent A G33

v T SwGH e = Loz F33.451 (L)
w PETTS E el 105.221_[mw)

AwGEE —
AT - b
e f = 200kHz Tatal: 105.759 [mi]

AR
AwiEdM

3F3 I

Magnetic Components Design
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¢2J__ The “effective frequency” concept

i _
\iach
t
iL
iavg
N\
t
iL
iqu
\Vd Ny
i
7\ N\ g
\ / t

#ZDIE

Same frequency?
Yes

CONDUSTOR Y

CONDIICTIORYARES

Magnetic Components Design
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The “effective frequency” concept

g |

[AD28

172

%ZDIE

Current

Nnic Content

\

800000 1200000

Frequency

Current

800000 1200000

Frequency

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003
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¢~ Example (Effective Frequency)

Ripple = 5.6% lavg

| Vpos =7.5V; Vneg = 3.21 V; Switch. Freq = 200 kHz; lavg = 2 A; Duty = 30% ‘ () J})
Core shape and size: RM5/I -
Wire gauge: AWG28 (370 pym or 14.5 mils diameter) %

tavg = T~ _ .
: L = 100 pH; VNN L =10 pH;
EALIN Ripple = 112.5 mA - Ripple =1.125 A
: Ripple = 56% lavg

Ferroxcube 3F35 (Ferrite)
Losses = 785 mW (32 turns)

erroxcube 3F35 (Ferrite)

sses =89 mW (4 turns)

Ferroxcube 2P90 (Iron Powder)
Losses =371 mW (16 turns)

© Universidad Politécnica de Madrid (UPM) 2003

5 Inductors

Calculation of Inductance

%ZDIE

max
. Ai (rippl 4
Imin i) Vl =L—
t
t 4
\' t1
e v, Ot
L = A=
t 4

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003
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5 Inductors Calculation of initial number of turns

e

The minimum number of turns should be calculated in order to keep

flux density under the saturation value

Ai A® .
ZoNEE L4i=N-A_ -4B
LAt N At > € >
Lo
> L Imax:N Ae'Bmax > N=

This number of turns ensures that
the inductor will not be saturated

Magnetic Components Design
#ZDIE © Universidad Politécnica de Madrid (UPM) 2003

= Core Losses Calculation

&~
Material Frequency a [ d
K 1500 kHz 0.0530 160 315
LA 500 kHz<f<i MHz 0.00113 2.18 3.10
104 == e - 21 MHz 177102 413 298
= 1=100°C ’I;N }
Py [ HTk
(kw/m?3) § £
\ / $ . .
= / £ Steinmetz Equation
=&
| AL.Z@, 14 ﬂ
S FORMAT: P = aft
[
A g
/R P in mWiem?2, B inJd, f in kHz
102 =,
I I
Vi
/
/
Ll /B\
HiHL =
10 : AB
A 3
1 10 1 B (mT) :/
UPM Magnetlc Components Design
) © Universidad Politécnica de Madrid (UPM) 2003
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<~m Core Losses Calculation

CORE LOSS vs PEAR AC FLUX DENSITY

FORMULA: CLImW/em ) = Fh + (e 2 B2 \
a + + -
T e MICROMETALS
Mlaterial a by [ d

2 .0 10" O I0® FRE T H.0x10° 55

=H 151 EaFY T Al 0F 2.5x100

-14 405100 10x100 7%l TS

-18 f.0x108 1.7x10% 9.0x105 ERESLES

-26 10100 1.1x10% 19k 11000

10000 102
2y
£ 1000 103 &
3 3]
o Z
3 7 :
w100 = 10° 5
hnbl';‘//
“ ws | Steward
0.01 0.1 1 10
FREQUENCY (MHz) Magnetic Components Design
ALY © Universidad Politécnica de Madrid (UPM) 2003

5 Winding Losses Calculation

e P = Pins * Roc
Ry = pélgngth

Area

e

Em LAl
A6 ¥ /)<_
"

Harmonic Content

*
rms_ 1 AC 1

2 2 *
1% s 2 Rac 2 + 15 ms 3™ Rac s + -
Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003
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¢=l Winding Losses Calculation

= 2 = 0.5y[M(y) +(2m -1 D(y)]

Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003

2l Winding Losses Calculation. Example 1.

® ... Primary Winding Current __|

= 4 *
F)_lrms |:\)DC

Rors 1.506 W

I '
g s

RM7/I 3 i
AWG 26 ‘ Frequency = 20 kHz ‘ 25W ‘
(2 skin depths)
nl=n2=12 (2 parallel)

=12 * 2 *
P =1°pc"Rpc + I9ms 1"Rac 1 t+

+ 12 + 12 + ...

* *
rms_2 RAC_2 rms_3 RAC_3

“ 1.529 W

Dowe 1.527 W

128 harmonics

Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003
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2l Winding Losses Calculation. Example 2.

® ... Primary Winding Current __|
ggr . b b FE

= 4 *
F)_lrms F\:‘DC

. T, 149.6 mwW

56

587 |4

RM10/I 3 ¥
AWG 15 ‘ Frequency = 200 kHz ‘ 25W ‘
(10 skin depths)
nl=n2=5 - ) .
P=l DC RDC +1 rms_1 RAC_l +
2 * 2 *
+1 rms_2 RAC_2 + | rms_3 RAC_3 ..
Siin 464.9 mW
128 harmonics
DoyE 750.5 mW
Magnetic Components Design
#ZDIE © Universidad Politécnica de Madrid (UPM) 2003

¢ Winding Losses Calculation. Example 3

|nput Yoltage

Output ' aluez

325 -
| |U J Yoltage: |42 y  w| Cument: 3818

Switching Freguency Power [0 m Load 11,03 o]
|75 [kHz |

Voltage Current

e
| "

Magnetic Components Design
#ZDIE © Universidad Politécnica de Madrid (UPM) 2003
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- Winding Losses Calculation. Example 3

be
v - g 7 Temperature Rize [2C) b.B3
i
{SERS | Sana ) Wwindings: 777.438 fmiw] |
_] o Sl /
I Temperature Rize [°C) 1013
\m Windingz: 38, a?i Iﬁ |
’ E
\ = d Temperature Rize [°C) 423,
ETD39
AWG 20
nl=40
n2=8
UPM

2@ Optimization (I)

Bmax 1
\ B max 2

t
o n H
J t AB | AB
i
WA
/P nAB = VAL, n-AB = Constant
t Area

nNB, . = ey = nB,,, = Constant
Area

L
/B :{ 1N }:{l Copper Losses

1 AB 1 Core Losses

oo oo Bign
© Universidad Politécnica de Madrid (UPM) 2003




v

¢z Optimization (II)

Winding
losses

Core
losses

Bmax

Total
losses

Bmax

%ZDIE

Bo pt

B,pt is below
or above
saturation?

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003

e

¢z Optimization (III)

Core and
| conductors

selection

\2

Calculate initial (minimum)

number of turns
and losses (P,)

v

é Ni+1 = Ni +1
Calculate losses
Pi+1
Pi+

<P
s l Pii>P

“Optimum” Core/Conductors

combination?

ves |}

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003
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¢~ Optimization Example. Inductor

Current Frequency = 200 kHz [ Current
vz [ : P ] E3
1z i =~ S s
H lavg =2 A i
e ::::é b 000 [H: PP HP NP .. LA
=L 0.5 12 50
RM4/I RM4/I
AWG 24 AWG 18
Ferroxcube 3F35 Ferroxcube 3F35
! L =20 pH i L =112 uH
Bmax = 65% Bsat Bmax = 65% Bsat
Minn =13 Core loss = 0.538 mW Minn =2 Core loss = 21.3 mW
Wire loss = 105.2 mW b— Wire loss =12.7 mW
% : Total loss = 105.76 mW j Total loss = 34 mW
n=14 Core loss = 0.444 mW n= Core loss = 7.4 mW
k Wire loss = 114.1 mW Wire loss = 19.1 mW
j Total loss = 114.51 mW Total loss = 26.5 mW
UPM

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003

f?. Inductors Calculation of the total reluctance
N2 N2
L=——=N?TA > (= —
Oy H Hr L
_ 1
A = 0.

# [ is the total reluctance of the magnetic circuit.

Z This reluctance may be obtained using:
v’ Ferrite core + air gap
v' A material with distributed gap (low permeability) like iron

powder
Magnetic Components Design
#ZDIE © Universidad Politécnica de Madrid (UPM) 2003
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e

] | Inductors

Calculation of the air gap length

DT: O ferrieD :air éﬁ _Ze_ é lgﬂ
Hole A Hy A

1A,
(ferrite without gap)

Ho A
S S
A, AL H XA,

lyap = HoA: A,_i _% 969/21: lgap/2 | lgapl2

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003

%ZDIE

Transformers Number of turns

Number of turns calculated to keep
maximum flux density or core losses

under an appropriate value

a ny

Magnetic Components Design

© Universidad Politécnica de Madrid (UPM) 2003
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0E(z,t) =’uaH(z,t)

0z
OH (z,t O0E(z,t
() 2 o (z.1)+ e OB
0z ot
Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003
%

(Lo

Modeling for Virtual Prototyping?

Do | make
simulations?

Do | trust
them?

if not, are magnetic
component models
the reason?

%ZDIE

...tool to obtain
MY OWN

design guidelines

...gate to
simulation

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003
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¢~ Modeling steps

Physical description (equations)

Equivalent Electrical model

Parameters extraction

Model solving

Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003

= Physics

Physical description (equations)

Maxwell equations

oH
0t
_ 5) )
U-B=0 OxH =OE +&—
0t
L IR ccnetc Comporents Desion

27



v

= Equivalent Circuit (I)

Equivalent Electrical model

Discrete elements

Rl Lll
M-
Cl

Frequency Independent (only for sinusoidal waveforms)

%ZDIE

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003

Equivalent Circuit (II)

Equivalent Electrical model

| 1D Maxwell equations |

=
M

W

—i—]

——
——
——

| Transmission line equations |

%ZDIE

o)

Iturn(zi»

: Iturn(Zi’t)

- Iturn()ziﬂ’tl ® /J

Transmission lines based

H(z,.,.t)

l :
H(Zi+2!t) N

Frequency dependent
Magnetic/Electric Analogy based

VagneaTEETpetts Design
© Universidad Politécnica de Madrid (UPM) 2003
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¢Z i Equivalent Circuit (III)
Equivalent Electrical model
B
1 —.—jc;c 3
Co T w1 . w2
2 4
I’/ 11 Cl4
11 C24
Frequency dependent
More Flexible behavior
Magnetic Components Design
ALY © Universidad Politécnica de Madrid (UPM) 2003
¢ Parameters Extraction (I)
Parameters extraction
] [
2 v
Analytical ) % Numerical )
Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003
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¢ Parameters Extraction (II)
| |

v

Analytical )

v

Numerical

|

BB Interleaved

3D shapes

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003

Concentrlc
H
e

Very useful to model
1D winding strategies

=

;f;...
~JHENEN

%ZDIE

- Analytical approach basis

Surface S

Top down J

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003
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e

<= Analytical approach possibilities

Reluctance based

Dowell
Schwarz Christoffel

Transmission lines

NN

2 R, Lg; )

C, T R m T C, ’
/ / Steinmetz
Cylindrical Capacitor Jiles & Atherton
Analogy (interlayer)
Magnetic Components Design
ALY © Universidad Politécnica de Madrid (UPM) 2003

¢~[]_Analytical approach examples (I)

Dowell I

ClZ
l_"—l a2 )| K, = Rac =o.5y[|v|(y)+(2m —1)2-D(y)]

Py
9
o)

C, 7 SR.3L, | TC, h

hc = Layer thickness
6= Skin depth

m = Number of layers of the winding sector

M(y) = sinh(y) +sin(y) D(y) = sinh(y) —sin(y)
coshfy) —cos(y) cosh(y) +cos(y)

Calculation valid for a single frequency (sinusoidal)

Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003
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Analytical approach examples (II)

(‘
475.

Z(s)=c,+c,s +N§702‘5
oY Gs+c,,

Foster Network

Resistance [mohm]

e

100.0 1000.0
Frequency [kHz]

Calculation valid for the whole frequency range

Magnetic Components Design
#ZDIE © Universidad Politécnica de Madrid (UPM) 2003

¢~ Analytical approach examples (III)

Transmission line based parameters extraction

1D Maxwell equations Transmission line equations
OE(z,t) _ OH(z,t) V' (z,t) =><D(z’t) 1(z,t)
0z % 0z t
0H(z,t)

=olE(z,t)+&

0E(z,t) 0I(z,t)
ot 0z

V(z,t)
SO

0z

C=¢cl¥
=X

Electric energy G =0 ES‘ S

Magnetic energ\}

Magnetic Components Design
#ZDIE © Universidad Politécnica de Madrid (UPM) 2003
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Numerical approach basis

( “-.

.
&
2

"

[ ]

3 Ly,
.
e
‘0
o
-

4,
%

<
<
LLLT]
¢: jh,
AN
-
b} am
'.Q
O [

“Self” Energy

“Common” Energy
1

|
|
Model “Self” Losses |
|

[ Based on Energy and Losses Calculations “Induced” Losses

Magnetic Components Design
#ZDIE © Universidad Politécnica de Madrid (UPM) 2003

[1A] _ Losses
II.-" 'I.I

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003
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v

<= Numerical approach example

PEE—
Test 1 1 —|Z”(S)|—|T —.—-j— 3

2 4
I/ ”C’IA

JESA

Test 2

B2y, Ly

vEnergy and losses due to I, OR
I, INDEPENDENTLY

NPF C S
Z(s) =cg+Cs+r =

is1S+C,

Coupling?

vEnergy and losses due to |,
AND |, SIMULTANEOUSLY

Test 1 + Test 2 Actual Situation

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003

2@ Numerical approach application (I)

Energy and losses
should be the same

Energy in the core

Energy in the window

Energy in the air gap
Losses in the core

Losses in the conductors

Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003
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¢~ Numerical approach application (II)

d3

dl

nlf

[d4

= =

=0

O Window Height and Window Width are the same in
both structures
O d1is modified in order to obtain the same central
leg area in both structures
O d2is modified in order to obtain the same external
leg area in both structures
O d3is modified in order to obtain the same core
volume in both structures

#ZDIE

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003

g |

Core

i

Actual Geometry \

Conductor

Numerical approach application (III)

Modification of properties: Conductors Resistance

/ Simulated Geometry

length

actual

model ~—

length

actual
model

%ZDIE

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003
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5 Numerical approach application (IV)

(L

Modification of properties: Window Air Permeability

) D |
Area 1
lur,window,fea |3'10 o Area 2 ulo
Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003
% Numerical approach application (V)
Modification of properties: Window Air Permittivity
Insulator (€ = 2-3) Copper
>
Copper
Real Simulated
o Eisolator D4’/‘eawire insolator + Eair mreaair
Emodel — y
Areawire insolator + Veaair
‘ &, olator — 2.5 (Suggested)
Air subwinding area

‘ - Isolator area ' Considering each subwinding area
Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003
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¢~ Double 2D concept: Application to Toroids

2D

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003

&

=gy Double 2D concept

%ZDIE

Magnetic Energy

E = @BS [H° B, (H2ds]

QY

J, DrgdS

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003
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Reactance

Analytical vs Numerical (I)

REsistance

1D model

2D model

v
08 Freguency 2D model 1D model
ooons . \
[
o
§
8
Q
| ! O oqomesr
Open Circuit
0.005333
0005
0® 18
Frequency

Magnetic Components Design
Z © Universidad Politécnica de Madrid (UPM) 2003

(Lt

Analytical vs Numerical (II)

Resiiance o

2D model

B =
f,f’

n e
/

Reactance

Frequency,

IE-006

Reactance’

2J67E-005

Short Circuit

1563006

Ie-006
03

Frequency

U Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003
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ez Analytical vs Numerical (III)

¢z
®
@
@
®
®
1D 1D

Ell

Actual Actual Actual
shape | | shape shape | | shape shape shape
Actual 1D Actual 1D
shape shape shape shape
Window filling: turns spacing
Magnetic Components Design
ALY © Universidad Politécnica de Madrid (UPM) 2003

] | Analytical vs Numerical (IV)

Window filling: turns spacing

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003
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UPM

e

Tt
Tow

s

S "o "™ Frequency 1

Treqomcy

T

Rl

i . *IE:

I

Ve - e wes  Frequency [

frequnty

Window filling: turns spacing

Analytical vs Numerical (V)

Short Circuit Reactance I

i

| == Frequency o=

1 s [ + )

o
Frequency ion

S} s g
© Universidad Politécnica de Madrid (UPM) 2003

%ZDIE

Analytical vs Numerical (VI)

Reactance

Frequency 9

Open Circuit

Reactance

duciance

5

FEA Based

00003

000025

000

o005

000

5E-005

0

0%

Frequency

Magnetic Components Design
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<~ Analytical vs Numerical (VII)

(Ls

e

Reactance
x

-

0%

Frequency

\ 2D model
IE-005
) \

M
Short Circuit ==

del
Tt D-model

Reactanc

]
0® 0®

Frequency
Magnetic Components Design
2ZDIE © Universidad Politécnica de Madrid (UPM) 2003
:"'. Parallel Windings: Introduction |

Two layers connected in parallel

How to calculate the resistance?

Magnetic Components Design
#ZDIE © Universidad Politécnica de Madrid (UPM) 2003
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:“I Parallel Windings: Introduction |

Roc2 Ry =p E;’

Symmetry axis

Rpcl
Magnetic Components Design

ZDIE © Universidad Politécnica de Madrid (UPM) 2003
Car Parallel Windings: Introduction Il

Air Gap

Current density symmetyais g g

U Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003
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%ZDIE

Parallel Windings: Introduction Il

Secondary 1
Secondary 2

Primary

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003

Parallel Windings: Introduction 1V

l. Secondarv 1
a b Secondary 2
g | ——=p .
pa_J||ie = Primary
- .:
0 ]
Culrrent T
LN
. PR e
- N k. PP
:ﬂlll 3.0KHZ 10KHZ JOKHZ 108Kz JemHz 1.0z
o I_Secondary_2 v I_Secondaryl
Elfeguency
#ZDIE

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003

43



= Parallel Windings: Introduction V

@50 Hz e

bp
m
[ L
~—
p— pp—
-0 -0

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003

= Parallel Windings: Introduction VI

@1 MHz e

m

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003
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%ZDIE

Analysis of different Winding Strategies

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003

(‘
e

%ZDIE

Two Windings in Parallel

[ ]
4 turns

EE(< 1 skin depth)

O
.
2 turns
Sl O

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003
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:“. Two Windings in Paralle/
EE(< 1 skin depth)
°s
S
.
2 turns
[ ]
S
4 turns © S
. >
2 turns
S
Magnetic Components Design
ALY © Universidad Politécnica de Madrid (UPM) 2003
:“. Two Windings in Parallel
EE(< 1 skin depth)
°s
.
2 turns
[ ]
S
4 turns © S
. >
2 turns
S
Magnetic Components Design
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Two Windings in Parallel

LF (< 4 skin depth)

S

R=3432mQ R=23.44 mQ R=32.63 mQ R=22.68 mQ

I M

S

‘Balanced” distributionl

| “Real” distributions |

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003

:“. Four Windings in Parallel
EEN(="1 skin depth)
——o
. S
P 2 turns
* S
4 turns
P! . B
2 turns
Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003
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e Four Windings in Parallel

e

(L
EE(< 1 skin depth)
o 5
R
2 turns
il oS
. S
P 2 turns|
* S
4 turns
P! . =
2 turns
S
. S
2 turns
S,
Magnetic Components Design
2ZDIE © Universidad Politécnica de Madrid (UPM) 2003
e Four Windings in Parallel
&~
EE(< 1 skin depth)
o 5
. S
2 turns
il o S
. S
P 2 turns|
* S
4 turns
P! . =
2 turng
S
. S
2 turns
S,
Magnetic Components Design
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:“. Four Windings in Parallel

EE (=1 skin depth)

P

S, s, ‘ I | ‘
Sl

i L

S, S,
. Sl SZ
R=22.68 mQ R=17.32 mQ R=22.06 mQ
‘Balanced” distributiori | Real” distribution
nts Design
ALY © Universidad Politécnica de Madrid (UPM) 2003
e Four Windings in Parallel
‘ P »
LB (=1 skin depth)
P P P
| Interleaving among secondary windings
SallS, S
S, S S, S, S, S, S, S,
Sl SZ
R=22.06 mQ R=19.93 mQ R=17.95mQ
Magnetic Components Design
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Four Windings in Parallel

%ZDIE

LE (=1 skin depth)
P P p
Interleaving among primary and secondary windings
| ‘ S, | ‘ ‘
5/1 Sl Sl Sz SZ 54 54
51 51 S % S; 5.8, S,
R=17.95mQ R=17.68mQ R=16.77mQ

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003
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b~

Measuring several samples

Four samples
Four cores and four bobbins
yields 16 possible combinations

Open Circuit Inductance. Measurements

Short Circuit Inductance. Measurements

—e— Measurements 1 [:

- ts 2

1: Core 2; Bobbin 1

100
f | 35
80 n 2 ‘+ Measurements 1
60 2
Jo - ’
40
= T 25
£ 20 3
] g,
g 0 | 5 7
g 20100 100100 200100 300100 | 40 5 600100 3
H 215
-40
0 J Yy :
_g0 | Measurements 1: Core 2; Bpbbin b 05
Measurements 2: Core 2; Bobbin 4
-100

Measurements 2: Core 2; Bobbin 4

Frequency (Hz) 1000

11000 21000 31000 41000 51000 61000 71000 81000 91000
Frequency (Hz)

%ZDIE

Magnetic Components Design
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Generating the model

Open Circuit Inductance. PEmag

150
100 PEmag 1
PEmag 2
_ 50
T
E
g
£ o ; : ; ; :
H 100 100100 200100 300100 400100 500100 600100
= 50
Case 1: separation 125 um
-100 Case 2: separation 375 um
-150
Frequency (Hz) . Short Circuit Inductance. PEmag
35
‘ PEmag 1
3 —*— PEmag 2
£ 254
g 2 H
Eis
1
05
0
1000 11000 21000 31000 41000 51000 61000 71000 1000 91000
Frequency (Hz)
Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003
¢ > Comparing results
&
Open Circuit Inductance. Measurements vs PEmag
150
—+— Measurements 1
100 —=— Measurements 2 ||
A PEmag 1
PEmag 2
_ 50 A h
8 5 2
§ 0 T T o~ R
é 100 100100 200100 300100 AW 00 600100
= 50 v
-100 | Short Circuit Inductance. Measurements vs PEmag
4
-150

—e— Measurements 1

Frequency (Hz)

—=— Measurements 2

%ZDIE

PEmag 1
—+— PEmag 2

Inductance (uH)

w

1000 11000 21000 31000

41000 51000 61000 71000 81000 91000
Frequency (Hz)

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003
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¢~ Comparing results

&

e

If only one real sample and only one model case are compared, results could be....

Open Circuit Inductance. Measurements vs PEmag Short Circuit Inductance. Measurements vs PEmag

2 ‘+ Measurements 1 ' —=— Measurements 2| |

7l PEmag 2 PEmag 1 L
A
— |
7201, 1001 2001 1( 1( 1(

60 y '

e (k)
8

Inductan

Frequency (Hz) 1000 1100 21000 31000 41000 5000 61000 71000 81000 91000
Frequency (Hz)

or....

Open Circuit Inductance. Measurements vs PEmag Short Circuit Inductance. Measurements vs PEmag

—=— Measurements 2 —— Measurements 1[:
PEmag 2 PEmag 1

' X

E

40 l
/

(mH)
»
S

Inductance (uH)

&
%
b
B
b
<
<
ls
E
a@

Frequency (H2) 1000 1000 21000 31000 41000 51000 600 71000 81000 91000
Frequency (H

12)
Magnetic Components Design
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<= Seminar Contents

Introduction

Basic Concepts

Modeling

Simulation

=
=
# Design
=
=
=

Virtual Prototyping Examples

U Magnetic Components Design
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(‘
'S
b~
3 34 L 1 Is
Entity PRROSS UBTYEE woliage 15 ceal:
SUBTYFPE current IZ real;
. HATURE L 3= 1 IS
Architecture 1 | e P
Architecture 2 4 | i e
d FEFEFENCE:
A B
Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003

<=m Simulation features

Simulation Goals

# Validation of the circuit operation
% Exploration of the waveforms

# Quantification of magnitudes (losses, stresses,...)
# Better understanding of the circuit operation

Simulation Challenges

# Lack of “accurate enough” models (Magnetic, Semiconductors, Layout...)
# Convergence problems (many “mathematical” parameters)

2 Learning curve

# "Hard" transition from the design stage

Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003
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=g Simulator types

# Circuit simulation (i.e. SPICE based)
% System simulation (VHDL-AMS, MAST, SMD,...)

VHDL-AMS Code for a Resistor

ENTITY Resistor IS Resistar
PORT g

QUANTITY r : REAL :=1.0e+03; $ VWP

TERMINAL p,m : ELECTRICAL); ri=1.0e3

END ENTITY Resistor;

ARCHITECTURE Rbehav1 OF Resistor IS
QUANTITY voltage ACROSS current THROUGH p TO m;

BEGIN
current == voltage/r;
END behav;
y 4
r
Magnetic Components Design
2DIE © Universidad Politécnica de Madrid (UPM) 2003

<= Seminar Contents

Introduction
Basic Concepts
Design
Modeling

Simulation

W oW W R W W

Examples

v' Example 1: Coupling in Flyback transformer

v' Example 2: Coupling in Multi-winding transformers

v Example 3: Multiphase Buck Inductors Analytical

Vs
v' Example 4: Flyback transformer Numerical

Magnetic Components Design
#ZDIE © Universidad Politécnica de Madrid (UPM) 2003




P

~p Example 1: Coupling in Flyback Transformer

an

FLYBACK With Hysteretic Control
Capacitive Load: 05F
Output Voltage: 0to 340 V

Output Power: up to 1kw
Input Voltage: 16to 32V
Switching Frequency: 1kHz to 40 kHz

Application: X ray equipment

2 3

=

BATIERY
1
3

cs
R
£
=
S

Two design methods:
I k 1) Real prototyping: Design + Measurements

\Z)Virtual prototyping

Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003

¢=p Example 1: Flyback Converter

Vds in MOSFET

Transformer model
quantifies

Transformer model
+
Simulation
provides the impact on

the converter

ents Design
a de Madrid (UPM) 2003
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P

Example 2: Coupling in Multi-winding transformers

' Ll s
e [ o)

——1.5V|
HB with SDSR
Input voltage: 36to 72V
Switching Frequency: 150 kHz

Output Power: 15w
Output Voltage:

15V,10A

Two design methods:
1) Real prototyping
2) Virtual prototyping

~—7
gs¢ ‘F‘ RL\ /6()0%;? — "Gate voltages with

a proper coupling

How to model?

Magnetic Components Design

© Universidad Politécnica de Madrid (UPM) 2003

Distributed effects
e——

%ZDIE

L= Measurements based Models - -

L _ FEA based Model -

Tak Run: 50.0MS/s  Sample

!

Measurements

"/ Distributed models

N represent better the

T\

multi-winding transformers
\Qu g

I

oS TR LAY

Magnetic Components Design

© Universidad Politécnica de Madrid (UPM) 2003
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How to select the proper winding Strategy ?

Full Bridge
Push-Pull

PRIV I
PRIM I
SEC1|
SEC1|

SEC? I
SEC? I

Multi-winding transformers:

Multi-output converters...

M

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003

(‘

%ZDIE

Using numeric (FEA) models

PRIV I ——

PRI EE— Auxiliary should be
PRIV I . .
SEC1 well coupled with primary”" |

Ves +0.6V

!
P < b

' Vp@Losse.s, EMI ) }

Ves  -06V}

-

SWDSR works!-

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003

57



PRIV . I
———
SO0 — — — —
PRIM I
V_GSZ s SEC? EE—— ) E f\\j
PRIV — E— U‘~—\ <«
. [ AUX HEEEE . . .
SEC2 P~
PRIM I
- |, Ve 06V F- ‘ r‘\\\"jea - .by r‘
1 . / R Iy_q ] 4 ‘V__J
- D
Simulation Measurements
- —_— VGSZ b i Vr‘ S2 1
0.5V (T +0.2y [
i - , I‘Mw’ lﬂ' /—’\ r/“"/ pE
|
Ves1 ‘W) TY‘”“
Tv =

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003

s FEA model: additional heIp

(L
Input voItage( 8:1:1:4 > < 8:2:2:4 )Input voltage
36to 72V 18to 72V

PRIM S pR|M—

SEC] I ——> S C ] _
AUX I NS B S AUX IS -
PRIV I PRIM —— - - - S
SEC? I ———> S C2 I - - - SR
SEC1 ——> SEC] HE—— I
PRIV I PRIM EE—
AUX NN N B AUX I - S
SEC2 — SEC? N IR
PRIM I PRIV E—

The problem is in the coupling!!
How can we improve it?

Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003
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NCI (from primary)

-4 -3I -2 -I . I +2I
SRR
of turns
-4T -3I -2I -I I +2I
NLI=
Magnetic Components Design
#ZDIE © Universidad Politécnica de Madrid (UPM) 2003

f:'.. Studying the problem: DC energy

NCI (from primary)
-4T -3T -2T -I | I +2I

(" priv I A
Sl |

8 turns in series

I sec1 NG
>
priv I

I
|

>
rrv N
I
|
|

PRIM
-

@ -4T -3T -2T -I I +2I

4 turns in series
I/2

4 turns in series
I/2

Paralleling improves
coupling, but

is this improvement enough? 7 o5 pesign

olitécnica de Madrid (UPM) 2003
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“‘. FEA model + simulation: additional help

< 8:2:2:4 > =< 4:1:1:2 )

PRIV I PRIV I
SEC] I SEC 1 I——
PRIV I  E— PRIV N
SEC? I —— SEC? I——
SEC] I SEC 1 I—
PRIV N PRIV N
SEC? I I
PRIM I

Multi-winding transformers:
Interleaving in the proper way
Paralleling in the pro

AL

FEA models (distributed)
+ simulation
provide understanding

} ' v } and can save time and cost
©s +0.8V .
L | -0.6V
: S
Magnetic Components Design
2ZDIE © Universidad Politécnica de Madrid (UPM) 2003
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Example 3: Multiphase Buck Inductors
Automotive Application

l
Generator 36/42y High power e L.
+ W N
@ LA S I ®|  loads o,
b

De =38V

T Battery
DC =

Magnetic design:
Analytical models fail!!!

Low power
loads

SRy sl
poner steenng /J
converter

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003
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¢=l Multiphase converters

ENERGY is distributed Distributed losses

I:> Distributed current
- B Smaller ripple & filter
I Ripple
Ripple cancellation
EZEE cancellation Al /\/\
DC/DC .__/
DC/bC L loc | lour
DC/DC Vin l Load
S A
[ 4
L IDG
Applications | yl“Al
v" VRMs (uprocessors) . W
v’ Automotive L

v’ Portable systems

Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003

e

53 Multiphase converters

c " B
2 \"._ p=2 Ny Ripple cancellation is determined by:
AN iy
g rlp=6 S 1. Number of phases: p
o | oz N\ A - i 2. Vur/V,y ratio (duty cycle): d
2 VSN AL SN N
Q o = =
'n_: 0 0.2 04 0.6 0.8
0 d 0.99
Duty cycle Design |
Low current ripple: small filter v" Number of phases: p

v Switching frequency: fg,
i v" Inductance per phase: L

: L/ v'Current ripple
IZﬁ°"$ ANAL

Complex design with
a big number of combinations
(p inductors)

0
700.0u 7025u  7050u  707.5u  7100u  7125u  7150u  717.5u 7200u T

Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003




¢~ Which is the optimum number of phases?

Efficiency measurements: L = 8uH Me;S:Jr:Tpints Losses measurements: L=8uH

X é? ;f - /\\ 5 phases (;\\
o J€ 240W/phase (1200W) .
289 ///f", \\_/I 65kHz (A| :l7A) /\ % /
SRl / / Losses=95W
asl 7 / 10
& g / -

10 phases 51— m—
9 /
1 | W 120W/phase (1200W) —0—4>
0 50 \{czg/ 150 200 26 130kHz (Al = 9A) 0 50 100/ 150 200 250 300
utput Power (W) Losses=80W Output Power (W)

‘ —®— 45 KHz - current ripple =27A ™ 65 KHz - current ripple = 17A 130 KHz - current ripple = 9A ‘

» Depending on
Ioc/phase, or Power/phase, or Number of phases

the minimum losses are obtained at very different f,

» A high number of phases allows for a high f,, with lower losses
Smaller inductor size per phase but high number of phases = Size?

Trade-off: size - efficiency |
Magnetic Components Design
ALY © Universidad Politécnica de Madrid (UPM) 2003

= Converter specifications  Automotive application

= Poyr=1200W

Vi =42V
+10% YJ:Y
. p phases

&

Inductors integrated
Tl“ in the PCB:

Planar conductors

Magnetics are 40%-60%
of converter size

Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003
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¢~ Design of inductors: analytical

# Losses calculation accounts for:

jf| DC resistance } Winding losses
v Skin effect
v Core losses (P=kf*BF) —— Steinmetz

% Gap effect (2D) is not considered

Considered design options |
\eof fy (kH2) Cores Material
phases
6 100 RM6LP 3C90
RM7LP
10 200 RM8LP 3F3
RM10LP
16 RM12LP 3F4
Magnetic Components Design
#ZDIE © Universidad Politécnica de Madrid (UPM) 2003

:’j. Designs of inductors: 16 phases, L=5uH

Core DC losses |AC losses| Overall Overall | Overall Overall
/inductor |/ inductor | Losses Area Height Volume
mwW) |gmwW) | W) | (mm?) | (mm) | 4 (mm?)

Total losses per inductor

without considering Al inductors’
AC effects
total losses | —

All inductors’
Total losses per inductor total dimensions
considering AC effects ~——

(AC + DC effects)

Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003




4 turns
4 turns/layer
20 layers in parallel

Ppe = 160mW

Z.2000e+004
z.1083e+004
Z.0167e+004 =g
1.9250e+004
1.8333e+004 po

Pc = 210mW

4 turns
1 turn/layer

_____ =2 Different winding strategies
5 layers in parallel

should be considered

at each case
Ppe = 150mW

Pjc = 425mW

Skin and proximity effects
are stronger in wide planar conductors than in narrow ones

Magnetic Components Design
#ZDIE

© Universidad Politécnica de Madrid (UPM) 2003

:‘j. Designs of inductors: 16 phases, L=5uH

Core DC losses |AC losses| Overall Overall | Overall Overall
/inductor |/ inductor | Losses Area Height Volume
(mw) (mw) w) (mm?2) (mm) (mm3)

- - 100KHzZ, Ipe = 5.4A, Al = 19A

R 16*RM7LP 420 | 425 | 6.8 | 5010 | 9.8 | 49,000
16*RM8LP 275 285 | 45 6,300 |11.6 | 73,125
9 | 155 | 24 9,660 | 13 | 125,600

II=10.5A

Gap

250 | 300 4.9 | 3,550 9 | 31,970
16*RM7LP 215 | 235 3.7 | 5,010 | 9.8 | 49,000
16*RM8LP 130 | 150 24 | 6,300 | 11.6 | 73,125

Magnetic Components Design
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¢~ Designs of inductors: 10 phases, L=8uH
Core D_C losses A_C losses| Overall Overall ngrall Overall
/inductor |/ inductor | Losses Area Height Volume
(mw) (mw) w) (mm?) (mm) (mm3)
100KIHZ, 5 = 8.6A; All= 11 5A
10*RM7LP Too many losses
10*RM8LP 740 790 7.9 | 3,940 | 11.6 | 45,700
10*RM10LP | 250 | 325 3.2 | 6,040 | 13 | 78,520
200kHZ, Iy = 8!6A, Al = 5.8A
10*RM7LP 950mW (100°C) Too many losses
10*RM8LP 300 | 350 3.5 | 3,940 | 11.6 | 45,700
10*RM10LP | 190 200 2 6,040 | 13 | 78,520
Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003
¢ = Designs of inductors: 6 phases, L=9.5uH
Core DC losses |AC losses| Overall Overall | Overall Overall
/inductor |/inductor | Losses Area Height Volume
(mw) (mw) W) (mm?) (mm) (mm3)
100kHz, Ipc = 14.4A, All= 9.8A
6*RM10LP Too many losses
6*RM12LP 680 | 710 43 | 5,610 | 16.8 | 94,298
| 200kHzZ, o= 14.4A, Al = 4.9A
6*RM10LP 735 760 45 | 3,625| 13 | 47,110
Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003
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¢ 2 Selected solutions based on analytical model

. Losses A h \
Solution w) (mm?) (mm) (mm3)

16 X RM7LP, 100kHZ| 6.8 5,010 l 9.8 l 49,000'

16 x RM6LP, ZOOkHzl 4.9 3,550 l 9 l 31,970 l

6 x RM12LP, 100kHz l 43

10 x RM8LP, ZOOkHzl 35 l 3,940 l 11.6' 45,700'
l 5,610 l 16.8| 94,298'

6 x RM10LP, 200kHz l 4.5 3,625 l 47,110 l

# Final selection depends on:
v’ Losses of the whole converter
v’ Size of the whole converter.
Inductor size has a strong influence on overall size.
v’ Height requirements

Is the analytical model
good enough for this case?

Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003

¢~ Automotive application: gap effect

How does the gap affect the current distribution
and the losses of the selected solutions?

Magnetic Components Design
ZDIE © Universidad Politécnica de Madrid (UPM) 2003




¢~ Automotive application: gap effect
Analytical FEA
model model
Gap Al Losses  ATin Losses  ATin
Solution finductor jinductor inductor f}/inductor inductor
(Mm) ®) w) °C) w) C)
16*RM7LP, lOOkHzl 380' 19 0.32' 45 l 17 180|
16*RM6LP,200kHz| 200' 95 l 0.3 l 40 l 0.87| 135'
10*RM8LP,200kHz| 310' 6 l 0.35' 39 l 15 l 175 l
6*RM12LP,100kHz| 410| 10 l 0.71| 40 l 1.9 l 115 l
6*RM10LP,200kHz| 440' 5 l 0.35' 39 l 15 l 175 l
All the selected solutions based on analytical
models are NOT FEASIBLE due to the
gap effect!!!
Magnetic Components Design
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¢ Design of inductors: numerical (FEA) model
% |taccounts for:
v DC resistance
v' Skin effect
v’ Proximity effect
v Gap effect
v’ Core losses
Considered design options |
N° of .
phases fy (kHz) Cores Material
s | 00 | RM6LP
125 | RM7LP [ 3C90
0
1 150 || RM8LP | 3F3
16
200 | RM1OLP|| 3F4
RM12LP
Magnetic Components Design
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¢~ Design of inductor: 16 phases, 200kHz, RM7LP

Analytical  Numerical

L Al Al,,; Gap Losses Losses
(WH) / '“i’:)ﬁor A)  (um) / |nc:\l;v(;tor /mtz\x;;tor
Material 2.5 l 19 l 1.2 l 170 l 0.28 l 2.2 l
Turns 3.6 l 13 l 0.8 l 215 l 0.22 l 2.0 l
Winding | | | | | l
Bicoy 6.2 7.4 0.5 190 0.21 0.85
9.4 49 0.3 260 I 0.33 v 0.63
12.6 l 3.7 l 0.2 l 250 l 0.33 l 0.76 l
In this case, the optimum gap-Al combination is
obtained for a small Al (0.3A)
The analytical model gives a very high Al = 13A
This analysis is repeated for each selected case...
Magnetic Components Design
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Feasible solutions: Numerical Model

analyzed!!!
AIOUT

Solution (A)

s
b~

From the point of view of the inductors:

Overall Overall Overall Overall
Losses Area Height Volume
(W) (mm?)  (mm)  (mm?3)

16 phases, RM7LP, 200kHz l 0.3 l 10.1| 5,010 l 9.8 l 49,000'

16 phases, RM8LP, 125kHz 7.5 l 6,340 l 11.6 l 73,125'

10 phases, RM10LP, 150kHz 6.9 l 6,040' 13 l 78,520'

6 phases, RM12LP, 125kHz l 0.8 l 9 l 5,610 l 16.8 l 94,298 l
Alg,; < 1.5A
% Virtual prototyping has allowed:

v To study 5000 cases, learning what is happening

v’ To obtain design rules

v To quantify and optimize

Magnetic Components Design
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=2 When are Analytical models useful?

u Ioc is predominant n Al'is predominant

AI>> 1

B A~ A e >> Al

When influence of
Gap + current ripple
is small

Magnetic Components Design
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(‘
¢Z

Example 4:
Flyback Transformer

Magnetic Components Design
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¢ Electrical Description of Flyback Transformer

#ZDIE

ON TIME OFF TIME

I g [y
] ‘4

MAIN FEATURES

# Design in order to store energy

# Gap is usually needed

# Energy storage mainly in the gap

Z Current is not flowing in both windings at the same time

Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003

%ZDIE

<= Study of the fields: leakage inductance

¢ .
ENERGY 1 I . |:. } ENERGY 2 I
N N2 T

ENERGY 1 - ENERGY 2 =
LEAKAGE ENERGY

o)

Goal: minimization of this energy

Magnetic Components Design
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¢~ Design example: Flyback

(L

100W Transformer A
Analytical design

ETD 39, 3F3

AirGap  2.2mm (86.6mils)

Primary
#turns: 30

Wire Gauge: AWG22
(0.7mm, 27mils, 3 x skin depth)

Parallel: 3

Real prototyping:
Design + Measurements

- Secondary
Gap and Leakage inductance

NOT considered

#turns: 6

Wire Gauge: AWG22
(0.7mm, 27mils, 3 x skin depth)
Parallel: 18

| Analytical results

v’ Core losses: 450mW
v Winding losses: 200mwW
v' AT =7°

High window filling

DC resistance
Skin effect
Core losses

Magnetic Components Design
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¢ 2 Transformer A: Measurements on Flyback prototype
| VDS
3 i i “ o . . il
Flyback efficiency
g, o
z 78%, 15W
e Too many losses
) l/ What is happening???
0 20 40 pout (\N)GD 80 100
Magnetic Components Design
© Universidad Politécnica de Madrid (UPM) 2003
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%ZDIE

fj.Transformer A: Measurements on Flyback prototype

100 0
% )/l 9%
80 Transformer temperature
G
S 70 perature
g 60 /./
® 50 / A
g_ 40 ~ Vv /
£ 30 —————
= 20 Diode temperature
10
0 T T T T T |
0 10 20 30 40 50 60

Output Power (W)

The hottest component is the transformer, full power (L00W) can
not be achieved due to the transformer losses

Magnetic Components Design
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-v

%ZDIE

Core losses: 460mW

What can we do?

ImpEct aifthe air gap effect?
ImpEectoiftheleakage inductance?

@)

Virtual S
prototyping: 5
Numerical -
Model (FEA) 2
<

-
\\‘:

Winding losses:
11wni
AT = 140°C

m
=]
@D
=
«
<
o
9
=}
%)
=
=

Magnetic Components Design
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¢ = Transformer A: Numerical (FEA) model

Open test: Primary resistance
]

e

Open test: Secondary resistance
2000

10000

[T
l ON / N/ E 200
| 1|

N
.
ce (mohm)
[
o _
—1
i
TN
N
—

Resistance (mohm)
3
8

[ \V ]
4000 & o OFF NS
2000 +— // R A7
| | J/ IS | R
) N i
ey 10000 100000 1000000 1000 10000 100000 1000000
Frequency (Hz) Fre cy (Hz)
Gap effect!!
800 | [ A
700 [
Short-circuit test g ] 1
R . 2 500 1 v,
Primary resistance  tal " I
. g 0l Switchin
(Numerical model) ~ §* ! ¢ 4
& ol ——
100 T e
, T i1] |
1000 10000 100000
Frequency (Hz) 75kHz
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fj. Design based on numerical model (FEA)

Transformer B
ETD 44, 3F3
AirGap  2.2m

Primary

#turns: 30

Wire Gauge: AWG22
(0.7 mm, 27mils, 3 x skin depth)

Parallel: 1

ansformer C
Compared with Tr. A:

Reduces gap effect
Similar coupling
Increases DC resistance

Compared with Tr.
Reduces gap effe
Improves coupling
Increases DC resistance

m (86.6mils)

#turns: 30

Wire Gauge: AWG25

(0.5mm, 19.7mils, 2 x skin depth)
Parallel: 4

Secondary Secondary
#turns: 6

Wire Gauge: AWG22

(0.7 mm, 27mils, 3 x skin depth)
Parallel: 6

#turns: 6

Wire Gauge: AWG25

(0.5mm, 19.7mils, 2 x skin depth)
Parallel: 24

Recipe: windings far from gap!!!
RESULTS . RESULTS
Core losses:  720mW Core losses:  710mW
Winding losses: 620 | | Low window filling | Medium | |Winding losses: 9.8W
AT= g0°C window filling | LAT= 85°C

Magnetic Components Design
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¢ 2 Numerical (FEA) models: short-circuit test

700 Resistance seen
Eeoo N from primary
2 500 '/
8 400 High frequency effects
3 %0 Tr B 7 skin + proximity
g 200 IA‘ / //
[ ) 1r.C =l 4
100 T—¢ y i
. (3 ! Tr. A !
1000 DC resistance 10000 75k HZ 100000
rrequency (Hz) 8
7
. Tr_A (High filling)
Leakage inductance £ Tr. C (Medium filling)
X Ex
seen from primary >
3
Transformer A and C has 2 Tr. B (Low filling)
similar leakage inductance .
0
10000 100000
Frequency (Hz)
Magnetic Components Design
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¢ 2 Numerical (FEA) models: Open test

7
700 /
£ oo 4\ Primary resistance
£ 500 Tr. A |/
E . (High filling) A M || \
é 300 : GAP effect
2 20 Tr. B (Low filling) // h B (No resonance effect, since transformer
« —_— = 7 i have been eliminated
. e — = Tr.C capacitances have
] — o= =T — " (Medium f ||i hg) from the model)
1000 10000 75k Hz 100000
Frequency (Hz)
70
60 B
Ew 77
Secondary 5 :
N E :
resistance g i Tr. A
@ (High fillirjg) \ 4
g 20 <
10 Tr B (I awfilliha) - .-)é
LI =4 \I_U\l\l LILLL IE } e
e i o e i = 'ﬁ' c
1000 10000 (Medium filling) 100000
Frequency (Hz)
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T -
¢Z B Studying the problem
Votage | cumen Primary current: Harmonic content
v YR g< T K ¥
e ) = ~ High Harmonig
~ \ Content!!
Sos L)
210 ﬂvz
T e
Open test: Primary resistance |, -
& (Mgdipm filling) ~ Similar resistance at
B 71N 75kHz, but Tr. C is more
g G T sensitive at gap effect
& 6000 - / 1 —
Rgr7
g o /y({ B' Tr. B should be more
2000 ~ = fficient than Tr. Cin
Lowlllin €
0 ] ( h‘ 9) the converter
1000 10000 75 k H 7100000 1000000
Frequency (Hz)
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¢ > Flyback prototype: Measurements

e

i

Transformer B Transformer C

Tek Run: 25.0MS/s _Sample Tek Run: 25.0MS/s _Sample

\ "\ (\\ \ﬂ\ \”\ “‘T‘W‘ A

] ] -

L L TN | o Y, PO
T et
1 \7“/\‘“\ 111 ) L)
kA | i il TR
J ! T (R (o H IR
4 L b
14 T 1 E T b
N e
P00y - - R30S AT 33V 12 Nov 2002 : SR L W3- oos T 13 Nov 2002
10:04:55 13:20:57
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¢ > Flyback prototype: Measurements
Flyback efficiency
. Transformer A and C has similar
R0 Tr. B (89%) inductance, however converter losses are
s — = T T === very different = GAP effect!!
| A~ Tr. C (87%)
5% PRI
L Tr-A(79%) Losses with Transformer C are 27% higher
i .
E° (3W higher) than with Transformer B
1 0 20 40 60 80 100 Flyback losses
Pout (W)
16
14 — “Tr A =
12 . VAR
Virtual prototyping accounts for 2D effects: g 1 s’ TG -~ ~Tr.B
v' problems can be properly understood § 8 v _ %
v* optimum designs can be proposed: 3 j . =
¥'Not too many wires but properly placed I s =
and winded 0 : ‘ ‘ ‘
0 20 40 60 80 100
Pout (W)
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€ »
b~
# Simple
Real % Accurac
Plototyping ‘ y
% Cost
% Time
MAGNETIC
DESIGN
. Feasible!!
Vilinel

Prejtenyoisle)

. Understand
@( Quantify

Magnetic Components Design
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Impact on converter
Detect problems
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¢~ Interleaving Comparison of winding strategies

oe oe

oe oe

oe oe

8 : 9 8 Case Lleakage (uH) Lleakage (uH)

(ON ® O @200kHz @2MHz

oe ® O

oe ® O A 0.475 0.248

CASE A CASEB

oX ) 00 B 0.432 0.231

® O [ X J

ce O O C 0.130 0.087

S 88

8 9 8 8 D 0.276 0.185

® O X} E 4.144 2.827

CASE C CASED

00 00 oo | F 4.239 2.857

® O oe [ON©)

O O (ON®] OO G 13.979 9.496

® O (ON ] [oNe]

(ON ] ® O [ X J

( X J [ N J [ X J

o e ® O [ X

([ N J [ N J [ N J

CASE E CASE F CASE G
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