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N N
Planar Magnetics in Power Electronics |||||

Magnetics with wire windings

Magnetics with planar windings

Advantages of Planar Magnetics:

High repeatability

Suitable for high frequency
Good thermal performance
High power density

« L. Daniel, “Design of microfabricated inductors”, IEEE
Trans. Power Electron., 1999

« D.S. Gardner, “Review of on-chip inductor structures with
magnetic films”, |IEEE Trans. Magn., 2009

W
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Motivation |'|il-

~

Magnetic Core 1. Skin- and proximity- effects makes
T —— the modeling challenging.

—
=—=——— stack e

Side air gap Center air gap Side air gap

2. Solving Maxwell’s equations for all
design options is not practical.

Skin and
proximity
effects

3. Existing analytical models usually
have specific assumptions and are

not to use.
Current ot easy €

distribution in

4. Finite element modeling are:
four layers

ayer 3 Layer 4 « Time consuming
* Not analytical

1 Layer 2

\ )
4 _ _ )
An analytical approach that is:
Accurate Fast Easyto Use Widely Applicable
\_ /
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Example Applications
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4 1. What is the most appropriate way to interleave many layers? A
Copper Alternating Symmetric More complicated?
interleaved interleaved
EEHHEE E— ;E’F—j
iR —— A —
: . L]
Copper 2 & 4in parallel 2 & 3in parallel - ?
\_ /
4 _ Y4 )
2. What is the most appropriate 3. Other Design Options?
PCB spacing? o
| | | 1) Leakage & Shielding Layers?
Thin Middle Spacing Thick Middle Spacing 2) Hybrid Materials (Ni/Cu/FR4)?
m 3) Multi-Resonant Devices?
4) Etc...7
\_ VAN J
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Two Commonly Shared Assumptions Illil-

Every model starts from assumptions ...

4 )
(1) MQS assumption Magneto-Quasi-Static Maxwell’s equations
OE : ,
. Assume§= 0. rE=2
» Applicable when the wavelength is < Ve f % B
much longer than the device size xE= _Ea lgn?rf_ the :jme
(usually lower than ~100MHz). 7B =m0+ 55D electric field
\_ /
4 )

Magnetic core guides the flux
d

(2) 1-D assumption
* Fields vary only along the
thickness direction. . | ——

* Applicable when the flux is d>>w>>h

guided by the magnetic h ]
core. 1@_ J(h:) =

Skin and proximity effects change current distribution j

w

\_
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Modeling a Single Conductor Layer Illil-

Field diffusion equations: Electromagnetic Fields

Hp sinh(¥Yz) + Hg sinh(¥(h — z))

H =
x(?) sinh(¥h) .
y
Ampere’s law: 4 2 | =
p=—1J 5= |=— H. — E
VXH =] =0F 0 Hwo B K: current per unit width B
E field as a function of H and K: ‘
W (Hpe®™ — Hy Hp — Hye™*" _ra-e™)
Er = Ey(h) = ;<e:’h — e—q’ilj - qufh _Z—Wh > o o(1+e %) MOdU|ar Layer MOdel
B _ W (Hp —Hge™*" Hge"" — Hy 2Wpe—Yh
Ep =Ey(0) —;< oPh _ o-Ph e'Ph_e—'Ph> Zp = s(1—e 2%

(" KVLI/KCL relationships:\ _

V/m Q A/m

Ep =ZoHr +ZpK | KVL H & K:  through variables ~ unit (A/m)
Ep =Z,K—Z,Hp KVL E: across variable ~ unit (V/m)

L K =H; — Hg ) KCL Z,, Z,: impedances ~ unit ()
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Modeling Two Adjacent Layers IIIII

- d
Intuition:
: Q)Bl K,=L/
* Two three-terminal networks Hy, ~ l“’
« Connected by the H field . Layer 1 oy SRR, 210 oy 0 L1 h @
'..° HBT E P A
between them :..Spacing H., ET,(pSl% "a,
’ . Layer 2 b @, e .© 1] h
Faraday’s Law and Field E f
] _ Hsz -_— D5 w K,=ly/w
Continu |ty ...........................................
d(b 1 d¢T2 ..... 8 e s . A
Egid V1= — df Epad -V, = — dt Spacing between
layer 1 and layer 2 Layer 2
d®r, _ d®p, + do,  UTH; TRV T Hsiy "HLHBZ
dt  dt dt 1 ] _—
Zs1 = Za2 Zy =
Flux Linking Two Layers: e 22| 1%e,
An additional KVL equation KVL iw=cd A
v, v, % <> e
joppaHgqy = i Er; — Pl Ep, e
bt L J :
Q . E— Y Layer port 1 Layer port 2
\ A/m V/m Circuit Domain <=» Electromagnetic Domain
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Modeling Layers with Multiple Turns I

Fields distributions in multiple-turns layers are linearly related to those
in single-turn layers

Multiple turns — Additional Linear Conversions

d

i Layer 1
hy Two Turns
h | ‘ m1=2
Layer 1 [~ (DBl K,=l,m/w (a)

~Spacing

* *, Layer2

jw®r,=Vym, - dEr, l=wKy/m,
Spacing between

layer 1 and layer 2 Spacing between

O . Layeri layer 1 and layer 2
‘ HST? ............. H
-l. ' WHn WHsg WHS??
Z 1 1 1 _i_| : . :
....... Circuit Domain o Iz | aow
P dZuw TWK R
0 p—) T,
L o R
KVL S a1 (KWL
ﬁ E + 0 . +
g vy || Vi/m, H
- Intuitive ldeal  iz..mailo....:
Layer port1 Layer port 2 Layer port 1 Layer port 2

Transformers
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Modeling n Layers, the Core and the Air Gap |||i|-

Additional Impedances Representing the Cores and Air Gaps TOP Side
. H;
1. Top Side Loop1 M = L°°f>2
Vy , ,
Erq — q —jwp,cHry — jopobHrq

2. Bottom Side

Epp——F=jw HBn+jw”0bHBn I

Spacing between the  Layer 1 with m; turns Spacing between Spacing between Layer n with m, turns Spacing between the
top layer and the core .-~ layer 1 and layer 2 layer n-1and layer n .= i
l ________ " WHrq WHet™ o wWH1, WHg, ™ bott?_-m__layer and the core
~~~~~~~~~~ ff— e Tl
WHT]_ XK Il Il 5 |
} v // \dZaiw - 20w, OZanfw [y OZan G Zo X'y WHon
------- L e Mo -z ‘-.dzb Wl o o e 1
o N i34 d EBl o d ETI’] S n m I d EBn ------------

. .-

+ ------------------- 1 + Cmmale +
. \Layer 2T hayern / +—,<| + ™. Bottom of

. . v/mn core and
n repeating networks . -"mu] - ¢ airgap

s

S

TOP Side  taereont . 4o et BOTTOM Side

Top Side = » Bottom Side
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Modeling Electrical Interconnects (Vias) Illil

Modeling vias is equivalent to Connect the layer ports in the same
adding KVL, KCL constraints: pattern as they are in the real circuit

. L. ] Circuit Domain <e—L—» E&M Domain
Layer i and Layer j in series

Connection

I
; I
Layer k and Layer [ in parallel Series  Layer |
Connection ~ POrt
Ia Ii :
— TV e
Vk = Vl = - (] :
windinga V, ' I == L) g)
Y TI> 3":. ! Layerj |- ®
/4 mj:l i °
Series winding ; | o /:/ :
Lo |
Layers e | I -
+ Vi ?"E’ | Layer k — ;
Windingb  V, my:1 : FZz ,:// 7 §
Parallel v =
I—ayerS Parallel m:l |
I
I
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Summary of the Model

(o Geometry Information h

Magnetic Core

= =
e
Winding e
stack C——F
]
e —
CEEeees—
YRRy Y 'TT?‘“TT‘“T??‘“‘?‘ \ — ¢ rviiivevy

Side air gap

Side air gap center air gap

\_

(e Cross Layer Connections

~

Circuit Domain ~ ~s—t—» E&M Domain
Series

|
|
Layer |
N !
Connection ~ POrt ¢ Spacing
H e
Layer 1 la b ol

Layer 2 tv ’ ||’.

windinga V, m;:1 2
Layer 3 g @
: Ly :
Layer 4 A milo .
Winding | zmz%mzz;
ports \‘ I I

Y= =

my:

Windingb  V,

Parallel mi:1
Connection | H
I 3 j
.

| L

[o Modular Layer Model

~

Use the model!

Spacing between Spacing Spacing Spacing between the
the top layer and between layer between layer bottom layer and the
the top ferrite .. land layer 2 n-1 and layer n . bottom ferrite
""""""" - ‘\" ",--""---._.~ g oo “". ",--"'"--..
WHry s [ 1+ J+—=eeeceee I —

' ; H K | , H WHBI‘I

] Bottom ™
Y Layer 2 ~ Layer n-1 . s ferrite and | Ly}

_____ { v, gl the air gap :

\
Layer port 1 . . Layer port n
\ Top Side <¢——— Bottom Side j
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Use the Model Numerically U

Netlist generation and full circuit simulation

Geometry ®p Impedances ®m  Netlists = Simulations (SPICE)

e Netlistfor a single layer-----------—- —y
A R B L C L DR E C— 1. Describing the Impedances---—--—- e[| e [ e | sm | w | e Soumerer 22002012
*--Name---Node 1------Node 2--------—Value------
R1 A B real(Z,)
L1 B Cc imag(Z,)/w
L2 c D real(Z;)
R2 D E imag(Z,)/w
R3 Cc F real(Z,)
L3 F G imag(Z,)/w
e 2. Describing the ideal transformer-----
LA | J d*
LB G H 1
K LA LB 1

m) “Magnetics-in-the-Loop” Simulations ™ Visualizing Hy, Ey, Jy, just as in FEM

z
) Red: 31 mil FR4 board between layer A & layer B (0.937mm)
y X Blue: Kapton film between layer A & layer B (0.140mm)
_E B z z
M Top ferrite
=

Spacing blI
| Conductor Layer A I h
Spacing a
eeee — [T, A B
ts a a Zys Zs Zy Za  Zps Conductor Layer B I h
Zi N N b Z .
bf Spacing by,
Top ferrite E— - [, S AR P
ml mpl |- Eerfite Bottom ferrite Hy(2)| 1y(2)]
and the air Gap
Layer port 1 Layer port n

Use Python/Matlab scripts to rapidly generate the netlist ~~
Use SPICE to rapidly solve the netlist ~~
A GUI is under development ~~

Planar Magnetics Modeling Approach, 2015 12



Use the Model Analytically Mhir

Physical Structure Modular Layer Model (SPICE netlist)

Spacing between Spacing Spacing

the top layer and between layer between layer

é the top ferrite .. land layer 2 n-1and layer n
{ — -~ P - T -~
T — ——H -—=—e 00 000 = =
s o 3 % theair gap %
E Layer port 1 . . Layer port n
Top Side <¢—————— Bottom Side

Simplify

Spacing between the
bottom layer and the
bottom ferrite

Bottom
Layer 2 ~ Layer n-1

Parameter Extractions Using:

Open and Short Circuit Simulations. Conventional Transformer T Model:
. : Rp Lp Rs Ls
Impedance Matrix L

Rw

Vnx1 =2 X 1
Nx1 NxN % Inx1 N gng

 Extract Parameters for Other Circuit Models.
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Verifications and Application Examples Illil-

Experimental Measurements

21.8 mm

ELP22 Cores: window width/height ratio ~ 3:1

ANSYS Maxwell FEM Simulations

height
HIA_per_n] length Layer 1 & 2 in parallel Layer 1 & 3 in parallel Layer 1 & 4 in parallel
Yo wian @ (b) (c)

. 3. 000064002 Layer 3 & 4 in parallel Layer 2 & 4 in parallel Layer 2 & 3 in parallel
1.4366¢+002
6.8791e-001

3. 29414001 1/2 oz copper
1.57Tve+«201
7.5535¢+-000
3. 6171e-00
1.7321e+000
8. 29%Qe-001
3.9717«-001
1.9019¢-001
9.1072¢-002
5. 3610 -002

2.0883¢-002
.
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Impacts of Interleaving Patterns Illil-

Comparing the P,. and E,. of three 1:1 transformers
with three different interleaving patterns

AC Resistance (Q) ~ Roc

Non interleaved
{ } o2 = Model, Non-intgrleaved ’u Pac — ZIZRaC
_ —— Model, Alternating x / \
== Model, S i :
] 0157 & E;pz No);:rr:t]:rtlz(;ved Ly / Non Interleaved
| ] X Expe, Aemating a P
0.1n : E)I;F;/T'I\?g:ir:teetr::aved I- x/,:’/ Al ter n atl n g
o Al i ]
| 2 rev, Symmens =/ 7 symmetric
Alternating 0.05 IR b ; |
10° 10" 10° 10° 10’ 10°

_ Frequency (Hz) 10MHZ  100MHZ
_ AC Inductance (nH) ~ L 1

" — _Zyp2g

5 Eo =5 2I%Lg,

: Y | -
Symmetric 20 I ~ X[ X O XX x ll,"‘x"'h\ Symmetric

15 L )
1 - L L xx xxX | Non interleaved
——1] ) ac N
] B '

A, il 4 5 6 7 8 Alternating
10 10 10 10 10 10
Frequency (Hz)

Interleaving has to be done in the right way !!!
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Impacts of PCB Layer Stacks

Thin Middle Spacing

Thick Middle Spacing

cepper
Alternating
interleaved
A B
Non. —{ >
Interleaved 4{_3_

C

1. Quantifying the impacts of PCB
stacks on impedances.

2. Choosing the optimal combination of
interleaving strategies and PCB layer
stacks/materials.

0.2

0.15H

0.1

0.05

120

100

80

60

40

20

AC Resistance (Q) ~ R.c

13 E
== Thin-Mid-Spacing, Non-interleaved
== Thin-Mid-Spacing, Alternating
=== Thick-Mid-Spacing, Non-interleaved
=== Thick-Mid-Spacing, Alternating 8

Non-interleaved

Alternating
interleaved

Frequency (Hz)
AC Inductance (nH) ~ L.

Non-interleaved

Alternating
interleaved

@)

-

4

10 10° 10
Frequency (Hz)
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Practical Considerations Illil-

e
in +
i &) ==
Tin
(e/(21+e)<25%, err<15%)
(a) End effects (b) Radius effects for pot cores
H h, — core
c c .
> 3 insulator
> ® ™~ conductor
N w7 Ny~ N\ et
w
(c/h,,<40%, err<10%) (c/w,,<40%, err<10%) (c/h,>40%, err<10%)
(c) Conductor to core (d) Conductor to Conductor (e) Fringing effects

clearances (side spacing) clearances (middle spacing)
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Summary |'|il-

Geometry + Operating Frequency

‘ MQS Maxwell’s Equations & 1-D Assumption

Lumped Circuit Model

‘ Simulations (SPICE) ‘ Circuit Theory

Numerical Analytical

1. Circuit Simulation 1. Impedance matrix

2. Field Visualization 2. Impedance-based cantilever model
[ Applications ] Please check the reference

1. Multiple primary/secondary windings for more details include:

2. Interleaving . .

3. PCB Spacing Derivations & Verifications

4. Board Ma’FerlaIS _ Empirical Design Rules

5. Other design options
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