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LLC Converter

e Zero-voltage switching
primary FETs

* Low switching losses

* Lower EMI

* Variable voltage gain, Vin=
can both buck and
boost

e Resonant inductor can
be integrated into the
transformer

Source: Texas Instruments
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Resonant Tank Parameters
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Specifying Resonant Tank

Designers place a lot of emphasis on selecting the “optimum” resonant tank
parameters:

e Select the desired transformer ratio so that
with the nominal input and output voltage the
gain equals 1

2
* Select the Lm ratio to satisfy minimum gain Qa 1.8}
requirements 27 16k
p=
S 14}
oy
e Select the Lm ratio and Zo to satisfy maximum % 1.2
gain requirements E
g 1t
085~ 06 07 08 09 1

normalized freq. (fsffr)
= (a)
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Transformer Equivalent Model

Resonant

Caliskan, Eser & Ustun, Ozgur. (2022). Smart Efficiency Tracking for
Novel Switch—LLC Converter for Battery Charging Applications.
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Common Misconceptions

In_

Traditional characterization methods don’t yield the LLC “equivalent” mode

Resonant

e The “turns ratio” in the LLC circuit model is
NOT necessarily equal to winding ratio in the
transformer

* Lris NOT necessarily equal to the magnitude of
the combine stray inductance of the
transformer

* Lmis NOT necessarily equal to the calculated  Gapped

=

magnetizing inductance based on the core AL  Material |g A, value e
approx.
value m M
N27, 0.10 +0.02 460 410 I
NB87 0.18 £0.02 300 265 I
0.34 £0.02 195 175

-~ {MICROMETALS

POWDER CORE SOLUTIONS




Reluctance Modeling

A true physical based model of the transformer needs to be evaluated:

* The transformer can be modeled as an
equivalent “magnetic circuit”

* Flux paths can be modeled as magnetic A_
reluctances, which have a certain permeance

L@ —1 _ ﬂ(]ﬂﬂrAe
f le

 The windings can be modeled as voltage
sources that represent their combined
magneto motive force
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Equivalent Reluctance Model

Acore
@ Astray Acore
Acore
Acore
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Duality Theorem

Apore The equivalent magnetic circuit can be
N B converted to electrical circuit:
|
N2%12 Astray Acore Astray,p Astray,s
N1:1 1:N2
Astray
Agap Acore ‘ Acore Ngap
Astray
N1*I1 Astray Acore Note:

Acore >>> Astray
Acore >> Agap
Further simplify

ACOT‘G = ©
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Simplified model

N1:1 Astray,p Astray,s 1:N2

Acore Agap

Reflect turns

N{ Astray,p N{ Astray,s N;:N,
LYY YN
N{Acore N12Agap
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Converting to classical LLC model

L11*(1-x*k) L11*x*(x-k) 1 o
LYY YY
L11*x*k
x=Kk F{1kA 1 1 |Lp;
L11*(1-kA2) %
LYYY\
L11*kA2
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Model equivalence

L11 - 14‘0[.1H, L22 - 120#H,k = 0.9258

— I2 OI‘uHI \ = - | . | .‘."ml:Ha.aﬁured '.'-'.:.-Hage
I Vm2:Measured voltage
216,52 . i T i
216,50
x =k = 0.9258 120uH
216,88
216,86

&mz:Messured current

K 1:0.8571 ‘ el ap | / .E!m];:.Haaﬁur-.;-d:.:_urrent

Identical
simulation
— 1.0801 140uH results for
LLC converter =

X =

44448 44447 44448 44449 44450 4,4451 ® le-1
Time [ 5
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Measuring LLC model

When measuring a LLC transformer:

 Measure open circuit inductance on BOTH
primary and secondary

* Equivalent “resonant” inductance is equal to
the measured stray inductance when
secondary is shorted
* Equivalent magnetizing inductance is equal to
open circuit primary inductance minus L11*(1-k"2) 1:

resonant inductance Y Y'Y\

* Turns ratio is NOT equal to winding ratio but
based on coupling coefficient, primary open
circuit inductance and secondary open circuit L11%*k"2
inductance

=~
N
N

&=
h

=Y

=Y
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Calculating LLC transformer

In order to calculate LLC transformer:

N. 5 Astray,p N. 5 Astray,s
* Need to calculate gap permeance Y Y'Y it
* Need to calculate stray permeance
* Need to calculate magnitude of 2
: Ny Agap
primary and secondary stray
permeance, not total stray

permeance

* Based on permeances, equivalent
model can be calculated

The permeances can either be simulated using a Finite
Element Simulation or approximated using calculations
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Approximating Gap Permeance

Gap Permeance can be approximated using:

Nngstray,p Nzg Astray,s o
4 q! 2w Y'Y YN i
~ gap gap
Agap = Uo l (1 + i lnl >
gap gap gap
with: Nnggap

* Agap, cross-section of gap

* lgap, air gap length
 w, window height

* (=0.85-0.95 for round post, 1-1.1 for square post
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Approximating Stray Permeance

The stray permeances can be approximated using:

N 5 Astray,p N. 13 Astray,s
* For each core geometry there is a stray YA Y YL
permeance per unit length, denoted here as A,
which is in units of H/(t*2*m)
2
Ny Agap

* The space within a winding contributes 1/3 its
total length to the stray permeance while the
“air” between windings contributes its full

length:

D, + D,
Astray total = Astray — 3 +E
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Assigning Stray Permeance |

With no overlap with air gap, stray permeance can be clearly assigned

N Ig AS tray,p N 13 Astray,s
e Each winding is assigned its relative o o o —~ o~~~
permeance:
2
Ny Agap

Fy
Astray,p = Astray ? + F,

Gq - T
Astray,s = Astray ? + G,
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Assigning Stray Permeance ||

If windings strongly overlap the air gap then distribution can be approximated:

N 5 Astray,p N. 13 Astray,s
* Consider relative distance between center of YA Y YL
each winding and center of air gap
° i 2
Assign stray permeance based on N2Agap

ratio of mean distances:

F
Astray,p = Astray,total (m)

F
Astray,s = Astray,total (1 -

F+G
- (VMICROMETALS




Approximate per unit inductances

For a Pot Core with a Chamber winding, the o)
stray permeance per unit length can be .
approximated using: / min ,
- L
L
Astray = % Fmax T
In (ﬁ) DNy

Source: EPCOS/TDK

* The per unit stray permeance is multiplied
by the equivalent “height” to obtain the 3

total permeance Fmax Primary Secondary i’b

* Windings contribute 1/3 their height

Core

* Air between windings contribute full height T Fmin

(b) Chamber Wound
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Approximate per unit inductances

For a Pot Core with a barrel winding, the stray

permeance per unit length can be approximated % '///é
using: A / | / |
1 N UoMLpT Z_ A
stray ~ 1.
y b | %
* The per unit stray permeance is multiplied A4 \
by the equivalent “height” to obtain the \\\ ! & ﬁ
total permeance |

Source: EPCOS/TDK

e Windings contribute 1/3 their height

 Air between windings contribute full height Core
Secondary
Barrel Windings have lower stray Primary tﬁ
permeances than chamber windings = ’ >

(a) Barrel Wound
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Stray Permeance of common shapes
For barrel windings the following can be used as an approximation:

HoMLpT
Astray ~ —

For chamber windings the following values can be used:

PQ-cores: ETD-cores:
PQ26 10.79 nH/(t*2*mm) ETD-24 7.808 nH/(t*2*mm)
PQ32 9.516 nH/(t*2*mm) ETD-29 7.003 nH/(t*2*mm)
PQ35 8.489 nH/(t"2*mm) ETD-34 6.786 nH/(t"2*mm)
PQ40 6.711 nH/(t*2*mm) ETD-39 6.831 nH/(t*2*mm)
ETD-44 7.452 nH/(t*2*mm)

ETD-49 7.348 nH/(t*2*mm)
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Example calculation

PQ 35/35mm, 1mm air gap, 27turns primary, 3 turns secondary

|
w(7.175mm)? 0.9 X 1mm 2 X 25mm nH ;// % Z !
Agap = Ug 1+ In = 259.5— / o |yo
Imm Jm(7.175mm)? Imm t / . 1 |5
o | S
Astrayp = 9516 — (27 + 0mm )=39.65 1 \ Q\\ vo©
Y
H (625 mm . 014.35:0.25 o
Astrayp = 9.516t2mm< —— 6.25mm> =793 351106 _
FPK0476-1
27% x 39.65nH 27% x 79.3nH : 73.2uH
Y YY" 27:3 Y 27 : 3.68
Y YY)
28.9uH 57.8uH
2
k = 0.815 277 % 259.5nH 144.85uH
189.17uH
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The “cost” of stray inductance

Litz wire normally used for LLC transformers.

Core
* AC resistance of Litz winding can be
. L Second
approximated using: econdary ;
Primary
_ pN?(MLT) < kcua2d§> - b B
“e keuW, 4864, o B
* Stray inductance is given by: (a) Barrel Wound
2
Astray,total = Astray Xal|l- 3 kcu Core
o M LpT _ 27'[[10 Primary Secondary i‘b
Astray,barrel ~ T Astray,chamber - o
In (— ) - >
7"‘fnl‘l'l

Measures meant to increase the stray inductance can

cause higher copper losses! (b) Chamber Wound
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e Using Barrel
windings in order
to boost stray
inductance limits
performance as
loss increases due
to proximity effect

* The larger the
ratio of winding
window width to
height, the higher
the difference

* Fine litz strands
can help extend
range
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Performance Factor - MnZn Ferrite Material at 300

10° r

10*

103

10*

Limited Performance Factor

»

Chamber winding
lower performance
than barrel but more L

PQ50/50 Barrel 0.02mm

PQ26/25 Barrel 0.07mm

P(126/25 Chamber 0.07mm

---------
-

-
-

PO26/25 Barell 0.02mm

Frequency (Hz)

7 103

110°

10?

Performance Factor - Transformer (solid lines)




Thank You
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Appendix | — Stray Permeance E core

- Z-C
~/ P = FUT
d Pa = po [ﬂ.Eﬁ + ;1r+]n (1 + %) - length

b] \ / P3 = pp(0.308d + b)
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Appendix || — Optimum Winding Height

 pMLTN? dga

Rac min —
* Wa V302,
V4852,
fopt = kcu mamds
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