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LLC Converter
• Zero-voltage switching 

primary FETs

• Low switching losses

• Lower EMI

• Variable voltage gain, 
can both buck and 
boost

Source: Texas Instruments

• Resonant inductor can 
be integrated into the 
transformer
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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:

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

• Select the Lm ratio to satisfy minimum gain 
requirements

• Select the Lm  ratio and Zo to satisfy maximum 
gain requirements

𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 ≈
1

1 + 𝐿𝐿𝑛𝑛−1
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Transformer Equivalent Model

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

=
?
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Common Misconceptions
Traditional characterization methods don’t yield the LLC “equivalent” model”:

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

• Lr is NOT necessarily equal to the magnitude of 
the combine stray inductance of the 
transformer

• Lm is NOT necessarily equal to the calculated 
magnetizing inductance based on the core AL 
value
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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 
reluctances, which have a certain permeance

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

Λ𝑔𝑔𝑔𝑔𝑔𝑔 Λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
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Duality Theorem

1:N2

N1*I1

Λstray,p Λstray,s

ΛgapΛcore

N1:1

N2*I2

Λ𝑔𝑔𝑔𝑔𝑔𝑔
Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

The equivalent magnetic circuit can be 
converted to electrical circuit:

1:N2
Λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐Λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ⋙ Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠Λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ⋙ Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
Λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≫ Λ𝑔𝑔𝑔𝑔𝑔𝑔

Λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≅ ∞

Note:

Further simplify



www.micrometals.com

10

Simplified model

Reflect turns

N1:1 1:N2Λstray,p Λstray,s

ΛgapΛcore

Λstray,s

𝑁𝑁12Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑝𝑝 𝑁𝑁12Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑠𝑠

𝑁𝑁12Λ𝑔𝑔𝑔𝑔𝑔𝑔𝑁𝑁12Λ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑁𝑁1:𝑁𝑁2
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Converting to classical LLC model

L11*(1-x*k) L11*x*(x-k)

L11*x*k

1 ∶
1
𝑥𝑥

𝐿𝐿22
𝐿𝐿11

L11*(1-k^2)

L11*k^2

1 ∶
1
𝑘𝑘

𝐿𝐿22
𝐿𝐿11

x=k
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Model equivalence

1:120𝜇𝜇𝜇𝜇

120𝜇𝜇𝜇𝜇

1: 0.857123.34𝜇𝜇𝜇𝜇

140𝜇𝜇𝜇𝜇

Identical 
simulation 
results for 

LLC converter

𝐿𝐿11 = 140𝜇𝜇𝜇𝜇, 𝐿𝐿22 = 120𝜇𝜇𝜇𝜇, 𝑘𝑘 = 0.9258

𝑥𝑥 = 𝑘𝑘 = 0.9258

𝑥𝑥 =
1
𝑘𝑘 = 1.0801
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Measuring LLC model

L11*(1-k^2)

L11*k^2

1 ∶
1
𝑘𝑘

𝐿𝐿22
𝐿𝐿11

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 
resonant inductance

• Turns ratio is NOT equal to winding ratio but 
based on coupling coefficient, primary open 
circuit inductance and secondary open circuit 
inductance
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Calculating LLC transformer
In order to calculate LLC transformer:

• Need to calculate gap permeance

• Need to calculate stray permeance

• Need to calculate magnitude of 
primary and secondary stray 
permeance, not total stray 
permeance

• Based on permeances, equivalent 
model can be calculated

𝑁𝑁1:𝑁𝑁2
𝑁𝑁𝑝𝑝2Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑝𝑝 𝑁𝑁𝑝𝑝2Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑠𝑠

𝑁𝑁𝑝𝑝2Λ𝑔𝑔𝑔𝑔𝑔𝑔

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:

𝑁𝑁1:𝑁𝑁2
𝑁𝑁𝑝𝑝2Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑝𝑝 𝑁𝑁𝑝𝑝2Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑠𝑠

𝑁𝑁𝑝𝑝2Λ𝑔𝑔𝑔𝑔𝑔𝑔

Λ𝑔𝑔𝑔𝑔𝑔𝑔 ≈ 𝜇𝜇0
𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔
𝑙𝑙𝑔𝑔𝑔𝑔𝑔𝑔

1 +
𝑞𝑞𝑙𝑙𝑔𝑔𝑔𝑔𝑔𝑔
𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔

ln
2𝑤𝑤
𝑙𝑙𝑔𝑔𝑔𝑔𝑔𝑔

with:

• Agap, cross-section of gap

• lgap, air gap length

• w, window height

• q≈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:

• For each core geometry there is a stray 
permeance per unit length, denoted here as λ, 
which is in units of H/(t^2*m)

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

𝑁𝑁𝑝𝑝2Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑝𝑝 𝑁𝑁𝑝𝑝2Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑠𝑠

𝑁𝑁𝑝𝑝2Λ𝑔𝑔𝑔𝑔𝑔𝑔

D1 D2EΛ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝐷𝐷1 + 𝐷𝐷2

3 + 𝐸𝐸
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Assigning Stray Permeance I
With no overlap with air gap, stray permeance can be clearly assigned

• Each winding is assigned its relative 
permeance:

𝑁𝑁𝑝𝑝2Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑝𝑝 𝑁𝑁𝑝𝑝2Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑠𝑠

𝑁𝑁𝑝𝑝2Λ𝑔𝑔𝑔𝑔𝑔𝑔

F1

Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑝𝑝 = 𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝐹𝐹1
3 + 𝐹𝐹2

G1F2 G2
Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑠𝑠 = 𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝐺𝐺1
3 + 𝐺𝐺2
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Assigning Stray Permeance II
If windings strongly overlap the air gap then distribution can be approximated:

• Consider relative distance between center of 
each winding and center of air gap

• Assign stray permeance based on 
ratio of mean distances:

𝑁𝑁𝑝𝑝2Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑝𝑝 𝑁𝑁𝑝𝑝2Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑠𝑠

𝑁𝑁𝑝𝑝2Λ𝑔𝑔𝑔𝑔𝑔𝑔

F

Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑝𝑝 = Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝐹𝐹

𝐹𝐹 + 𝐺𝐺

GΛ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑠𝑠 = Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 1 −
𝐹𝐹

𝐹𝐹 + 𝐺𝐺
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Approximate per unit inductances
For a Pot Core with a Chamber winding, the 
stray permeance per unit length can be 
approximated using: 

• The per unit stray permeance is multiplied 
by the equivalent “height” to obtain the 
total permeance

𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
2𝜋𝜋𝜇𝜇0

ln 𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚
𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚

• Windings contribute 1/3 their height

• Air between windings contribute full height

rmax

rmax

rmin

rmin

Source: EPCOS/TDK
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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 
using: 

• The per unit stray permeance is multiplied 
by the equivalent “height” to obtain the 
total permeance

𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ≈
𝜇𝜇0𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

𝑏𝑏

• Windings contribute 1/3 their height
• Air between windings contribute full height

Barrel Windings have lower stray 
permeances than chamber windings

Source: EPCOS/TDK
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Stray Permeance of common shapes
For barrel windings the following can be used as an approximation:

𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ≈
𝜇𝜇0𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

𝑏𝑏

For chamber windings the following values can be used:

PQ-cores: ETD-cores:

Core Per unit stray permeance

ETD-24 7.808 nH/(t^2*mm)

ETD-29 7.003 nH/(t^2*mm)

ETD-34 6.786 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)

Core Per unit stray permeance

PQ26 10.79 nH/(t^2*mm)

PQ32 9.516 nH/(t^2*mm)

PQ35 8.489 nH/(t^2*mm)

PQ40 6.711 nH/(t^2*mm)
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Example calculation
PQ 35/35mm, 1mm air gap, 27turns primary, 3 turns secondary

Λ𝑔𝑔𝑔𝑔𝑔𝑔 ≈ 𝜇𝜇0
𝜋𝜋 7.175𝑚𝑚𝑚𝑚 2

1𝑚𝑚𝑚𝑚 1 +
0.9 × 1𝑚𝑚𝑚𝑚

𝜋𝜋 7.175𝑚𝑚𝑚𝑚 2
ln

2 × 25𝑚𝑚𝑚𝑚
1𝑚𝑚𝑚𝑚

= 259.5
𝑛𝑛𝐻𝐻
𝑡𝑡2

Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑝𝑝 = 9.516 𝑛𝑛𝑛𝑛
𝑡𝑡2𝑚𝑚𝑚𝑚

12.5𝑚𝑚𝑚𝑚
3

+ 0𝑚𝑚𝑚𝑚 =39.65 𝑛𝑛𝐻𝐻
𝑡𝑡2

Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑝𝑝 = 9.516
𝑛𝑛𝑛𝑛

𝑡𝑡2𝑚𝑚𝑚𝑚
6.25𝑚𝑚𝑚𝑚

3 + 6.25𝑚𝑚𝑚𝑚 = 79.3
𝑛𝑛𝐻𝐻
𝑡𝑡2

27 ∶ 3.68
272 × 39.65𝑛𝑛𝑛𝑛 272 × 79.3𝑛𝑛𝑛𝑛

272 × 259.5𝑛𝑛𝑛𝑛

28.9𝜇𝜇𝜇𝜇 57.8𝜇𝜇𝜇𝜇

189.17𝜇𝜇𝜇𝜇
𝑘𝑘 = 0.815 144.85𝜇𝜇𝜇𝜇

73.2𝜇𝜇𝜇𝜇27 ∶ 3
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The “cost” of stray inductance
Litz wire normally used for LLC transformers.

• AC resistance of Litz winding can be 
approximated using:

𝑅𝑅𝑎𝑎𝑎𝑎 =
𝜌𝜌𝑁𝑁2(𝑀𝑀𝑀𝑀𝑀𝑀)
𝑘𝑘𝑐𝑐𝑐𝑐𝑊𝑊𝑎𝑎

1 +
𝑘𝑘𝑐𝑐𝑐𝑐𝑎𝑎2𝑑𝑑𝑠𝑠2

48𝛿𝛿𝑒𝑒𝑒𝑒4

Measures meant to increase the stray inductance can 
cause higher copper losses!

Λ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 × 𝑎𝑎 1 −
2
3 𝑘𝑘𝑐𝑐𝑐𝑐

• Stray inductance is given by:

𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
2𝜋𝜋𝜇𝜇0

ln 𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚
𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚

𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ≈
𝜇𝜇0𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

𝑏𝑏
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Limited Performance Factor
• 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

Chamber winding 
lower performance 
than barrel but more L
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Thank You
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Appendix I – Stray Permeance E core
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Appendix II  – Optimum Winding Height
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