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Voltage regulation by frequency change

High efficiency at resonance frequency

Z\/S of primary switches

ZCS at turnoff of diode bridge

High power density could be achieved integrated

the resonant inductance in the transformer



State of the art design methodologies

Many different design methodologies have been proposed in the literature. The ones listed below are the root of most
of them
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Practical LLC transformer design methodology

SpecificationsVip, Vout, fSWrange, Lm, Z—: Ly, AT, T,

A 4

Define losses target based on converter operation

A 4

Adapt T, and T, targets ) ) ) )
Define list of available cores based on temperature rise

Change N; Turns and/or material
»| Select Core, Material, Turns and Gap length based on target losses, power density and available space

A\ 4

Change winding strategy

Select winding strategy and wires based on isolation, leakage and target losses

v

Lix < +10%L,

Ploss < Plossmrget

T <T,+AT

Sample and testing




Converter Losses Budget

Basedon the input-output voltagesand power and convertertarget efficiencythe target lossesshould be defined

3kW LLCOLossesDistribution

m Capacitors
m Auxiliary

= PCB

® Pri Mosfets
m Sec Bridge

= Magnetics

The larger the power the lower the contribution of
the transformer to the total power losses
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Transformer Losses Target

The targetloss should not only considerthe converterefficiencybut alsothe frequencyrange

3 kW LLPower Profile
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P.=118W _

R, =157W w —_—

60 kHz m

P.=31W —

120 kHz

P.=027W
P,=17W

238 kHz
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R, =86W i

Thetighter the frequencyrangethe closerto 50% PcPw balance

T T fsw P
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Core list and temperature rise

An equivalent thermal resistor network can be developed for each core shape. With the target core and winding losses the
core and winding temperature can be predicted reducing thus the wide range of cores to those meetingdThe2quirement

Simplified Thermal resistor network (TRN)

Pcore
Pwinding
AT
Ty

Tamb

I Rwindingamb
T, \ 4

windingsyrface

REGTeamb

T,

COTesurface

R

COT€pobbin

TRN Database

1. A generic winding can be predefined by fixing a number

of turns, a winding utilization factor and a wire diameter List of cores that
meet the
2. The source of the core and winding losses can be temperature rise

assumed to be inner layer and in the core center leg




1 — PQ40 Simplified TRN Derivation

Tam b

RCDTeamb

COTesurface

R

COT €pobbin

I Rwindingaml7

indingsurface Rcorecleg =181Q
I Rwinaingpoppin Rcorebabbm =5790

70%coilfilling factor
4 Layers

40 Turns

ODwire = 1,95 mm
Pcore= 3W
Pwinding= 2,5W

Tump = 25° C
Reore,y, = 20,3 Q

Ruwindinggmp = 25,50
Rwindingpoppin = 1,91 Q2
Peore = 3W
Pwinding =25wW

TRN Concept Example

2 — New design PQ40 Evaluation

4 N\
Pcore=2,2W
Pwinding = 3,5W
AT = 80°C
T, = 25°C
\_ J
4 ‘ N
PQ40 TRN
Database
\ ‘ J
Tcore = 79,6°C
Twinding = 96,7°C

Tcoresurface = 80' 6°C

R

COT eamp

3 — Complete design comparison

25 Turns Primary

5 Turns Secondary

OD wire=1,6 mm
Pcore=2,2W
Ppri_winding=1,63W
Psec_winding=2,03W

Complete TRN of the transformer

T

Wlndlngsurface

=103°C

Rigyers Riayera Riayera

Rwindingamb

Piayers




*  Theminimun numberof turns can becalculatedusinglGSBo meet the corelos target

Core List Optimization

+ Theminimungap canthen be setwith the inductancerequirementand thecorereluctancemodel

 As alist of corescomplyingwith AT, P.y;.¢, Linqg is Obtained
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) 4
List of coresmeeting AT Core IGSE
Pcore mal‘ef/.a/
Lleak Integrated or Not core Sw ), \dt l
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Core Selection

Giventhe isolation requirements, leakagestrategy and RMScurrents the conductionarearequiredcan becalculatedand thesmallest core

in the list can bechoosen Humargin
<+>»

* Margin Tape
1. Define theavailablewindow areaof the coreaccordingto the
isolation and leakagestrategies

wy, = Wh_coil -2 Hmargin

»
»

A

77
* Triple-Insulated-Wire h_coil

<
= ODyire = ODyom + 2 - Insulationipickness
H
2 +  Split bobbin for high leakage >

Wi = Wh_coir — Hs

2. Define required conduction area based on the current density 3. Select the smallest core meeting where the wire fits
desired and fixing the inital litz wire strand diameter

I
Awnx =]ﬂ _ Odstrandl\l.x * Nstrananx AC < Wa
Nx Porositysactor

ODnome -

_ Awa
N strandNx — T

n

42 = . 2

40dstrande AC sz ODnome
x=1



Winding Optimization

Modify wire & n°parallelsconfiguration N, Ly, PWigrger, Isolationgrgregy

Leakage Integrated

Round Center Pole

Interleaving Split Bobbin

Increasedistance
Increasturns

Ferrite Toroid

A

Ly < +10% L,

Pw < PWiarget

¥ Continueprocess



Practical LLC transformer design methodology

SpecificationsVip, Vout, fSWrange, Lm, Z—: Ly, AT, T,

A 4

Define losses target based on converter operation

A 4

Adapt T, and T, targets ) ) ) )
Define list of available cores based on temperature rise

Change N; Turns and/or material
»| Select Core, Material, Turns and Gap length based on target losses, power density and available space

A\ 4

Change winding strategy

Select winding strategy and wires based on isolation, leakage and target losses

v

Lix < +10%L,

Ploss < Plossmrget

T <T,+AT

Sample and testing




ConverterSPECIFICATIONS

Parameter
Input Voltage

Output Voltage

Power
Efficiency
Limag / Lser
Fsw_range

Resonant Frequency
Dimensions
T, / AT
Cooling
Leakage
Efficiency

Isolation Requirements

14

Design Example- Specs

Value
18V-33V-36V

400V
150 W= 250 W= 250 W
96%- 97,1% 97,4%

12,2 yH /2,2 pH

50-96 — 117 kHz
110 kHz
42 x 42 x 30 mm
25°C/ 80°C
Pure Convection
Integrated
94,5%- 96%- 96%

Reinforced OVCll PD2

18Vin-400Vout - 150W - 50kHz
( )
I Voitzo= [V [ Current [A] Vrms {U] B 333 I Voitzoe V1 [ Cument [A]
= 3 Urms (V) = ZB7.8
Irms {A) = 9,47 Irms (A) = 0,61
F Vpk (V) = 385 F § Vpk [V} = 400
= Ipk (&) = 4,76 - = Ik (8] = e
Primary S Secondary )
33Vin-400Vout - 250W - 96kHz
( )
I Voitzos [V [ Curent (4] I Votzoc [v] [ Current [A] B B
vrms (V) = 40,6 - N vrms (V) = 3874
:2 0 ms(a)s - o / \ \\ ;: Irms (8) = 073
= =2 \ S e -
g o o 3 vpk (V) = 535 % mg / ] \ A g Vpk (W) = 400
2 a0 S E ks 1383 2 / / .~ Ipk (A) = 1,08
“ f " Bt fl[ !/f 10
Primar e )
S Y o Secondary
36Vin-400Vout — 250W - 117kHz
I Voitzoe v [ Cument [A]
Urms (V) 43 400 y s 7 \ vrms (U= -
rms = s P
Irms (A) = 0,68
T s (A) = 9,27 s 2/ / P
s 5 o Uk V) - s ;_:, 0 0 g Upkﬂ!}: 400
£ i B - 2 0 \\ /J \ os= pkia)= 0:34
2 5 = Ipk{A)= 12,54 300 ).4' '
10 ., _a00
Primary — Secondary
& Time [ms] J

5o



1 — Target LossDefinition

100% 35%

98% 30%
96% 25%
949, 20%
("]
92%
90%
88%
Q Q Q
® .S

15%

10%

5%

0%
Q

Q

S
& O
\’5\\(1‘?6900

O
N

TTioss cargec = 0,25 * (1 = 0,96) * 250W = 2,5 W @33Vin&36Vin

% =05 -

2 — B Perarger = L2SW By, ., = 1,25W @33Vin&36Vin
TTiossearger@iayin = 0:25 * (1 — 0,945) « 150W = 2,06 W
C .
% = 065 = Patgarge = 133W Ry, = 0.72W @33Vin
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Design Example- Loss Target &AT

2 — Trise calculation

Pctarget = 1’33 w
TRNDatabase | =  Bvearger = 1.25W
Teore = 75°C

Twinding =90°C

|

S Y

N Q Q U S
W A \ o
SR P g
Core mTc_surf Tw_surf

m
) D o
< PN &€ & F <

T >T,+AT

***PQ, ETD, Bnly shown in this examplefor simplicity
purposes morecorescouldbe includedin the list



3 — Coreturns and gap

Pearger = 133 W Liear = Integrated

Linag = 12,2uH PQ,ETD,E Families

!

L. 3C95
CoreOptimizer

® PQ_Ferroxcube_3C95_v16
Y ® ETD_Ferroxcube_3C85_v16
® E_Femoxcube_3C95_x1_v16

30
¢ 25 ETD43

20
ETD44
.

ETD35
.
3
.
=
4 4.5 5 5.5 6 6.5 7

Turns

Design Example- Core ListOptimization

4 — Window fitting

] =6 A/mm?
Irms,,; = 9,554
Irmsge. = 0,73 A __ ODgsec = 0,6 mm
ODnom =0,07mm
Split bobbin = 1 mm
400
350
300
250
200
150
100
50 I
0 |
&S P (O P P ° S ° & 0@ D
b‘\'(\\ \\q} ‘b(1> \’\\Q)\rp rb(b n_) &%’ﬁ D‘Q\q}q’ 9‘13}0\6'13}‘))\%"\0@@6@
PR &L Q,\ov € SF CTEF T
< < & & P

Ac mWa %
0]
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Design Example- Winding Optimization

Primary— 7 x 3 xLitz 160x0,07

W |solation
N Bobbin
M Core

B Prirnary
B Secondary

33 Vin

Lmag = 12,3 uH

Lieak=217uH oV

18 Vin

“oltage [W]

Voltage [V]

Voltage [W]

Waveform

[

Waveform

- otaoe )

Time [ms]

Waveform

I orce 1V

Tame [ms]

DFT

Cumrrent [A]

DFT

Cumrent [A]

DFT

Current [A]

[

e
[ wauns

-10

=
[w] wawung

[w] wawns

Performance

25

20

0

-\

Performance

25

os® ’
1[-\3\ = r

20
1.5
1,0

0

c A3
v i

o 0O

Performance

25

20

cor® ]

i

Simulation Results

BpkT (mT)= 133.541

Core Losses (W)=

Winding Losses (W)= 1.392

Total L W)= 224

‘otal Losses (W} < 2 5 5 W
Max Temp (°C)= 68

Care Surface Temp (°C)= 59

Winding Surface Temp (*Cl= €6

Central Leg Surface Temp {°Cl= G2

Simulation Results

BpkT (mT)= 124.253

Core Losses (W)= 0916

Winding Losses (W)= 1494

Total Losses (W)= 241

Max Temp (°C)= 55 < 2 ’ 5 W
Care Surface Temp (°C)= 50

Winding Surface Temp (*Cl= 67

Central Leg Surface Temp (°C}= 63

Simulation Results

BpkT (mT)=

Core Losses (W)=

Winding Losses (W)= 8
Total Losses (W)= 237 > 2 W
Max Temp (°C)= 72
Core Surface Temp {°C)= 66
Winding Surface Temp (*C}= 67

Central Leg Surface Temp [*Cl= 72



Practical design methodology

SpecificationsVip, Vout, fSWrange, Lm, Z—: Ly, AT, T,

A 4

Define losses target based on converter operation

A 4

Adapt T, and T, targets ) ) ) )
Define list of available cores based on temperature rise

Change N; Turns and/or material
»| Select Core, Material, Turns and Gap length based on target losses, power density and available space

A\ 4

Change winding strategy

Select winding strategy and wires based on isolation, leakage and target losses

v

Lix < +10%L,

Ploss < Plossmrget

T <T,+AT

Sample and testing
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Design Example- Secondlteration

Primary— 7 x 3 xLitz 160x0,07

T
4
4
e
&

W |solation
N Bobbin
M Core

B Prirnary
B Secondary

33 Vin

Lmag = 12,3 uH

Lieak=217uH oV

18 Vin

Voltage [V]

“oltage [V]

Voltage [V]

Waveform

I otags V]

Time [ms]

Waveform

I Votace V]

Twne [ms]

Waveform

I Voitag= V]

Time [ms]

DFT

Cument [A]

DFT

Current [A]

DFT

Current [A]

[v] wawns

[1] waung

] wawng

Performance

Performance

25

20

W

Performance

25

0

X

ok

V05

o

s

it

Simulation Results
BpkT (mT)=
Core Losses (W=
Winding Losses (W)=

Total Losses (W)=

Max Temp (°C)= 66
Care Surface Temp (*C)= 58

Winding Surface Temp (*Cl= 64

Central Leg Surface Temp {*Cl= &6

Simulation Results

BpkT (mT)= 133531

Care Losses (Wi=

Winding Losses (W)=

Total Losses (W)= 208

) <2,5W
Max Ternp (*C)= B4
Core Surface Temp (*C)= 56

Winding Surface Temp (°Cl=

Central Leg Surface Temp (°C}= 54

Simulation Results

BohT (mT)=

Core Losses (W=

Winding Losses (W)=

Total Losses (W)= 203 < 2 ) O 6 W
Max Termp [*C)= B4
Core Surface Temp (°C)= 59

Winding Surface Temp [*C}= &

Central Lag Surface Temp (°Cl= &4
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