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»

* In 1977 Bob Mammano, the “Father of PWM
Industry,” started the seminar

e 47+ years

« 26+ seminars

» 100+ technical topics
« 50,000+ customers

» A comprehensive archive of white papers,
presentations and videos -

Bob Mammano, Lloyd Dixon, Bill Andreycak, Robert Kollman, Laszlo Balogh


http://www.ti.com/PSDS

Agenda

« 2- and 3-element resonant topologies fundamentals

» LLC series resonant converter (LLC-SRC) introduction and design
example

* Resonant converters for wide input/output voltage range
« Resonant converter variations

« Resonant converter design challenges

» Effects of real life parasitics/parameters

« Resonant converter selection guide — rule of thumb
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2- and 3-Element Resonant
Topologies Fundamentals
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Classical Resonant Topology Structure

 Why?
— Possible soft-switching
over entire load range

« Structure
— Switch network
— Resonant tank
— Rectifier network

« Assumptions
— Variable frequency control (VFC)
— Consider only switch network with
pulsating voltage output
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Resonant Topology Analysis

Fundamental harmonic analysis (FHA)
(or so called sinusoidal approximation)
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Circuit Linearization Example: LLC-SRC
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Fundamental Resonant Elements

Series Resonance (SR) — Provides “Buck” Function

C L,
o s
2
£
O]
: : 0.2

10k 100k 1000k

Frequency (Hz)

Parallel Resonance (PR) — Provides “Boost” Function
L,

C,

o ”““J_ o o—} o
I >L'

o o o

Gain (V/IV)

100k 1000k

Frequency (Hz)

Notch Resonance (NR) — Zero Gain at f,
L, "

C. L ,

o

o

o
-2
Gain (V/IV)

o
10k 100k 1000k

Frequency (Hz)

Texas Instruments — 2018 Power Supply Design Seminar

Gain (V/V)

- ’\
- Notch Resonance
Parallel Resonance



2-Element Soft-Switching Resonant Topologies

Input/output voltage gain (w/ sinusoidal voltage input)
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3-Element Soft-Switching Resonant Topologies

36 possible resonant tanks, 23 could be used with voltage source

15 of the 23 have all resonant elements participate in output voltage/current regulation
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How to Achieve Soft-Switching?

Necessary and sufficient soft-switching conditions:
1. Inductive input impedance

2. Sufficient energy inside resonant tank for discharging/charging output LIi > CTOTALV;W = ZCOSSVSZW
capacitor of switches in switching network

3. Enough dead-time between switches inside switch network
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ek Vsw L3 Ao | State1 | State 2 | State 3
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°J|— L D v | 1 Iy
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LLC Series Resonant Converter
(LLC-SRC)
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LLC-SRC Key Features

Benefits

« Easy magnetic integration

* Achieve soft-switching over entire load range
— Possible for high frequency operation

* Optimized efficiency around f,
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Effect of Resonant Parameter Variations
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LLC-SRC Design Example

Operate right on resonant frequency

. Power stage
e 385V, 1048 Vo7, 1 MHz operation

55 mm(L) x
« Peak efficiency: 97.6% 45 mm(W) x
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Resonant Converters For Wide
Input/Output Voltage Range
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The Need for Wide Input/Output Voltage Range

« AC/DC applications without need for PFC

« Battery charger
» Lighting

Title 22

Deep dimming:
down to 0.1%
load dimming
(dim to dark)
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Candidates’ Comparison — LLC vs LCC

Voltage gain

Vour/Viy Gain

LCC can achieve zero gain at high frequency
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Resonant Converter Designs for Lighting

* LLC resonant tank parameters: L,=40 pH, L =300 pH, C=7 nF
* LCC resonant tank parameters: L,=300 pH, C,=0.047 uF, C,=8.2 nF

Target spec: A — LLC with Re=1 kQ
5 e — LLC with R.=507 Q
. VIN range: 400-460 V c \. — LCC with R.=1 kQ
S 4 ﬂ — LCC with R;=507 Q
* Vgur range: 100-200 V & I\ ‘
> » I\ 400 V, 200 Vour/1 A, LLC/LCC
= [/
° IOUT: 1A, POUT= 200W 2|_ ____________________________*_"#C_\\{_— ____________ ‘{‘ _________ T T 1
2 2 460 Viy 100 Vour/1 A, LLC
6 L . e NS
e o A as0 vy,
L. Co | _—] 100 V.OUT“ A,LCC
-|— 10k 20k 40k 60k 80k 100k 200k 400k 600k 800k 1M
o, O O O
Frequency (Hz)
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Simulation Results (LLC & LCC for Lighting)

LLC I LCC I
Vin(V) | Vour (V) | lour ()

LLC Icoun | LCC Icoum
1.73 2.69 131 122 1.37 1.97
1.69 2.76 138 125 1.32 < 1.98
0.775 1.65 196 130 0.904 1.66
0.709 1.7 245 135 0.722 1.67

1
460 200 1
400 100 1
460 100 1
AF ¢ > AF ¢
LLC Power Stage LCC Power Stage
s1] S1]
cl’ Lr l Cr Lr I
ViNT C(OUT)l + VINTF —ry r.:(ounj .
IPRI lewi L
S°2J CourT Rour3 Vour SOZJ CpT CourT Rout? Vour
LLC has lower RMS current than LCC LCC has narrower frequency variation
— Implies better efficiency on LLC — May not need bursting at light load
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Resonant Converter Variations
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Integrate Resonant Tank and Rectifier Network

fou < fr1 fow > fr1
CLL resonant converter | | | i
I | |
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T ¥ T Vos(S2) I Vos(S2)
| | Vgs(SZ) | VGS(SZ)
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LLC & CLL Resonant Inductor Loss Comparison

LLC Power Stage
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. E LCOUT+ 2Rout

E
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LLC & CLL Resonant Inductor Loss Comparison

LLC Power Stage

L, Ty D4
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. r— ]
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FEA simulation setting and results:

Core: EE19 (3C95)
Copper sheet —
'Width: 10 mm
~—Thickness: 0.05 mm

Inductance 73 pH 1.2 pH

Turns 24 3

Parallel winding 1 8

Rbc 31.5mQ 0.48 mQ
]
LLC L, loss 0.87 W 1.11 W 0.69 W
(winding/core) | (0.4 W/0.47 W) | (0.38 W/0.73 W)|(0.35 W/0.34 W)
CLL L, loss 0.43W 0.23W 0.53 W

(winding/core) | (0.12 W/0.31 W)} (0.07 W/0.15 W)|(0.14 W/0.39 W)




LLC & CLL Prototypes and Comparison

Smaller size and 1% better efficiency!

CLL Efficiency @ 27.5 Vgyr

v ——y— o
500 H500
22pF
450V
= 1
o I
Syt L o0z

VGH B = S | e
0501 R503 | STP1ANMSON i _Nfl 21.5VRA
20,0k 2 2
2 Vo>
BATS4HT1G| ___’]-J‘
_Lscsoz
v y T2x10004F
VoL 3l VFA0100C-E34 W Tl
! 10
s 3
§J 77
3 3 I
RSE i g A oot gy
= B S gl LT CLL it LLC
D504 R507 2 e
3
BATS4HTIG cs11 3
Tuasaw VFRTRCEse W G!me
X 8400 1420 &t

LLC-SRC

H501
.
= osoz_/ Ve
.
R503 | STP14NMSON
m 2000 2 T500 |2 %
¥ w
! L 10
R506 1 e Qs01 . 0308
VGL 390 |._3 STPIANMSON 9 6 NN
=D .

21.5VI9A

[+cs02
2 % 1000 yF
38V

Resonant Inductors

VF40100C-E3/4 W

N

R 375 4H

VF40100C-E34 W

cs11
To 033 pF

Texas Instruments — 2018 Power Supply Design Seminar

= e 05.7%
9% /fx"“/;gi:-"i%é—
& o % /‘f “ ‘
5 A © eV =370V
§ o0 V=393V
J | vy =410V
88% L ==V =430V
86% I #/ :
0 50 100 150 200 250
Output power (W)
LLC Efficiency @ 27.5Vgyr
96%
et 94.7%
94% .
T o e e e
g [ —a=Viy=370V
£ o Vi =393V
E ——Viy =410V
e | V= 430 V
86% I |
0 50 100 150 200 250
Output power (W)
1-27



Resonant Converter
Design Challenges
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States of Operation

« Lots of states — not just DCM and CCM in PWM converter

— LLC-SRC: more than 5 possible states

— Output rectifier does not always conduct current when corresponding primary switch turns off =

Can’t just turn SR on when primary switch off!

[s =] | §
i/Nm /\ é/\hn m
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Resonant Converter Transient Response

« Variable frequency control (VFC)

Sig b
TAT T oVour
— Analogous to voltage mode control T E . [J_ SRy,
» Slow transient response Vi~ Sﬂ Lmé - T 50 0
» Higher order plant transfer function Clir L,
 Poor input voltage rejection Deadtime nt:1 D,
. . S:_DRV Vcome | Optocoupler &
« Hybrid hysteresis control (HHC) 2oy Vool e ovocsun
— Analogous to current mode control
+ Fast transient response T D,
t ; ! > oV
« ~1storder plant gain 2 Vi H‘ I out
* Inherent line rejection s,orv Ly . T 1o
S DRV 7| ——

30 0
LD‘J
e re n:1:1 D
aver vthh Deadtime 2
Vcr\\ AVer Vil ———

Vcowr | Optocoupler

Vinn = DC + Voup™0.5 2 5
Vi = DC = Voup*0.5 N w
Where DC is common mode voltage reference

—_—
S,_DRV Outer Loop
S, DRV —
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Transient Response Comparison: VFC vs HHC

No load to full load transient
- VFC: >20% Vg, deviation
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Effects Of Real Life
Parasitics/Parameters
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Non-ldeal Transformer

* Magnetizing inductance

« Transformer winding capacitance
Ideal Transformer Real Transformer

\deat | YT . . rZ--"
Transformer L, ' Ty
Model . !
R e !
T 781 Ce ! CourT 2 Rour CoutT 2Rour
I T e

______

>
2 Vour

1
| — W/ C1x 3 6
L, - =w/o Ctx
A |
C —_— o _—
fea_| Iir | 2 5 2 4
ZCOUTMJ- - - ?E' ?E'
© ©
I Veeq Im CD Crx Vour o o
1 2
1 L
0 0
10k 100k 1M 10k 100k ™
Frequency (Hz) Frequency (Hz)
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Component Parasitics

* More parasitics — 1 MHz LLC as an example
— C.s (primary FET and SR FET), winding capacitances

S 400 -
350 Vsw !r[ Vsw ..
ay . ; = b
M\ h A; A ‘{ | \'
Ly F{qﬂ’q 200 v AL . \ ; ;
Vin &+ 12888 . ) 150 Vcr P\\ (B’ ! \ D Ve L1l _ﬂ__,_wf;,,,_ﬂ__w_ﬁ_
; ES1 o 100 { ] T TN LT TN
Q| Lm i \ fl 3 ' 1
C ESg 1 |7 [:]Vou'r 0 [ 3
" i . b | \ / \ "
n1 Y , /’ - | B J P et ot =
.y T iy o fos
'] = =
. |/
996 996.2 996.4 996 .6 Q0R A aa7
lcoum)l counq C C°”T‘5“J‘ll_ 1
v c ) Lrn OUT(SR_eq)| - C 2 C +
IN P T+Cs T+Cs eq = ps
Ver © ILm nVOUTé "VOUT(P 1 + 1

Deadtime Transient Model

Both winding capacitance and MOSFET Cqgg
dominate the ringing o
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Non-ldeal Switches

MOSFET body diode reverse recovery charge -
I —Pp—
i | Ifwd
[\ difdt
i\ - |
i 1 Area-Qyr
e 1L lre(max)
| Elii e il we e gl ol 2o ol | State 3
i \ E 'm ’r*“|m = ’m"”r“’l o fr“’“x VDS(Q1): :
AL | | . |
| L i Ves(az) w ferttor ) Vo)
| RN IR RUNE JARIIERREaRiaRa| : 0
Ips(a1) |
- lprI i iOJ -
1 Qq 1Q, ,5__—-
| | 'C|
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Wide Bandgap Devices for Resonant Converter

» Benefits of wide bandgap devices (SIiC & GaN)
— Zero or minimum Q,,

* No body diode reverse recovery concern v
. . 207 C (Vs )V
— Linear output capacitance ;= 0 oss\' DS]" DS
« Minimize the duration of dead-time br I
5 nS/div |
4000 —TILMG3410 GaN Device
— Super Junction MOSFET
% 00 it i—+F—+—+—+—+—+—+—+ = g
(7]
: gl ——
3 2000 J
] Charges at el
™ ID=4A ______________
& . Vm‘-' ° ale
2 1000 v T k!
o o
Shm.. T = = o
0 . e e | e DUT— ot $Rue
0 100 200 300 400 500
Drain-Source Voltage (V) Dual-Pulse Test Results of TI LMG3410 GaN

Device
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Resonant Converter
Selection Guide
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Rule of Thumb on Resonant Converter Selection

* More resonant elements — less efficient
* More capacitors — higher gain & narrower frequency variation

* Avoid notch resonance

— T LC Series | LG Parallel

C. L C,
L, -|-
o o S O o O O O

o, O
Freq_ue_ncy Wide Wide Moderate Narrow Moderate

variation

Pri Component
rimary voltage/current Lowest High Low Highest High

Switches stresses
Secondary ZUE Y ZVS ZVS ZVS & ZCS ZVS ZVS & ZCS
Rectifiers 47— ZCS(output)
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Summary

Fundamentals of resonant converter: structure and analysis method

Soft-switching conditions of resonant converters

Design examples and comparison of three resonant converters:
— LLC, LCC, CLL

Common issues and design challenges
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