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What is an LLC Converter?

The LLC converter is a member of the series-resonant converters family
The magnetizing inductance L, is part of the resonating elements (L)
The transformer leakage inductance or an extra inductor forms the term L, (L)

A series capacitor C. is inserted to form the complete resonant converter (C)

I _Jlg Vo
.
() Vg :E CO RL

Half
bridge




The Benefits of the LLC Converter

The LLC converter offers soft-switching conditions in normal-load conditions
Zero-voltage switching (ZVS) for the switches in the primary side

Zero-current switching (ZCS) for the secondary-side diodes

It can operate at high switching frequency to build compact converters

Perfect for flat-panel displays like LCD TVs, game stations, servers power supplies

HV rail ;
| | | | | qi . v Three energy-storing elements,
oV

TR : M - l C,, L, and the transformer
C' L a] magnetizing inductance L,
i L
@ ! % . v Components count is limited
Resonant network especially if integrated magnetics
is adopted



Different Configurations for the LLC - Primary F

= The LLC converter can be operated in half- or full-bridge configuration
! !
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= Power up to 600 W * Robust version with clamp diodes = Power beyond 1 kW
v" Lower input ripple current v" Diagonal conduction

v" Half rms current in a capacitor



Different Configurations for the LLC - Secondary e

= A full-bridge rectifier requires diodes with a lower breakdown voltage

1
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= Two separate windings = Synchronous = One single winding
“ BV>2V.. rectification “BV>V._.
= Secondary leakage = No current imbalance

brings current imbalance
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Direct Frequency Control

An LLC converter is typically operated from a 50% high-voltage square waveform

The power flow is then adjusted by varying the switching frequency

Soft-switching on MOSFETs and diodes depends on frequency with respect to f,
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Sinusoidal current
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High-voltage
square wave
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The Resonance varies with the Output Power

The LLC converter is a multi-resonance converter depending on operating conditions
In heavy-load condition, L, dominates the resonant tank as L, is shunted by R .
In lighter-load operations, L,, and L together set the resonant frequency

e P N VAT e (e s el
%0) . i T [Frequency ZZ (fl)

Reflected load
control L

across the transformer
The converter is modeled using the first harmonic approximation or FHA




Where to Operate the Converter?
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Plotting the dc transfer characteristic of the LLC network reveals several points
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L, =100 uH Py, =10W,0=60
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P,,=300W,0=2

Inductive impedance
region ZVS on MOSFETs

10k

20k .
frequency in hertz

F .

min

T2 (L +L,)C,

50k

F=—
’ 27Z-VLYC\‘

200k

v’ As load current decreases, L,
enters the picture and brings a
second peak

v An impedance plot shows so-
called capacitive and inductive
regions

v The inductive region brings ZVS
on power MOSFETs and ZCS on
output diodes

v/ ZCS on MOSFETs is occurring in
the capacitive region but the
control law changes!



Output Voltage of an LLC Converter

= The equivalent network is fed by the square-wave fundamental value according to FHA

v" Determine the output voltage with the transfer function of the 379-order network
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Shaping the Loop with the Compensator

The compensator builds the error variable and ensures stability

Insert poles and zeros to create the compensation strategy

Choose how to cross over at f, with phase and gain margins

EL|

EEEEEEE

G(s)

Error
processing

Compensator dynamic response

LG(f)

k- Vout
Scaling factor J

G(/)

1 10
The block amplifies and shapes the error ¢between V, and V,

Minimize the error between the setpoint and the output

1k

10k

out

100k



Building the Compensator —the Analogue Way
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Associate active and passive components to form the compensation chain

H(s) —— Vo (9)

Vor () (1 (1) 20)
w(5)
- compensator modulator plant
| scaling factor
)
@]
1. Select poles/zeroes placement \ & &
e, e
2. Calculate components values \.‘ Q'// "\ -
. . ,“ v f -4
3. Solder resistors and capacitors /Y E £(s)

Change in strategy requires
new components values
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How do you Build an Analogue Compensator? e

A compensator can be a passive or active filter shaped for a specific response
Lf L;ut Lf

! out out
V

err E

Op amp .

err <3 ﬁ? + -
. *[J OTA

1

v Passive components suffer drawbacks: v" Active components are not perfect!
1. Tolerance, aging 1. Open-loop gain, bias requirements
2. Sensitivity to temperature, humidity 2. Limited in bandwidth, slew-rate

3. Temperature drift
dilmb cee
s | | eeee

OTA: operational transconductance amplifier



Building the Compensator — the Digital Way

= A digitally-controlled system mixes sampled and continuous-time data

Digital comparator

0@

Digital modulator

plant
012 N-obit o—— scaling factor
ou - quantizer
l Quantization Samplmg l
(ADC)
Toototio | Jo-1) M1 e (1)
011 ‘I e .2 “ \_/\_/
o111 | I T )
— : > ¢ >t
(n=1)T, nT, (n+1)T,
Binary values

Discrete time Continuous time
* designates a discrete variable
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out

M. Jovanovi¢, Introduction to Digital Control of Switch-Mode Converters, in-house course, PHX 2014



How do you Implement a Digital Compensator?

" You can start from a continuous-time transfer function expressed in s
Im(z)

Map into unstable Difference

region

the z-domain /-\ equation bV, . (Z) + blz_le (Z)
‘ f;:?;i/ Re(2) ' =aV,, (z)+azV,, (2)

R
SI/err (S) = _S?j: out (S)_ Rllcvf V;ut (S)

» Code the filter equation with a micro-controller or hard-wire it in a FPGA

import
2 import time
import

_ggﬁﬂ \ : path v" No tolerance or age issues Learning
r LE N (A ———— v’ Flexibility and optimization curve
[ v' On-the-fly poles-zeroes changes ‘
e ** More complex to analyze
- 18 ol « B hl) % Warping occurs during mapping
Digital control . ** Lower crossover systems
17 =iy

15 D=1
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Where to install the Microcontroller?

The component can be placed in the secondary- or primary-side of the converter
Secondary side gives access to V, , and sync rect control — how to drive HV MOSFETs?

Primary side drives and monitors MOSFETs directly but needs isolated access to V_

400 V

v' Observes V

out

directly v Needs V,, in the primary side

400V . o HVdrwer .
) a v’ Can drive sync rectifier H:'—‘ “ v Candrive LLC and PFC
HV driver . . . | .
%JD “ v' Good synchro with prim. side +» Needs isolated analogue control
R1
—1 “* Need isolated drivers Tﬂk 4 v,
t e u D2 2 D4
] L i L
—(I::I% “u | s il ° ° = . i
1 I‘ D2 K 04 High- and low- ke Q3 P ; s H
side driving L j
FLL ] Y & = [ 1 y o
High- and low- 51 | rapneates ¥ I 1
Si;’(’ driving [ S — W = - i a0
) X0 &0 |, T g G | j- “[
Il [ Swi t "‘~._' — @
I M P! % v ca R8 T ©
= : ‘ : T
Diagnostics .13 [15 i - . “—lugj
/\/\/‘ Rt — 5 — Type 2: Mag (dB} o 1
am)
ot

. \ s solation o5
B ‘ 1 pole at the origin R7 barrier U e
B 2 pole-zero pairs J‘!K TLaz1 /N .
\ RS
Imlalmn . S,' I ONOUST ,ctifi(alion Type 3
Switching pattern barrier *  Fault management 1
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A GaN-based 500-W LLC Converter

The circuit will switch at 250 kHz and deliver 48 V/10 A from a 400-V dc source

MasterGaN1 integrated half-bridge is used in the primary side
A STM32G4 will control the operations and ensure regulation

Plug-in ¥: Bridge Card
Vbus+ (400 V) 4 x SiMOSFETs e
STL110N10F7
(100V, 5.0mOhm)
Hybrid Polymer
S s o
-~

[: 3 x 150uF, 63V |
. Cin Driver I:T Cout — —
—_ Trnsfmr
—— 120 uF, _ [: 4{ 4{
450v Hall Effect CS

(Melexis
(150mOhm) L

MasterGaN1

b e v, Secondary full-bridge

MasterGaN1 ous: ; LQ il ‘;DRNEGSOO‘ Ere synchronous rectification
4T——T

Plug-in Aux Pwr Supply

10V,5V, |
ov | Viper3ts [PwWMH | PWML
Auxiliary K7 SRK2001A
Pri3.3V, Flyback & " [
Pri5.0V,«—— Secondary-side
controller

Prilov Plug-in Controller Card
TL431

4 kV Insulation .

Eﬂ Iso Amp with
ACPL-C87A comp.

network

STM?;264 B puin I Sems en LYﬁ:;r% By Optc?coupl.er-based hybrid
configuration for the

Micro-USB UART
[ STM32G474CEU6 (STM32 G4 series, 512kB flash, 128kB RAM, 170 MHz, UFQFPN 48 Pin Package)

Connector to

512 kB ﬂaSh USB
128 kB RAM feedback

4KV .
4kV Insulation Vbus




Isolating the Regulation Path

= One easy solution consists of using a fully-isolated linear amplifier
v" The part exhibits a 100-kHz bandwidth with 1 kV+ isolation voltage
v Compact 8-pin package

“» Cost is high

3V3A _
C37 b
ACPL-C87A-500E 1 ey | e
AGND ‘
j! C8 T w o C35
Vo1 II E Von2 ul 100n AGNDQ ” _— 8 [oome : -, H
ww [2] 1 L\ vour 2 veet < RUAAgrLvouT+ | VN2 1°0|nd
A To microcontroller VCC- 2 RIZM 6 e : _— 3 an ed-
SHDN E E Vour- ADC 10k : own
—Youts o 4 4 -3 3 \GND2 | GNDIFZ o
RI4_] :
GND1 [4] SHIETp ] 5 ] GND2 OAIZHA22C 5o, ——C38 ACPL-C87A-000E
100 P SSGND
R40 P
'\k/\/\
22
C39
/|

100p AGND
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The Control-to-Output Transfer Function emnes

This is the starting point for the loop stabilization exercise
A stimulus is applied to the microcontroller ADC input with k,=k, =0

Coefficient kp is kept for transmitting the modulation pattern from the FRA

100 T———T17 T 17 717777

80

60

Trace 1: Gain Magnitude (dB)
g & & B o ¥ 0B

o
S

10 100 1k 10k 100k ™
Frequency (Hz)

T 350

300
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50

0
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<
S

A VAN 200
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-300
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Trace 2: Gain Phase (°)

* Astimulus is applied at
the ADC input

* This stimulus modulates
the switching frequency
to form a response

H(S) _ ;/Om (S) <— response

ADC (S) <— stimulus

FRA: frequency response analyzer



Discrete Loop Compensation

* The microcontroller implements an unfiltered-PID routine used for the first experiments
= The sampling frequency is 50 kHz and the goal is to crossover at 1 kHz

= A PID is made of several blocks introducing a pole at the origin and two zeroes

» These parameters are set by coefficients k;, k,and &,

P [n] Example of code, PID_regulators.c, STMicroelectronics

intl6_t PID Regulator(intl6_t hReference, intl6_t hPresentFeedback, PID_Struct_t *PID_Struct)

{
. V n] = k g[n] int32_t wError, wProportional_Term, wIntegral_Term, wOutput_32, wintegral_sum_temp;
k Proportional c [ P int32t whischarge = 8; ’ ’ ’ ’
p

int16_t hUpperQutputlimit = PID_Struct->hUpper_Limit_Output;
int16_t hlLowerOutputLimit = PID_Struct->hLower_ Limit_Output;

Vln] =¥ [n=1]=

int32_t wDifferential_Term;

#endif

kp 7-;, #ifdef DIFFERENTIAL_TERM_ENABLED
i
>

r

// error computation

Integral t
° i wError= (intiZ_t)(hReFerenc}e - hPresentFeedback);

// Proportional term computation
wProportional_Term = PID_Struct->hKp_Gain * wError;

V [n] // Integral term computation

if (PID_Struct->hKi_Gain == @)
{

PID_Struct->wlIntegral = @;
else

wIntegral Term = PID Struct->hKi_Gain * wError;
wlntegral_sum_temp = PID_Struct->wlntegral + wlntegral Term;

if (wIntegral_sum_temp < @)

if (PID_Struct->wintegral > @)
{
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Convert Poles and Zeroes to Coefficients

It is advantageous to converter the wanted poles and zeroes to PID coefficients

Methods like Ziegler-Nichols are based on empirical approach

2
o, —a )(a) — )
r = C()zl +a)22 _ 1 N = a)Pl _1 kp _ wpo _ a)po N a)po 7, = ( 2 z y2 2z,
a)zl C()Zz a)p1 a)Pl 0)21 + a)Pl 0)22 N 0)21 a)zz 2 P 2 (a)p COZ + wpl a)zz B COZ a)zz ) a)Pl
IN ouT|

=QUT/IN

= Choose poles/zeroes
position

. = Compute PID coefficients
5 Zero-order hold (ZOH) 7., =193 us
Jo=3kHz N =26 42
G, =20dB o
00 H 7, =1.053 ms
I = z k, =2.64
J., =600 Hz A =2.51m
[1+&][1+;] fpl ) 21 kHZ Al’ = kl’
N e =2 s

Reference TF type 3 o ) o )
C. Basso, Designing Control Loops for Linear and Switching Power Supplies, Artech House, 2012
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Magnitude and Phase Response of the Discrete PID

= The PID with a second pole shows a response of a type 3 compensator

" The response deviates from the original time-continuous response past a few kHz

\ L _,\Lilflace type 3
(d8). I A B 1 SIMPLIS \ ,\\\
SIMetrix \[\f\n

ll6r)
| F, =200 kHz IWEET
(°) /// \\\\ Laplace type 3
== SIMPLIS| "\ -
SIMetrix \ \ \ \




Compensated Loop Gain

Ereoromcs

= Computed coefficients lead to a good frequency response for the low-voltage version

= The crossover frequency is slightly above 1 kHz with more than 50° of phase margin

Trace 1: Gain Magnitude (dB)
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Analogue and Digital Control

Integrator
-
400V Mag(dB)
3 1=
HV driver @ e a
= e —
L ™ Logolf)
0-dB
pole
A Y Vo
' C3 L1 |
a2 A&
TX1
R2 r oL || ©
10L] — > || G N R6
High- and low- | "“, Q3 ¢ 51 Ll
side driving H 1
T
t &0 &D3
C1 Lo
Diagnostics |'—| Ii w1
NS - -V | —EEvax
-l.".mmu“m Error —Optocoupler g3 L
Switching pattern voltage e hig T
. Outputregulation A ’ T I
+  Fault management g o BRIk 11
| c4
L R[] “isohato
Mag {dB} l‘.‘laf((B) c5 ; e U1 f
. TL43A T
oy
/ \ — [R5
Logyg(f) - — Logygff) Type 1
4

2 pole-zero pairs
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The adopted solution combines an analogue
front-end with a digital compensator

The analogue section offers a high dc gain
with a pole at the origin

A low-cost TL431 coupled with an
optocoupler transmits the control signal to

the ADC

The microcontroller implements a two-zero
two-pole digital filter

Adjusting the distance between the poles
and zeroes sizes the phase boost amount
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An Isolated Integrator with TL431 e

The TL431 configured with a fast lane introduces a zero in the transfer function

By neutralizing this zero with a pole, an integrator is implemented

I{dd

%

|
pole

'
Ry
Ty |

VFB
- L4t o
szfl]down [J lower

Fast lane

Slow lane

| Ry

G

1

VFB (S) — RpulldownCTR 1+ SRupperCI | 3
I/Out (S) RLED S Rupper Cl 1 +S Rpulldown C2 )

R
_ __ " “pulldown
SR ey G = SR 4Gy I—> C, = C,

upper

CTR
@,, = |]|]|::> C2 - CT—R
CoRyep 2rf, poRLED
substitute 1
> @, =
g RupperRLED
1
RpulldownCTR

C. Basso, The TL431 in the Control of Switching Power Supplies, onsemi Asian Seminars 2009
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Extending the Optocoupler Bandwidth

The optocoupler includes a low-frequency pole which hampers the compensation path

The cascode configuration relegates this pole to higher frequencies

(dB) )

20
150
O(f)
Ao [ I | ] |
‘ 100
-3dB |
-20 40 kHz | 50
Input Output I ;
20(1) ; |
-40 +——= — - ' : ' T
2=l 'I“"! ‘
::: _60 ‘50
r g;ij 30 . act aC [ T | | | -1 00
Vot i L S -80 : 1
s Dc bias ) | -150
adjustment 100 }
2:3Vfor | L 100 1k 10k 100k ™

a5-Vbias | Frequency (Hz)

The pole is located at 40 kHz and would be at ~4 kHz in classic common-collector circuit
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The Digital Filter —=Two Pole-Zero Pairs

A type 3 compensator is realized by cascading the integrator with two pole-zero pairs

These elements are digitally coded and can later be easily modified

B Bilinear
1+— transform 2 2
o, (2z+T.w, +T.w.z—2 -l -2
H-|—2| - (-] e e
145 o, (22+Tsa)p+Tsa)pz—2) +bz " +byz
(0]
P

[‘F ) - Phase Phase bopst area
Lapla

- 50
10 100 110 110" 1:410° 1:10° . 2
10 100 1x10

fi
k f



Testing the Filter

It is interesting to test the filter coefficients before going to code generation
SIMPLIS offers a fast way for testing the front-end analogue part with the digital section

U2

POP Trigger DELAY=100n
<= - N
?_L CLK [N [V out]
- 1 clock ‘\ =0UT/IN J
VagXAL T_ACQ=1n
R16 s IC=0
RLED,
Filter_IN el D ©0 2ND ORDER
16 s | DISCRETE FILTER
° - o IN ouT
L Optocoupler ‘ ‘ ‘ |
us
D R12 L CLK_IN CLK_OUT|—
— C1 {Rupper} - K L
-1 S;Z -
o T_ACQ=1n
Sampling Clock
Ccé clock Generator
N TRIG  CLK_OUT
~\AC10 ’\
V) v2 > RTN
-
u7 U_CLK
e OPSIMP VoK
Rl D V5 (R ulldowr; f/Jil\‘
- i D N
———{vref1}

U1

[

R1

J1K

ffilter_OUI
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-100

E3

Opto-isolated

secondary side



Simulating the Compensated Converter

= Run the entire converter with compensation

= Check the response to an output step

OUTA
OUTA Vout
L out
o ? o
VCO sub 02 D4
1 w3 FBEG— FB
— 1385 dock N R7
= o - 1sec2 } Isecd Lif
Clock! o —£ ’ M| e

N [3] ouT
OUTAN

{css}ic=1 ouTB

ouTA
oy
D ss
c3 'Jf Cd

- 1€
S |

c2
+ B 300u1C=0
isec1 } Isec3 T
( i
g Vaux

FB
out t =
3 N 3] out| 5 = = 1 ris Aniticaligsi
=0UT/IN {RLED} =y Anti-aliasing
M AL ® filter
L P
ok '}% N oLy A, g Ctcousle
DR s IC=1
=OUT/IN 2ND ORDER o ||
{ DISCRETE FILTER i I’ } ;{ Rz
wil- - + # ] {Rupper}L,
L < 230
| = | I | it
i T AGOR —leLK_out CLK_IN £ c6 - C4
i - clock delay Sampling Clock BTN T e
delay RHPZ_LHPP sub Generator &
8 dlock LVE_OFTO
G—{ TRIG  CLK.OUT —— o
OPSIMP
R15
= L '[?:unuown} v [] RIOWED
U_CLK (v:en)l
/t hY I
| Vo (1) !
R . Computed by the pP

Output voltage response to the load step, V,, =385V
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The Digital Filter — A modified PID e

It is also possible to adjust coefficients of an existing PID library

The PID transfer function includes 1 pole at the origin and 2 zeroes

Bring k; to zero and you are left with a dc gain and a zero:

|
HP[D(S)=kp[1+;+STdJ Setitto0  wumd H,,(s)=k,(1+s7,)= HO(Ha)iJ

Combined with the front-end analogue integrator, it breaks the -1-slope to O:

1 d
1+ I+s—* i
VFB (S) - _ RpulldownCTR K SRMpper Cl kP M ]
I/out (S) RLED 3 1 + SRpulldown CZ (dB) o (°) = \ \

| 1 \

10 Hz 1 MHz
k, k=0 Kk, This is a type 2 compensator
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Final Implementation e

The original sampled PID is supplemented with a pole for filtering purpose
The zero will be positioned before crossover for boosting the phase

Unfiltered PID
with k; set to O

Ri2
25
amCZ
1k
ke
"
7aeto
V)vz
Ris B
25 L vs
7I 25

Front-end analogue
with TL431 —simple
integrator

CTR-R
H s (S) =

pulldown

1
Ry, S
@,

0

ZOH if output

via a DAC
[~

\_;‘J ZOH transfer function
(1 o

\\\\\\\
c

Low-pass filter
for additional pole

1+s72; 1+;

HLP(S)_ N SZ
1+sTS(2”—) 1+—

a)P
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Frequency Response

A frequency-response analyzer (FRA) is used to graph the control-to-output response

Crossover is set to 2.8 kHz and leads to a phase margin of 60°

¢m

Compensated loop gain
k,=3.2
k.=14.9

|T(f)| k.= 20p (Lo L1

100
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Practical Implementation



High-Voltage Stage

" The half-bridge uses a MASTERGAN1 from ST which leads to a compact solution
v 600-V 150-mQ ryg ) GaN transistors with onboard bootstrap diode

V" Least components count when used in an LLC converter

VOUT

.

11
Voo 11

LLC stage



PFC Vbus

Auxiliary Power Supply
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The 10-V auxiliary
power supply feeds the
board and provides a
voltage for:

Powering the STM32
micro-controller

Biasing the GaN
drivers with a 5-V
downstream dc-dc

The flyback delivers a
raw voltage whose
value is set by a Zener-
based loop.



Practical Implementation

" The converter has been assembled in a compact format owing to integrated components

v A miniature fan has been added for a permanent 500-W power delivery




Thermal Performance

= Temperature measurements have been carried on the board with and without fan

* The losses on the MasterGaN half-bridge are kept within safe limits
With fan, T, =25 °C

R P T, =90 °C
Without fan, T, = 25 °C
The dissipated power is very  The power is dissipated through the PCB vias and  The operating temperature remains

well balanced between the  proper routing is essential to maximize the heat in safe limits for a continuous 500-
low- and high-side transistors flow to the heatsink on the other side. W power with a fan.



FUTURE

ELECTRONICS

Conclusion and Future Work

A microcontroller placed in the primary side requires an isolated image of V_ . for regulating

out
A fully-isolated amplifier represents an option but is not an option for cost reasons

The literature reports regulation with a microcontroller based on a type 2 or 3 in the sec. side
It defeats the possibility to implement a digital control loop in the microcontroller

We propose an analogue integrator which transmits an isolated error signal to the primary side

This analogue integrator is supplemented by a digitally-implemented compensation strategy

Combining both approaches brings the low cost of the analogue option and the flexibility of

digital coding.

The next step is to control a PFC front-end stage with the microcontroller



