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About this document
Scope and purpose

This document describes the procedure to design a dual-stage PFC+LLC offline LED driver using ICL5102 step by
step based on the ICL5102 130 W Constant Current (CC) board.

Intended audience

This document is intended for anyone who needs to design an AC-DC offline LED driver with ICL5102 for dual-
stage PFC+LLC control.
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Introduction

1 Introduction

The ICL5102 is a highly integrated multi-mode (Critical Conduction Mode - CrCM and Discontinuous
Conduction Mode - DCM) Power Factor Correction (PFC) and resonant Half-Bridge (HB) combination controller.
The integration of PFC and HB into a single controller enables reduction of external components and optimizes
performance by harmonized operation of the two stages.

The two-stage approach divides the PFC responsibilities from the output current regulation functions. This
ensures low variation in the output voltage and current and allows for low Total Harmonic Distortion (THD),
high Power Factor (PF) and a greater ability to withstand AC-line perturbations. The multi-mode operation of
the PFC converter provides excellent efficiency over the whole load range.

The resonant HB converter supports both LLC and LCC topologies with fixed or variable switching frequency
control for highest efficiency, and Burst Mode (BM) enables low-standby power consumption.

1.1 Product highlights

e PFC controller with CrCM and DCM
e Resonant HB controller with fixed or variable switching frequency control
e Maximum 500 KHz HB switching frequency and soft-start frequency up to 1.3 MHz

e BM of HB controller with power limitation ensures low standby power of less than 300 mW in dim-to-off
condition

e THD optimization ensures low harmonic distortion (THD less than 10 percent) down to 30 percent nominal
load
1.2 Design features

e Supports universal AC input voltage (90 to 305 Vims) nominal
e Excellent system efficiency up to 94 percent
e Applicable power range up to 350 W

1.3 Target applications

o Offline AC-DC LED drivers for commercial and industrial lighting up to 350 W
e High-density AC-DC power supply

Figure 1 shows a typical LED driver application using ICL5102 with PFC+LCC topology.
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Introduction
ICL5102 typical application with PFC+LCC topology

Figure 1

1.4

Pin configuration and description

ICL5102 pin assignments and basic pin descriptions are shown in Figure 2 and Table 1.

LSGD = 1() 16 |=o HSGD
LSCS | 2 15 |3 HSVCC
vee o 3 g 14 [=0 HSGND
GND | 4 S 13 | OVP
PFCGD | s (__l) 12 | BO
PFCCS —| 6  ulko ot
PFCZCD —| 7 10 |[Fo BM
PFCVS | 8 9 |3 RF

PG-DSO-16 (150mil)

Figure 2 Pinning of ICL5102
Table 1 Pin definitions and functions
Name Pin Type | Function
LSGD 1 0 HB Low-Side (LS) gate driver
Output for directly driving the HB LS MOSFET via a resistor
LSCS 2 I HB Current Sense (CS)
Connected to an external shunt resistor and the source of the HB LS MOSFET
Vee 3 I Positive power supply
IC power supply
GND 4 - Ground
IC ground
PFCGD 5 ] PFC gate driver
Output for directly driving the PFC MOSFET via a resistor
PFCCS 6 [ PFCCS
Connected to an external shunt resistor and the source of the PFC MOSFET
PFCZCD |7 I PFC Zero-Crossing Detection (ZCD)
Connected to the PFC auxiliary winding via a resistor for PFC inductor current
ZCD
PFCVS 8 I PFC bus voltage sense
Connected to a high-impedance resistor divider from the PFC controller output
for bus voltage sensing
RF 9 I HB minimum switching frequency setting
Connected via an external resistor to GND for HB minimum switching frequency
setting
BM 10 [ BM enter/exit setting
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Name Pin Type Function

Connected to an optocoupler and to the RF pin with an external resistor for BM
enter/exit setting
OoTP 11 I Over-Temperature Protection (OTP)

Connected to an external Negative Temperature Coefficient (NTC) thermistor
for external OTP

BO 12 I Brown-in/out detection

Connected to the rectified input voltage via an external resistor for input brown-
in/out detection

OVP 13 I Output Over-Voltage Protection (OVP)

Connected to the HB auxiliary winding via a resistor divider and diode for OVP of
the secondary output voltage

HSGND 14 - High-Side (HS) ground

Ground for floating HS driver of HB
HSVCC 15 I HS Vcc power supply

Power supply of the HS floating driver of HB, supplied via bootstrap circuit
HSGD 16 0 HS floating gate driver

Output for directly driving the HB floating HS MOSFET via a resistor

The ICL5102 pin connection schematic is shown in Figure 3.
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oUS CT—|| 6 PFCCS oTP 11
Lprcsec  Rzep
RPFcvs_1 |-mmm—+—{T || 7 PFCZCD BM 10
CT—|| 8 PFCVS RF 9
QRPFCV“ PG-DSO-16 (150mil)
Figure 3 ICL5102 pin connection
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The design example used in this design guide is a 130 W CC mode reference design for direct driving of LED
lighting applications based on the LLC topology. The customer can easily apply their own target specifications
according to this example and obtain the design parameters by themselves.

Design specification

2 Design specification

2.1 System specification of a 130 W PFC+LLC reference design for LED
lighting applications

The system specification of the ICL5102 130 W CC reference design for LED lighting applications is given in
Table 2.

Table 2 System design specification for 130 W PFC+LLC reference design

Parameter Symbol Target value Unit
General input/output specification

Nominal input AC voltage ViN_nom 90 ~ 305 Vrus

Line frequency fac_line 47 ~63 Hz

Nominal output voltage Vour 38~76 Voc

Nominal output current louT_nom 1.75 A

Minimum output current lout_min 75 mA

Nominal output power Po_nom 130 W

Power factor PF More than 0.9

THD iTHD Less than 10 %

Power efficiency n Less than 92 %

Maximum standby power at no load Po_sta_max 300 mw

Maximum time to light at 90 V AC tra 350 ms
Protections

Brown-out threshold Vin_Bo 71 Vrus

Brown-in threshold Vin_el 90 Vrus

Maximum output over-voltage threshold Vout_ovp 90 Ve

OTP threshold Tore 85 °C
Standard compliance

Harmonics - EN61000-3-2 Class-C | -

EMI - EN55015 -

Safety - EN61347-2-13 -
Board dimensions

Size LxHxB 178 x52x32 mm
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Design specification
2.2 Schematic

The schematic of the ICL5102 130 W reference design for LED lighting applications is given in Figure 4.
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Figure 4 ICL5102 130 W reference design schematic
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3 PFC boost converter design

PFC shapes the input current of the power supply to be in synchronization with the mains voltage, in order to
maximize the real power drawn from the mains. In a perfect PFC circuit, the input current follows the input
voltage as a pure resistor, without any input current harmonics. In the ICL5102 130 W reference design, PFC is
implemented as a boost converter, which works in CrCM and DCM with constant on-time control to provide a
constant high DC voltage for the HB control.

The design specification of the PFC boost converter is given in Table 3.

Table 3 Design specification of the PFC boost converter
Parameter Symbol Value Unit
Minimum AC input voltage VIN_min 90 Vrus
Minimum AC input peak voltage ViN_pk_min 127 Vrws
Maximum AC input voltage VIN_max 305 Vrus
Maximum AC input peak voltage ViN_pk_max 431 Vrus
AC-line frequency fac_tine 47 ~63 Hz
Maximum PFC output power Perc_out_max 145 W
Minimum PFC bus voltage Vbus_min 400 Vv
Nominal PFC bus voltage Vbus 450 v
PFC OVP level 1 Vbus_ovp1
Brown-out threshold Vin_so 71 Vrus
Brown-in threshold Vin sl 90 Vrms
Minimum PFC switching frequency forc_min 35 KHz
Estimated PFC efficiency 1 prc Less than or equal %
to 96
3.1 Main PFC boost inductor

As the key magnetic component of the PFC boost converter, the boost inductor has the main function of energy
storage. Its inductance is given as the following formula:

Vix ok * Vous = Vin_pk) * Nprc
Lppc =

4 * Vyyus * Pprc out * frrc
Where:

e Lprc - inductance of the PFC boost inductor

e Vin_pk - peak value of the input AC mains

e Vs - bus voltage as the PFC output

e 1 prc - estimated power efficiency of the PFC boost converter
e Perc_out — Output power of the PFC boost converter

o frec — Operation switching frequency of the PFC boost inductor

The maximum possible inductance should be calculated at both lowest (input brown-out threshold) and
highest possible input voltage (input over-voltage threshold) with full load and minimum switching frequency.

Design Guide 8 of45 V1.0
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At Vin_min = 71 Viws:

(71 %2)" * (450 — 71+ V2) * 0.96
PFC.71 — 4 % 450 * 145 % 35 = 103

~ 370.3uH
At VIN_max =305 VRMsZ

. (305 % v2)" * (450 — 305 * V2) x 0.96
PFC_305 — 4 % 450 * 145 * 35 = 103

~ 366.1uH
The suitable inductance must be less than the smaller one of both.

Lppc < min(LPFle' LPFC_305)

Other considerations regarding PFC choke inductance:

e The selected PFC inductance must be small enough to cover the maximum output power at the minimum
input (e.g. to cover the brown-in/out feature).

e Bigger PFC inductance has the advantage at light load in comparison to smaller inductance due to longer

on-time. This ensures smaller minimum output power in DCM when the LED load is small (e.g. 1 percent
dimming) and avoids unwanted bus voltage ripples due to the limited minimum on-time of the IC controller.

e For the maximum output power, bigger PFC inductance has longer on-time and lower switching frequency.
It must be guaranteed that these two parameters are still within the limit of ICL5102.

e Bigger PFC inductance leads to bigger choke size and more winding turns, which cause more winding loss.
In contrast, smaller inductance has a smaller size and fewer winding turns but higher frequency, which
could lead to more switching loss.

In the reference design, L. = 0.36 mH is chosen to avoid magnetic saturation in all worst cases like start-up and

load transient. After the PFC choke inductance is fixed, the choke relevant parameters can be calculated as

follows with the assumption of the boundary conduction mode operation.

Maximum input current (RMS) happens at minimum AC input and maximum output power:

PO PFC_max
Iin_rms_max = % = o *_rlP - =2124A
IN_B F

Maximum input peak current:

Il'n_pk_max = V2 * Ijn_yrms max = 3.04

Maximum inductor peak current:

IL,pk_PFC_max = 2% Iin_pk_max =6.04

. tSI\' rSl\'
i A >t >
AL pk
/\ ty /\ i e
> & ;
¥
0 \ >
Ton Ioﬁ !
V
PFCZCD A fmc/2
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0 \ >
Lais ; l
QRM1 QRM1
Figure 5 Boost inductor current waveform in a switching cycle
Design Guide 9of45 V1.0

2019-02-26



o _.
Design guide for dual-stage PFC+LLC LED driver using ICL5102 II‘I f| neon

PFC boost converter design

According to Figure 5, other important parameters of the PFC boost converter can be calculated as follows.

Maximum on-time:
Lprc * Iy pk_prc max
ton max = 2 — =215ups
2% Vin po

If Tosc = 1.5 psis assumed, off-time at minimum AC input and maximum output power:

Lprc * Iy pk_prc max
Vs = V2 * Vin_Bo
The lowest frequency for maximum output power of PFC converter in QRM:

tOff = + 0.5 * TOSC = 6.92 us

1
iz =————=235.2kHz
frrc_min ton max + toff

Maximum current (RMS) through the PFC inductor during on-time:

I, prc_onrms . max = ILpk_PFc max * \/ 3 * ton_max * fprc.min = 3.0 A

Maximum current (RMS) through the PFC inductor during off-time:

1
I prc off rms.max = ILpk_PFc max * \/g *Toff * fprc.min = 1714

Thus the maximum PFC inductor current (RMS):

— 2 2 —
1 L_rms_max — J I L,PFC_on_rms_max +1 LPFC_off_rms_max — 3.45A

To realize the ZCD of the inductor current for the CrCM switching, an additional auxiliary winding is introduced
in the PFC inductor. The turns ratio of the main and auxiliary winding decides the amplitude of the oscillation at
the PFCZCD pin. So that the comparator for the ZCD works correctly, the oscillation amplitude at the PFCZCD
pin for ZCD must exceed VerczcotHri_max = 1.6 V. The turns ratio is calculated as:

Np_PFC Vbus - Vin_pk_max
Ng_pre 1.6V

The important parameters of the PFC boost inductor are summarized in Table 4.

=11.68

Table 4 PFC boost inductor design parameters

PFC boost converter
Parameter Symbol Value Unit
Main inductance of the PFC boost inductor Lprc 360 uH
Minimum switching frequency in QRM forc_min 35.2 kHz
Maximum inductor peak current L pk_PFC_max 6 A
Maximum input current (RMS) lin_rms_max 2.12 A
Maximum input peak current lin_pk_max 3 A
Maximum inductor current (RMS) [ rms_max 3.45 A
Maximum on-time ton_max 21.5 Us
Turns ratio of primary to auxiliary winding Np_prc/Na_prc 9:1 -

Based on the calculated specifications above, the inductor can be constructed according to different design
requirements such as size, power efficiency and temperature by selecting different bobbin and core materials.
In order to avoid core saturation and achieve an optimized core loss, the flux density Bm.x is recommended not
to exceed 0.3.
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In the ICL5102 130 W CC reference design, the PFC boost inductor is constructed by Wiirth Electronik under part
no. 750343180 as a design example. The specification sheet is given as shown in Figure 6 and Table 5.

>
PART MUST INSERT FULLY TO - —0-:
SURFACE A IN RECOMMENDED GRID o
®.024(11) WiETH BLEK
- S o TR ATTANS @ DRe )
| 8ol 130 MIN. | \"“T LOCATES TERM. #1 ELECTRICAL SPECIFICATIONS @& 25°C unless otherwise noted:
| [330] 7| |7 mds max 1.184 MAX.
\ = [21.56] |" [30.07] —‘| PARAMETER TEST CONDITIONS VALUE
,“:"_;',_ T[.] [ 'g \ T_‘ D.C. RESISTANCE 12=1 @20°C 0180 chms max.
C ) — - C o il D.C. RESISTANCE 10-3 @20°C 0.250 ohms max
|| @
=] j H L 1,150 mx.[J &5 n ] INDUCTANCE 12-1 40kHz, 1VAC, Ls 425 0uH 110%
o 3 -0 ij o2l o B th INDUCTANCE 2=1|  40kiiz, 1VAC, 49ADC, Ls 380,00 min.
E’ k3 = — l i ~ 3 DIELECTRIC 10-12 1250VAC, 1 second 1000VAC, 1 mimte
| l g =l \ DIELECTRIC 10=Core 1250VAC, | second 1000VAC, | minute
"\ . \ DIELECTRIC 12=Cale 1250VAC, | second 1000VAC, 1 minute
= TERM. NO'S FOR REF. ONLY LOT CODE & DATE CODE -~ = -
TURNS RATIO (12-1):(10-3) 9.18:1, £2%
8.041(11) 1.000
[1.04] [25.40] ‘
4N
i 300(2) GENHERAL SPECIFICATIONS:
[ —\ ol 4. [7.62] OPERATING TEMPERATURE RANGE: —40°C to +125'C including temp rise.
3|8 3.81] :I I:
2|6 [3. [
o— O D S
Terminals #1 & 12 are tubed. i—————i
RECOMMENDED
P.C. PATTERN, COMPOMENT SIDE
. . .
Figure 6 Wiirth PFC inductor 750343180

Table 5 Parameters of Wiirth PFC inductor 750343180

Parameter Value Unit
Inductance 360 pH
Bobbin PQ2620 -
Core material TP4A or DMR44 -
Turns ratio of primary to auxiliary winding 9.18

DC resistance primary winding 0.18 Q
DC resistance auxiliary winding 0.25 Q
Saturation current 7.2 A
3.2 Input bridge rectifier

The bridge rectifier usually has the highest semiconductor power loss in the LED driver. The following
considerations must be taken into account for a proper selection.

e Maximum recurrent peak reverse voltage/DC blocking voltage:

Must be chosen to be higher than the peak of the maximum input voltage with at least 20 percent margin:
Verrrm > 1.2 % ViN pr_max = 518V

e Maximum rectified average forward current:

The maximum rectified average forward current is calculated as:

2\/2 " PO_PFC_max

= 191A
T Vingo * NpFc

I BR_avg_ max —

Design Guide 11 0f 45 V1.0
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Using a bridge rectifier with a higher rated current can reduce the forward voltage drop, which reduces the total
power dissipation at a small incremental cost.

o Peak surge forward current

The peak surge forward current must be chosen to cover the maximum surge current requirement.

e Forward voltage

This is directly related to the power efficiency; the forward voltage should be chosen to be as small as possible.
e Maximum power loss

The total maximum power loss is calculated using the maximum average input current flowing through two of
the bridge rectifying diodes if the forward voltage is assumed as 1 V:

PR 10ss max = IBR_avg_max *2%Vppp= 3.83W
e Maximum diode temperature rise without heatsink

Assuming the thermal resistance of the bridge rectifier is Rru_ja = 21°C/W (e.g. according to GBU8SOM), the
maximum temperature rise of the diode without heatsink can be calculated as:

ATBR_max = RTHJA * PBR_loss_max = 80.43°C

The important parameters for the bridge rectifier used in the 130 W reference design are summarized in Table
6.

Table 6 Bridge rectifier design parameters

Parameter Symbol Value | Unit
Maximum reverse voltage Var_rrM 1000 v
Average rectified forward current IR _avg 8 A
Forward voltage Ver e 1 Y
3.3 PFC boost diode

The selection of the boost diode is a major decision in the PFC boost converter design, and it is related to the
converter efficiency. The following considerations should be taken into account:

e Reverse breakdown voltage

It must be chosen to be higher than the bus voltage with at least 20 percent margin:
Vrrm_p_prc > 1.2 % Vipys ovpr = 594V

A 600V diode is suitable here in the 130 W reference design.

o Average rectified forward current

It must be higher than the maximum average PFC diode current, calculated as follows:

V3

ID_PFC_avg_max = 7 * IL,PFC_off_rms_max = 1.054

Using a diode with high current capability will benefit the power efficiency.
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e Forward voltage

This is directly related to the power efficiency. So the forward voltage should be chosen to be as small as
possible.

e Reverse recovery time

As the PFC boost converter is controlled by ICL5102 in the QRM+DCM mode, the PFC boost diode current goes
back to zero while the PFC MOSFET turns on. So there is no current commutation between the PFC diode and
MOSFET and thus no switching loss by reverse recovery. It is not necessary to choose an ultra-fast diode.

e Power loss

The only power loss that should be considered is conduction loss. With a forward voltage of 0.5 V assumed, the
diode conduction loss can be calculated as follows:

P loss_D_PFC = ID_PFC_avg_max * VF_D_PFC = 0.525W
e Thermal characteristics

With the thermal resistance of the diode Rp prc 11_sa and ambient temperature Ta, the PFC diode temperature
without heatsink is calculated as:

Tp prc = Pioss.p_prc * Rp_prc.th ja + Ta

The important parameters for the boost diode used in the 130 W reference design are summarized in Table 7.

Table 7 Boost diode design parameters

Parameter Symbol Value | Unit
Maximum reverse voltage VRRM_D_PFC 600 \"
Average rectified forward current If b_prc 4 A
Forward voltage VE b_prc 0.5 v
3.3.1 PFC power MOSFET

The selection of the PFC power MOSFET is based mainly on the consideration of the drain-source breakdown
voltage and the power dissipation.

e Drain-source breakdown voltage
According to the operating bus voltage, the breakdown voltage should be chosen as:
Vierypss > 1.2 * Vpys ovpr = 594V

A 600V MOSFET would be suitable; for applications with enhanced surge protection, higher breakdown voltage
should be selected.

e Continuous drain current
The maximum continuous drain current is calculated as:

ID_MOS_PFC_max =3 IL,PFC_on_rms_max =6.334A

e Conduction loss
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These losses are frequency independent and do not scale significantly with frequency. This is calculated as
follows:

2
p _ I L, PFC_on_rms_max R
con_loss_MOS_PFC = 2 * Kps(oN)

e Turn-on transition loss

As the converter works in QRM+DCM mode, the turn-on transition loss caused by the magnetizing current can
be ignored because the current rises from zero when a switching cycle starts. But to discharge the parasitic
capacitors like Cos (MOSFET output capacitance) and Cps ot (total parasitic drain-source equivalent
capacitance) through the MOSFET channel can cause significant turn-on transition loss. These losses occur
every switching cycle and are thus frequency dependent.

e Eossand/y+ Cps total - V2 lOSS

The energy stored in Cps_wotai and Cossat the time of turn-on must be dissipated in the MOSFET channel and CS
resistor during the turn-on transition. These losses are fundamentally a function of the square of the voltage
across it, and can be very significant during high-line conditions. They occur every switching cycle and are thus
frequency dependent. To simplify the calculation, we assumed that the switching loss is approximately half of
the conduction loss:

Pgy 10ss Mos_prc = 2 * Peon_loss_ M0S_PFC

e Gatedriver loss

These losses also scale linearly with frequency, but are generally quite a small contribution to the overall losses
(at switching frequencies of below 100 kHz) and depend almost exclusively on the MOSFET Qg (total gate
charge). The gate driver power is typically dissipated in the external gate resistor and the gate driver itself and
thus does not need to be considered in the thermal calculation of the MOSFET.

In the 130 W reference design, two 600 V Infineon MOSFETs IPD60R400CE of CE family are used in parallel to
minimize the power dissipation. With the Rpson) of 200 mQ, the maximum total loss of each MOSFET is
calculated as below:

Ploss_MOS_PFC_max =0.5* (Psw_loss_MOS_PFC + Pcon_loss_MOS_PFC) = 0.75 * Pcon_loss_MOS_PFC =096 W

The maximum temperature rise of each MOSFET without heatsink is:

ATMOS_PFC_max = RTH_]A * Ploss_MOS_PFC_max = 76.8°C

The important parameters for PFC MOSFETs are summarized in Table 8.

Table 8 PFC MOSFET design parameters

Parameter Symbol Value Unit
Breakdown voltage VR _pss_prc 650 v
MOSFET on-resistance Rosion) 400//400=200 mQ
Maximum PFC MOSFET Ploss_Mos_pFc_con 1.93 w
conduction loss
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3.3.2 PFCCS

To design the PFC CS shunt resistor, the following condition must be complied with:

IL,pk_PFC_max * RCSPFC < VOCPl_PFC_min =0.95 4
and:

0.95V
RCS PFC <———=0.220
- IL,pk_PFC_max

The value of the CS resistor is chosen to be 0.2 Q with five resistors of 1 Q connected in parallel. This splits the
power dissipation and reduces the thermal stress. The maximum power loss of each shunt resistor is:

Pioss_shunt_prc_max = 0.2 * ILZ,PFC_on_rms_max * Res prc = 0.2 % 2114 0.2 = 0.18W
This should be considered while selecting the proper shunt resistor type.

The important design parameters for bus voltage sensing are summarized in Table 9.

Table 9 PFC CS and ZCD design parameters

Parameter Symbol Value Unit
PFC OCP1 maximum operating range Voce1_prc_min 0.95 v
PFC CSresistor Recs_pre 0.2 QO
3.3.3 PFC bus voltage sense

As shown in Figure 7, the bus voltage is measured at the PFCVS pin of ICL5102 through a resistor divider. This
measurement is used as the input of the PFC output voltage regulator to generate the PWM control signal for
the PFC MOSFET and offers protection functions for the PFC boost converter. It is strongly recommended to
add a filter capacitor near the VS pin to filter the switching noise in order to get a precise and stable
measurement result. The VS pin has a very low leakage current so the intolerance can be ignored.

Vbu.s

//

* Q Vs

T
1

Figure7  Busvoltage measurement

The calculation of the resistor divider is given as follows when the Vi, =450 V is mapped to Vercysrer = 2.5 V.

R Vpus — Vi
vs1PFC _ Vbus — YPFCVSREF _ g

RVSZ_PFC VPFCVSREF

To reduce the inaccuracy caused by the resistor divider, it is necessary to select the bus voltage sensing
resistors with a tolerance of 1 percent or less. In the 130 W reference design, to reduce the voltage stress, the
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upper resistor Rys;_prc consists of three resistors each of 1.5 MQ, and the lower resistor Rys; prc is selected as 24.9

kQ.

Note: In order to reduce the switching noise coupled in the bus voltage sense signal, a filter capacitor of
1 nFis strongly recommended to be placed directly near the PFCVS pin.

The important design parameters for bus voltage sensing are summarized in Table 10.

Table 10 Bus voltage sensing design parameters

Parameter Symbol Value Unit
Nominal PFC boost converter output voltage Vbus 450 v
ICL5102 PFCVS pin reference voltage Vrer 2.5 \Y
Bus voltage sensing divider upper resistor Rys1_prc 1.5x3 MQ
Bus voltage sensing divider lower resistor Rusz_prc 24.9 kQ
Bus voltage sensing filter capacitor Cus 1 nF

3.3.4 PFC output capacitor

The PFC bus capacitor can be calculated with the following formula if the ESR of the capacitor is small enough
to be neglected and the peak-to-peak voltage ripple is selected as 20 V. Please note that the tolerance of 20
percent of the capacitance needs to be taken into account as well.

Iout_PFC_max

Cous = *1.2 =46 uF
us 2 % T * fline_min * VbuS_ripple_pp
With:
Po_prc
Iout_PFC_maX — _V—_max =024 4
bus

Regarding the voltage rating with consideration for the OVP threshold, a 500 V capacitor is necessary. The ESR
of the capacitor should be selected to be as small as possible, and the allowed maximum ripple current should
have enough margin. In the 130 W reference design, one 500 V capacitor of 56 pF with low ESR is selected.

The important parameters for the bus capacitor selection are summarized in the following table.

Table 11 Bus capacitors design parameters

Parameter Symbol Value Unit
Nominal PFC boost converter output voltage Vbus 450 v
Maximum PFC boost converter output power Pout_prc_max 130 W
Bus voltage ripple (peak to peak) Vbus_ripple_pp 20 v
ACinput line frequency fiine 45 ~ 66 Hz
PFC bus capacitor Cous 56 uF
3.3.5 Input voltage sensing and brown-in/out

The rectified input voltage is sensed through an external resistor divider which consists of Reo: and Rso, at the
BO pin as shown in Figure 8. This input voltage sensing function enables the AC input brown-in/out to provide
the under-voltage protection for the LED driver.
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It is strongly recommended to add a high-voltage capacitor Cgo: directly after the rectification diodes Dgo: and
Dgo1 SO that the peak value of AC input is measured, which is not dependent on the load condition. Without the
capacitor Cgos, the equalized AC input mean value is sensed at the BO pin, which shifts according to the load.
Thus the brown-in/out threshold is different under different load conditions.

RMS Rectified Voltage Inactive Half Bridge causes a Peak Value is NOT affected
Common Mode Distortion
POV |-+ A A A A A —
Mean Value shifts up
Mean Value /\ /\ /\ /\ /'

ICL5102

T BO 12
I'Et Dgo1_2 _‘Rim'_' /
Rso1

= s

Capacitor for Peak Value Detection
Il
Il
g O

Mains

Figure8 Inputvoltage sensing

At the initial start-up (AC plug-in), the voltage at the BO pin must typically exceed Vgo = 1.4 V to enable brown-in.
During normal operation, brown-out is detected when the voltage at the BO pin drops below typically Vso = 1.2
V for longer than 50 ms. ICL5102 will stop both PFC and HB switching and enter auto-restart. Normal system
operation recovers if the voltage at the BO pin is above 1.4 V again.

The ratio of the divider is calculated as follows:

Rpo1 _ 1.414 = Viny o — Vb Bo — VBo_out-min — 86
RBOZ VBO_out_min

With Vso_out min = 1.14 V from ICL5102 datasheet Table 16, brown-in threshold Viy s =71V and Vp go = 0.7 V.

In the ICL5102 130 W CC reference design, Reo1 = 6600 k Q is selected. To reduce the voltage and power stress of
the resistor, it is strongly recommended to split it into three 1206 resistors of 2200 k Q each. To improve the
accuracy of the measurement, resistors with tolerance of less than 1 percent should be selected. According to
the divider ratio calculated previously, Reo, = 76.8 k Q is selected.

The brown-in voltage can be calculated after Rgo: and Reo: are fixed:

v _ 86 * Vgo in max + Vb o + VBo in_-max
IN_BI —
- 1.414

=90V
The important design parameters for input voltage sensing are summarized in Table 12.

Table 12 Input voltage sensing design parameters

Parameter Symbol Value Unit
Brown-out threshold Vin_Bo 71 Vrus
Brown-in threshold Vin_si 90 Vrus
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Parameter Symbol Value Unit
BO pin divider upper resistor Reo1 6600 kQ
BO pin divider lower resistor Rso2 76.8 kQ
3.3.6 THD optimization

The input AC current becomes most distorted in the area when zero-crossing of AC input voltage occurs. In
order to ensure the sinusoidal current waveform in this area, the ICL5102 extends the PFC on-time dynamically
up to twice PFC maximum on-time according to the instantaneous value of the input voltage amplitude. The
detection of AC input voltage zero-crossing is realized through the PFC auxiliary winding. When the voltage
across the PFC auxiliary winding after the PFC MOSFET turns on reaches the minimum value, AC zero-crossing is
detected. The concept of THD correction is shown in Figure 9.

ZCD @ AC Input Voltage ZCD @ DC Input Voltage

Rectified
AC Input Voltage

®) ®

DC Input Voltage

Voltage at - -
ZCD-Winding U

ot o UL L A WU, LAy,

PFC gate signal (blue) controlled by the ZCD

Figure 9 PFC THD correction

To adjust the on-time enlargement, an external resistor between the PFC choke auxiliary winding and PFCZCD
pin is required, as shown in Figure 10. When the PFC MOSFET turns on, the input voltage is measured according
to the current flowing out of the PFCZCD pin. A smaller current means AC input is in the area A (see Figure 9),
which requires an enlargement of the PFC on-time. Generally, the smaller the current flowing out of the

PFCZCD pin is, the bigger the PFC on-time enlargement. The value of the resistor should be selected so that the
current is limited between lzcp = 500 HA ~ 1.2 mA.
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L e Vbua‘
[/ — - g /
¢ Rzep (L
PFCZCD
-
PFCGD
Figure 10 PFC THD optimization via an external resistor

The following formula shows the calculation of the connected ZCD resistor value with the assumption that
lzco_max = 1.2 MA flows out of the PFCZCD pin at maximum AC-line input:

1414 % Viy max

ZCD =
Np_PFC

N, a_PFC

= 39.9 kQ

* | ZCD_max

The THD performance can be optimized by varying the resistor value around 40 kQ.

Note: There is a trade-off between improvement in PF and reduction of THD. However, trying to achieve
harmonic-free current may bring harmonics into the voltage and thus a lower PF. On the other
hand, any attempt at PF unity by the usual methods will result in a non-sinusoidal current, which
increases THD.
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4 HB LLC resonant converter design

A resonant HB converter has many advantages, such as high efficiency, high power density and low EMI.
ICL5102 provides independent control of the resonant HB converter (e.g. LLC or LCC topology) for Constant
Voltage (CV) or CC output. It supports both fixed and variable switching frequency control.

The following sections provide the HB converter design guidelines using ICL5102 based on LLC topology with a
secondary-side regulated CC control.

The design specification for the 130 W LLC CC reference design is given in the following table.

Table 13 LLC converter design specification

Parameter Symbol Value Unit
Minimum DC input voltage Vbus_min 400 v
Nominal DC input voltage Vbus 450 v
Maximum DC input voltage Vbus_max 490 \Y
Maximum LLC converter output power Po_max 130 W
Estimated LLC converter power efficiency N Less than 96 %
LLC converter maximum output voltage Vout_max 76 v
LLC converter maximum output voltage Vout_min 38 \Y
LLC converter maximum output current lout_max 1750 mA
LLC converter output current lout_min 75 mA
LLC converter resonant frequency f, 100 kHz
Primary-side switching bridge topology - HB -
Secondary-side rectifier topology - Full-Bridge (FB) rectifier |-

On the primary side, the HB is used as a switching bridge because ICL5102 is a HB controller. On the secondary
side, a FB rectifier is preferred due to the high voltage and low current output characteristics. The design target
is to achieve Zero Voltage Switching (ZVS) on the primary side and Zero Current Switching (ZCS) on the
secondary side for the entire load range for optimized power efficiency and low-EMI performance.

4.1 LLC resonant tank design

Due to the non-linear nature of the resonant LLC topology, the following calculations of resonant tank are
based on the First Harmonic Approximation (FHA). Furthermore, to simplify the design of the LLC transformer,
an external resonant inductor is used.

4.1.1 Transformer turns ratio

According to the characteristics of the HB LLC converter with FB rectifier, the converter gain can be calculated
as:

Vour + 2+ Vg p

LLC Converter Gain = = 0.5 * Resonant Tank Gain x Transformer Turns Ratio (Ng/Ny)

Vbus

When the LLC converter operates at a frequency equal to the resonant frequency, the resonant tank gainis 1
when using an individual core for the series inductor. So the transformer turns ratio can be expressed as:
— Np — Vbus
Ns 2% (Vout + 2% VF_D)
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It is recommended to operate the LLC tank below resonant frequency (boost mode operation) for CC output. To
ensure this for the widest load range, the minimum output voltage with maximum bus voltage as a working
point is selected as LLC resonant operation to decide the transformer turns ratio:

N, V
n= ' — bus_max = 6.22
Ns 2 % (Vout_min + 2% VF_D)

4.1.2 LLC resonant tank gain
After the transformer turns ratio is defined, the resonant tank voltage gain M,.c can be summarized as:

e Unit gain My c =1 for maximum bus voltage and lowest output voltage
e Minimum gain Muc_min=Myc=1
e Maximum gain Muc_max for minimum bus voltage and highest output voltage

1 2% (Vout max +2 * VFD)

MLLC_max = v =24
bus_min
4.1.3 Selecting the m value
The ratio of total primary inductance to resonant inductance is defined as the m value as follows:
Lo+ Ly
m= L

Lower values of m can achieve higher boost gain and provide more flexible control and regulation, which is
valuable in applications with wide input voltage range. Nevertheless, low values of m mean smaller
magnetizing inductance L., and therefore higher magnetizing peak-to-peak current ripple, causing increased
circulating energy and conduction losses.

For the 130 W LLC CC reference design, a reasonable initial value of m = 8 is first selected. Later, by few
iterations, the m value can still be optimized as long as the maximum gain requirement for all load conditions
can still be achieved.

4.1.4 Selecting the maximum quality factor value Qmax

Quality factor is dependent on the load and defined as:

~

T

Q="
Rac

)

Heavy load conditions operate at high Q values while lighter loads have lower Q values. Itis important to set a
value for the Qmax associated with the maximum load point.

By using the ICL5102 LLC calculation tool, the analysis can be simplified. The peak gains are obtained and
depicted in Figure 11, which shows how the peak gain (attainable maximum gain) varies with Q for different m
values. It appears that higher peak gain can be obtained by reducing m or Q values. With a given resonant
frequency and Q value, decreasing m means reducing the magnetizing inductance, which results in increased
circulating current. There is a trade-off between the available gain range and conduction loss.

With the maximum gain My.c_max and defined m value, the maximum quality factor is achieved through the
curve:

Qmax = 0.17
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Figure 11 Peak gain vs. Q for different m values

4.1.5 Equivalent reflected resistance Rac

FHA eliminates non-linearity and generates an equivalent resonant circuit, as shown in Figure 12. The input
square wave voltage is replaced with first harmonic of the voltage square wave, while the secondary section

with rectifier and load is replaced by equivalent load R,, which is calculated at full load as:

8 |7 + 2%V
Rac - nz % ( out_max FD) — 1388 Q

2
T Iout_max

o —rn ,

Vin_ac
H H Lm Rac § Vo _ac
o e
Figure 12 Equivalent resonant circuit
4.1.6 LLC resonant tank calculation

After the values of m, Qmax and R, are obtained, the value of the resonant capacitor can be calculated as:
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1

= = 6.74 nF
2 % T * Qmax * fr * Rac

Cr
To reduce the size of the resonant choke, a bigger resonant capacitor is selected for the 130 W reference design
as:
C, =11.5nF

In order to reduce the start-up inrush current and the ripple current in normal operation through the resonant
capacitor, one resonant capacitor can be split into two capacitors with standard values (one to the DC bus, the
other to the ground). This helps to obtain the available capacitor values, too.

C, = 6.8nF
C,, = 4.7 1F

The inductance of the resonant choke is calculated as:

1

= m = 220 uH

The main inductance of the LLC transformer L, is calculated as:
Lp=m=xL,=1760 uH

The magnetizing inductance L., is calculated as:
Ly =Lp—L,.=1540 pH

The equivalent leakage inductance due to HB can be approximately estimated as:

Liggr = 0.5 % 8% * L, = 60 uH
So the inductance of the separated resonant choke is calculated as:

Lr_ext = Ly — Ligqx = 160 puH

4.1.7 Verification of the LLC resonant tank parameters

After all resonant tank parameters are decided, the working points of all corner cases must recalculated to
ensure that the LLC resonant design target is still fulfilled.

Resonant frequency:
fi ! 100.1 kH
= = . Z
" 2% x /L, * C,
f; L 35.3 kH
= = 35. A
b 2% \[Ly*Cy
Quality factor:
L,
C,
Q= =0.1
Rac
Ratio of total primary inductance to resonant inductance:
L.+L
m = T m — 8
Ly
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4.1.8 Achieving ZVS of the LLC converter

To ensure high power efficiency of the LLC converter, ZVS must be guaranteed for all input and load conditions.
There are two main considerations to achieve ZVS.

e Operating regions of the LLC converter

As long as the converter switches at higher than resonant frequencies f;, it always runs in ZVS mode. When the
converter is switching between the resonant frequencies f. and f,, the load condition (Quality Factor, Q)
determines whether the converter operates in ZVS mode or not. Under normal operating conditions, the LLC
resonant converter operates at slightly higher than the resonant frequency f., which is optimal for high
efficiency.

e MOSFET output capacitance

The resonant inductor current must be high enough to discharge the voltage of effective capacitance appearing
in parallel with drain-sources of the power MOSFETs. A major part of this capacitance is the MOSFET output
capacitance.

e Dead-time

Dead-time is required to completely discharge the effective capacitance appearing in parallel with drain-
sources of the power MOSFETSs to realize the ZVS operation in worst-case conditions applied to the converter.

The four most common waveforms and solutions for ZVS are shown in Figure 13, where modification of the
circuit for optimal efficiency can be carried out according to the instructions given. Figure 13 (a) illustrates the
perfect ZVS diagram. In Figure 13 (b), VDS cannot fully discharge to 0 V before the control signal Ves is sent, thus
it is recommended to reduce the magnetizing inductance value in the transformer, and slightly increase the
dead-time or replace the power MOSFET with a higher Ros(on). In Figure 13 (c), the power MOSFET achieves ZVS,
but the inductance current is insufficient to continually forward bias the body diode; thus it is recommended to
slightly reduce dead-time. ZVS is achieved in Figure 13 (d), but the excessive dead-time results in reduced
efficiency; thus, it is recommended to reduce dead-time.

Less resonant energy

Perfect ZVS

Increase the resonant energy(current)

-2>Reduce the magnetizing inductance

Non-ZVS due to longer dead-time 7VS but longer dead time

Reduce the dead time ;
Reduce the dead time

Figure 13 Waveforms for ZVS power MOSFET and solutions

4.2 LLC main transformer design

After the turns ratio and inductance of the main transformer have been confirmed, the design parameters of
the transformer can be obtained.
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With selected secondary turns:
N = 6 turns

The primary turns can be calculated as:
N, =n*Ng = 38.7 = 40 turns

In order to provide the Vcc power supply for ICL5102, an auxiliary winding is introduced. The turns ratio is
calculated as if the Ve = 15 V is assumed:

Np Vbus

= =———=14.33
Na 2 x (Vcc + VF_D)

The auxiliary turns can be calculated as:

N,
N, = L =279 ~ 3turns
Ng

According to the following gain curves from different load conditions from the ICL5102 LLC design tool, the LLC
converter minimum switching frequency at maximum gain can be obtained as:

Fnin = 44.7 kHz

SR GAIN vs. Frequency
240
\‘\ — 1005 d
220 = S — 8o
\\ 50% bozd
2,00 —
—
: 0% load
1,80
£ x
8 1,60
1,40
1,20
1,00
0,80
2 “ 16 a8 50 5
v freq (kHz)
Figure 14 Gain vs. frequency for different load conditions

The RMS current on the primary side through the resonant tank can be calculated as:

2
> =0.73 4

I =—%
L p_rms I‘L 2*\/2*7’1, 4*\/_*fr*(Lp—LT)
The primary peak current through the resonant tank can be calculated as:

1 \/(T[ * Iout_max)z + (n * (Vout_max + 2% VF_D)

IL_p_peak = \/E * IL_p_rmS = 103 A

In the ICL5102 130 W CC reference design, the LLC external resonant inductor is constructed by Wiirth
Electronik under part no. 750342805 as a design example. The specification sheet is given in Table 14.

Table 14 Parameters of Wiirth inductor 750342805

Parameter Value Unit
Inductance 160 pH
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Parameter Value

Unit

DC resistance 0.33

Saturation current 3.5
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ELECTRICAL SPECIFICATIONS @ 25° C unless otherwise noted:

PARAMETER TEST CONDITIONS VALUE
D.C. RESISTANCE 65 @20°C 0.330 ohms_max.
INDUCTANCE 65 40KHz, 1V. Ls 160.0uH £8%
INDUCTANCE 65 40KHz, 1V, 3.5A, Ls 112.0pH min.
DIELECTRIC 6-CORE 1250VAC, 1 second 1000VAC, 1 minute

GENERAL SPECIFICATIONS:
OPERATING TEMPERATURE RANGE: -40°C to +125°C including temp rise.

Figure 15 Wiirth inductor 750342805

The LLC main transformer is constructed by Wiirth Electronik under part no. 750342886 as a design example.

The specification sheet is given in Table 15.

WURTH ELEKTRONIK

ELECTRICAL SPECIFICATIONS @ 25° C unless otherwise noted:

N MAX. | [N | "' o PARAMETER TEST CONDITIONS VALUE
: D.C. RESISTANCE 4-3 @20°c 0.271 chms max
" D.C. RESISTANCE 5-2 @20°c 0.334 chms max
1 D.C. RESISTANCE 8-9 @20°C 0.210 chms max.
E D.C. RESISTANCE 10-9 @20°C 0.054 chms max,
'7' S D.C. RESISTANCE 8-11 @20°C 0.054 chms max.
% ] INDUCTANCE 5-2 40KHz, 1V, Ls 1.50mH +8%
~ LEAKAGE INDUCTANCE 5-2|lie(3+4+8+9+10+11) 40KHz, 1V, Ls| 47 pH typ., 60pH max
f DIELECTRIC 58 fie{4+5), 4000VAC, 1 second 4000VAC, 1 minute
DIELECTRIC S-core| fie(4+5). 2000VAC, 1 second 2000VAC. 1 minute
ba DIELECTRIC B-core 2000VAC, 1 second 2000VAC, 1 minule
TURNS RATIO (5-2):(4-3) 16:1, 2%
TURNS RATIO (5-2):(8-9) 15:1, #2%
TURNS RATIO (5-2):(10-9) 6.67:1, 2%
TURNS RATIO (5-2):(9-11) B.67:1, £2%
. O e 1.200 o
I WALE) L S
62
@_7 i hl . 1T -
7 L 20008 . . !
® . - . .
- -
@ * GENERAL SPECIFICATIONS:
MMENDE OPERATING TEMPERATURE RANGE: -40°C 1o +125°C including temp nse
© L 1y -
®
Figure 16 Wiirth inductor 750342886
Table 15 Parameters of Wiirth inductor 750342886
.
Parameter Value Unit

Main inductance 1500

uH

Leakage inductance 47

uH

6.67

Turns ratio Np/Ns

Design Guide

26 of 45

V1.0
2019-02-26



o _.
Design guide for dual-stage PFC+LLC LED driver using ICL5102 < II‘I f| neon

HB LLC resonant converter design

Parameter Value Unit
Turns ratio Ny/N, 15

DC resistance primary main winding 0.33 Q
DC resistance secondary output winding 0.054 Q
Saturation current 2 A
4.3 HB primary MOSFET selection

The selection of the HB primary power MOSFET is based mainly on the consideration of the drain-source
breakdown voltage and the power dissipation.

e Drain-source breakdown voltage
According to the operating bus voltage, the breakdown voltage should be chosen as:
Visrypss > 1.2 % Vipys ovpr = 594V

A 600 V MOSFET would be suitable; for applications with enhanced surge protection, higher breakdown voltage
should be selected.

e Conduction loss

These losses are frequency independent and do not scale significantly with frequency. This is calculated as
follows:

2
Peon_toss_Mos_HB = (IL_p_rms) * Rpscony = 0.21W

In the 130 W reference design, two 600 V Infineon MOSFETs IPD60R400CE of CE family are used for HS and LS.
With the Rpson) of 290mQ, the maximum total loss of each MOSFETSs is calculated as below:

Pioss MOS_HB max = 1.5+ Peon_toss_Mos_prc = 0315w

The maximum temperature rise of each MOSFET without heatsink is:

ATymos prc_max = Rru_ja * Pioss_ mos_HB.max = 25.2°C

The important parameters for HB MOSFETs are summarized in Table 16.

Table 16 PFC MOSFET design parameters

Parameter Symbol Value Unit
Breakdown voltage VR _Dpss_HB 650 v
MOSFET on-resistance Rosion) 400 mQ
Maximum PFC MOSFET Ploss_Mos_Hg_con 0.315 W
conduction loss

4.4 HB low-side CS resistor selection

The LS CSresistor is connected to the ICL5102 LSCS pin and the source of the HB LS MOSFET in order to protect
the HB converter from over-current. The capacitive mode protection and the self-adaptive dead-time are also
implemented with the CS function at the LSCS pin.

Design Guide 27 of 45 V1.0
2019-02-26



o _.
Design guide for dual-stage PFC+LLC LED driver using ICL5102 II‘I f| neon

HB LLC resonant converter design
According to the datasheet, there are two over-current protection levels. The LS CS resistor value can be
calculated according to the over-current protection level 1 as following:

VHB_O CP1_min

RLSCS < =0.710Q

IL_p_peak
In the ICL5102 130 W reference design, Riscs = 0.5 Q is chosen. In order to achieve the precise resistor value and
minimize the power dissipation, the CS resistor is split to three parallel connected resistorsof 1.2Q//1.2Q// 1.5
Q.

To enable the power limitation function in BM, a resistor Rp. between the LSCS pin and the CS resistor is required,
as shown in Figure 17.

HS MOS

LS MOSFET

Figure 17 ICL5102 BM power limitation

In BM, during burst phase, the ICL5102 HB controller turns on with a switching frequency of fus_su and steadily
decreases it to fus_max to initialize a soft-on (see ICL5102 datasheet). After soft-on, the switching frequency
continues to decrease to fus_pi, Which is set by the resistor Rp..

As shown in Figure 18, a reference threshold higher than 0 is set by the resistor Re.. ICL5102 will integrate the
area above and below this threshold according to the voltage at the LSCS pin. The HB switching frequency will
adjust itself (by increasing and decreasing) until fug p. is reached so that the integration of area B is the same as
area Al and area A2. By changing the Rp_ resistor value, the switching frequency fus_p. is set and thus the
transferred power in BM. The recommended value of the resistor Rp. is between 200 Q and 1000 Q.

A2 B A2

i
|
This threshold is set by the value Of_Rﬂ.:_ o
I
|
I

t1 2

Figure 18 Threshold set by Ry, for limited power transfer in the BM

In order to filter the voltage spike at the LSCS pin so that the over-current protection is not wrongly triggered,
an external filter consisting of Rp. and a small capacitor of some pF is recommended. The capacitor should be
placed near the LSCS pin.

4.5 HB secondary rectifier diode selection
For the selection of the secondary rectifier diode,the following considerations should be taken into account:

» Reverse breakdown voltage
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As the FB rectifier network is used on the secondary side, the diode voltage stress should be the same as the
output voltage. However, due to the leakage inductance of the LLC transformer, the rectifier diodes could
experience much higher voltage peak, thus a factor 2 margin should be taken into account:

VRRM_D_sec > 2% (Vout_max + VF_D_sec) =155V

e Maximum RMS current

The maximum RMS current flowing through each rectifier diode is calculated as:
T
ID_sec_rms_max = Z * Iout_max =137A

Using a diode with high current capability will benefit the power efficiency.
e Forward voltage

This is directly related to the power efficiency, so the forward voltage should be chosen to be as small as
possible.

e Reverse recovery time

As hard commutation of the rectifier diode cannot always be prevented, it’s better to choose an ultra-fast
recovery diode.

e Power loss

The only power loss that should be considered is conduction loss. With a forward voltage of 0.5 V assumed, the
diode conduction loss can be calculated as follows:

Pioss p_sec = Ip_sec rms.max * Vr p_sec = 0.7 W
e Thermal characteristics

With the thermal resistance of the diode and ambient temperature T,, the secondary rectifier diode
temperature without heatsink is calculated as:

TD_sec = Ploss_D_sec * RD_sec_TH_]A + Ty

The important parameters for the boost diode used in the 130 W reference design are summarized in Table 17.

Table 17 Secondary rectifier diode design parameters

Parameter Symbol Value | Unit
Maximum reverse voltage VRRM_D_sec 200 Vv
Average rectified forward current I b_sec 18 A
Forward voltage VE b_sec 0.7 v
4.6 HB secondary output capacitor

The ripple current flowing through the output capacitor is given as:

_ * Iout_max 2 2 _
Icap_sec_rms_max - W - Iout_max =0.844

The output current ripple is defined as 2 percent of the maximum output current:
Lout rippte = 2% * loyt max = 0.0354
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The output voltage ripple is defined as 1 percent of the maximum output voltage:

Vout_ripple = 1% * Vout_max =0.76V
The equivalent serial resistance of the output capacitor is given as:

Vout_ripple

ESR = =0.220Q

2% Iout_ripple
The value of the output capacitor is then given as:

1
Cout = = 80 pF
2

4% % fri, * (M) — ESR2
Iout_ripple

Sometimes it is impossible to meet the ripple specification with a single output capacitor due to the high ESR of
the electrolytic capacitor. Then, additional LC filter stages (post filter) or more parallel capacitors (to reduce
ESR) can be used. When using the post filters, be careful not to make the corner frequency too low. Too low a
corner frequency may make the system unstable or limit the control bandwidth. It is typical to set the corner
frequency of the post filter at around 1/10 ~ 1/5 of the switching frequency.

The important parameters for the output capacitor used in the 130 W reference design are summarized in
Table 18.

Table 18 Output capacitor design parameters

Parameter Symbol Value | Unit

Voltage rating Vout_c_sec 100 Vv

Equivalent serial resistance ESR 0.22 Q

Output capacitor Cout 220// | uF
220

4.7 HB output regulation

In the ICL5102 130 W reference design, the HB LLC converter’s output regulation includes three parts: constant
current regulation, constant voltage regulation and output current dimming:

 Constant current regulation

In normal operation, the LLC converter provides a constant output current. The current regulation is realized
through a Pl regulator based on the operation amplifier LM358, as shown in Figure 19. The output current is
measured through three parallel connected shunt resistors, R50, R51 and R52. These CS resistors must have
high accuracy so that the current is regulated precisely. Output reference current is set through a divided
voltage from either the auxiliary supply voltage or from the dimming voltage.

e Output current dimming

Based on the constant current regulation, a 1 to 10 V dimmer is implemented and provides the current
reference signal for the output current regulation. A secondary auxiliary winding with a linear regulator is
designed to provide power supply for the dimming circuit.
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Figure 19

Secondary-side output current regulation

e Constant output voltage regulation
In addition to the current regulation, a constant output voltage regulation by using TL431 to prevent LEDs

lighting in the dim-to-off condition is implemented so that the output voltage is not charged higher than the
lowest possible LED forward voltage. This is shown in Figure 20.

I Bd 14 EW

VR2
TL431CDBE

_I
Rﬁ

]

L"‘!. B4 NUL
‘hn
[|C30 gt
Hoop T30k 200V/1%
2 4
T R4D

4, TR 50N /1%
CV control

.T

Optiomnal

Sacondary CV opti

an

Figure 20

Secondary-side constant output voltage regulation

Once the dimmer brings the LED driver into the dim-to-off condition, the constant current regulator is then
substituted by the constant output voltage regulator. ICL5102 will enter BM according to the output voltage

regulation.
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4.8 Frequency setting

In order to close the regulation loop, the feedback signal from the secondary-side current regulation circuit
through the optocoupler must be connected to ICL5102.

During normal operation, the ICL5102 HB controller uses CCO to determine the switching frequency. The
switching frequency is determined by current Iz that flows out of the RF pin. The RF pin maintains a constant
voltage of Vre = 2.5 V. This voltage, together with the voltage at pin Vg, resistors Rew and Rgr, and the
optocoupler, defines the current flowing out of the RF pin as shown in the following formula and Figure 21:

_ _ VRF

RF

IBM

Rem_pa
BM 10 | [T ——E==—5 »
|1T RBM|2 lop ’;@ :
RF 9
IrF Ree
Figure 21 ICL5102 RF pin current definition

In order to determine the two resistors Rgr and Rew, the HB LLC converter minimum and maximum switching
frequency are needed.

finin = 41.6 kHz
fmax = 260 kHz
The CCO of the ICL5102 HB controller is defined linearly with the constant slew rate Cec as shown in Figure 22.
Crc = 400 KHz/mA

HB switching
frequency fr

fHB_max = ———— o T iy

Crc=400 KHz/mA

fupmin b — - — - A ___1

|
|
o | Current
L} T
IRF

IRF_min IRF_max

Figure 22 CCO of ICL5102 in normal operation

The calculation of the two resistors Rgr and Rew is given below:
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RRF = CFC *15—V = 212.76 kQ
7*fmin_fmax
RBM == CFC *i = 271 kQ
fmax_fmin

Both resistor values are selected so that the ICL5102 130 W reference design does not enter BM in order to
prevent the LED blinking. BM is only for standby in the dim-to-off operation.

4.9 Primary output OVP

ICL5102 provides another possibility for fast OVP on the primary side by sensing the winding voltage. This
function is realized by connecting the OVP pin to the auxiliary winding of the HB transformer, as shown in
Figure 23.

Dusvee
HSVCC 15 :DI Vcce
Chisvee Risvee
HSGND 14 :Dl
ovp 13
Rove_1

Figure 23 HB output OVP detection circuit

To decide the Rovw_1 and Rove 2, the following formula can be used:

R OVP_2 _ Vo VP_ref

n
Rovp_1 Vout ovp * ng  F-DVec ™ Vove ref

If the primary output voltage level is defined as 90 V, the divider ratio can be obtained as:

Rovp2

15
Rovp 1
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5 Power supply for ICL5102

The power supply for the controller ICL5102 is provided by the capacitors connected to the Vcc pin. It is strongly
recommended to use both an electrolytic capacitor and a ceramic capacitor parallel connected as Vcc
capacitors. Due to its high capacitance, an electrolytic capacitor is suitable as charge storage but has a bad AC
coupling behavior. A ceramic capacitor on the other hand has an excellent AC decoupling effect, but has a
capacitance derating strongly dependent on voltage and temperature.

The Vcc capacitors can be charged either by high-voltage start-up circuit, by PFC auxiliary winding or by HB
auxiliary winding according to different requirements and conditions. This is described in the following
sections.

5.1 Power-up

At start-up, after the AC input is applied, the Vcc capacitors must be charged by the high-voltage start-up circuit
before the Vcc reaches the on-threshold. The start-up circuit can be designed as illustrated in Figure 24.

A

R3

2k/200V/1%
R4

2k/200V/1%
R5

2k/200V/1%

R8
o I
1A . .
SSSIEGJ_-J ORII50V vee
330R
Ry7 DO e
R15 IN4148W
510k C15
- 2.2u25ViIXTR
NA
ZS ﬁ C4 R16 GND
Tluunssov 5 10K
Figure 24 Vcc power supply from the start-up circuit

The start-up circuit is connected to the rectified AC input after the bridge rectifier via the current limitation
resistors R3, R4 and R5. Depletion MOSFET BSS126 is used so that the Vcc charge function happens
automatically as long as the Vcc is under a certain threshold dependent on the customer’s design.

The charge current limited by the resistors R3, R4 and R5 is dependent on the time-to-light from the LED driver
system requirement. Assuming the required time-to-light is 500 ms, the Vcc capacitor is 220 pF, and PFC and HB
start-up time are each 50 ms, the minimum charge current can be calculated as:

VVcc_on_max —12.2mA

IVcc_charge_min = Cyec * t ¢ ¢
time_to_light PFC_start HB_start

To ensure that this charge current can be provided at low-line input so that the time-to-light is under 500 ms,
the current limitation resistor value is calculated as:
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\ 2 * Vin_min_rms

I Vce_charge_min

RHV = =10 kQ

And the maximum charge current at high-line input is:

\ 2 % Vin_max_rms

RHV

IVcc_charge_max = =43 mA
It is strongly recommended to split the Ry to three serial connected resistors as R3, R4 and R5 to minimize the
power and voltage stress of each current limitation resistor.

5.2 Power supply during operation

After the Vcc on-threshold is reached, ICL5102 will start the first PFC stage to boost the bus voltage to Vs = 450
V and then the HB stage begins to work. If there is no Vcc power supply from the PFC auxiliary winding, the Vcc
high-voltage start-up circuit should stop working at the latest when the HB begins to work and the HB auxiliary
winding will take over the charging of the Vcc capacitors. The start-up circuit can be disabled either by a certain
Vcc voltage level or by the switching of the HB LS gate, as shown in Figure 24.

It is recommended to regulate the Vcc voltage not higher than 16 V, in order to reduce the power consumed by
ICL5102 and avoid over-temperature. A reference circuit using a linear regulator for the Vcc power supply circuit
is shown in Figure 25.

T L1 23 2
N
IN4148W 3'515@
_IBCxS6-16
o R22
I g 3k200V/1}e
L7 _bcs -
. b7 - EIUA
S0V P20w/25Vde "~ == ==Cl0
TZMBIS o)\ o 1w/50V/XTR
GND
Figure 25 Linear regulator for Vcc power supply
5.3 Power supply for high-side driver

Due to the floating ground of the HS gate driver of ICL5102, the power supply for HS is separated and realized
through the bootstrap circuit. This is shown in Figure 26.

150V/1% D9 USIM
1 2veC
IC1 R30
- 10R IPD60R400C
R31
I Y 2R — 1 %
Eley 1
HSVEC —
==CI13 }T?'ks
S 14 100n/50V  sscuo
TPNANRANN

Figure 26 Bootstrap circuit for high-side power supply
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To optimize HB switching behavior during start-up and BM operation, the HS Vcc capacitor is targeted to reach
its turn-on threshold within the first LS gate pulse. Thus, its capacitance can be calculated as:

0.5 * THB_switching + tdead_time

Crsvee < — v
HSVcc_on )

In(1- * R
( Vcc — VD_BS HSVcc

Assuming the HB soft-start frequency begins with 300 kHz with 500 ns dead-time, HS V.. on-threshold is
maximum 11V, Vcc is 15V, bootstrap diode forward voltage is 0.7 V, current limitation resistor is 10 Q, the
capacitor value is:

Chsyee < 120nF
In the ICL5102 130 W reference design, a 100 nF capacitor is selected.
The diode in the bootstrap circuit must be a 600 V high-voltage one according to the bus voltage level. The
reverse recovery speed must be ultra-fast.
5.4 Other considerations for ICL5102 power supply

In the dim-to-off condition, ICL5102 is working in BM. To ensure the power supply for ICL5102 so that the Vcc
does not fall below the UVLO threshold, other auxiliary winding for the power supply such as PFC or external
resonant inductor auxiliary windings could be taken into account.
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6 OTP

ICL5102 provides OTP through an external connected NTC temperature sensor at the OTP pin. The source
current out of the OTP pin is lorr = 100 HA. The current generates a voltage drop on the connected NTC sensor.
Once the voltage at the OTP pin decreases below Vore_or = 625 mV longer than the blanking time tore_planking = 620
ps in normal operation, both PFC and HB stages stop switching and ICL5102HV will enter auto-restart. PFC and
HB operations recover after the voltage at the OTP pin is higher than Vore_stare = 703 mV for longer than tore_planking.
This is shown in Figure 27.

Output

> P Vorp
VoTp_off VoTp_start

Figure 27 External OTP

In order to trigger the OTP threshold, the connected NTC should have a resistor value:

VOTP_o ff_min
ROTP_off_min = —=2H _ 56k0

I OTP_max

In order to recover from the OTP, the connected NTC should have a resistor value:

R _ VOTP_start_max
OTP_start_max —

= 7.8kQ

I OTP_min

With the calculated values, the NTC temperature sensors of EPCOS 8507 series are compared as in the example
in Figure 28.

NTC Resistance 8507 Series EPCOS vs. Ambient Temperature

EEES

| Worst Case Rotr_on=Tk8: OPT ON \

\

\ \W-rst Case Rotp orr = 5k6: OTP OFF |
\ \
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~
w
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o o o N
w ~1 w —

o
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\
50 5 95 100
Ambient Temperature [°C]
22K ===33k =47k =100k ROTP_ON_MAX s===RQOTP_OFF_MIN
Figure 28 Characteristics of EPCPS NTC 8507 series
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From the characteristics, 100 kQ NTC is suitable and selected for the ICL5102 130 W reference design.

Additionally, to modify the resistance curve according to different requirements, serial or parallel resistors can
be added to the NTC. Figure 29 shows examples of how to modify the characteristics of NTC.

NTC in Combination with Rs and Re vs. Ambient Temperature

\ \

\

Rs 1 Ta =/102°C - 126°C

1]

L)
=
(5]

g
il
2

NTC = 100k: Ta = 86°C - 96°C

NTC Risistance [kOhm]

6,0 -

o RP = 8k2: Ta = 14°C - 64°C )

56 .
54 | _ : : _ | \
52 | | | | _ |
5,0 \
0] 10 20 30 40 50 &0 70 20 90 100 110 120 130 140 150
Ambient Temperature [°C]

—— 100k NTC+Rs =100k NTC +Rp =100k ROTP_ON_MAX  ===ROTP_OFF_MIN

Figure 29 Modified characteristics of EPCPS NTC 8507 series

It is recommended to place a good-quality ceramic capacitor close to the OTP pin to prevent mis-triggered OTP
protection from noise.

To disable the external OTP, a resistor of 20 kQ can be added at the OTP pin instead of the NTC to keep the
voltage higher than Vore_start = 703 mV.
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7 ICL5102 operation flow chart

Operating FLOW Chart ICL5102

Vcc Clamp OFF

UvLO

Vee < 9.0V
lcc <90pA

Vcc Clamp ON when Vcce > 16.3V

Monitoring

9.0V < Vce < 16.3V
Icc < 100pA

Vce <16.3V
VBo < 1.4V

Power-up

Gate Drives off
9.0V < Vcce < 16.3V
Icc approx 4.0mA

Veus < 12,5%
Vgus > 105%
OTP /OVP

Vcc Clamp ON

Vcc Clamp OFF

Start-up

PFC Gate ON
Inverter Gates OFF
9.0V < Vce <16.3V

VBo < 1.2V
OVP / OTP

Vgus < 75%

Fault t = 500ms
Exempt BO

Softstart
Inverter Gates ON
9.0V < Vce < 16.3V
fsoftstart = fssx

Full Protection:
t> 50ms:
16.3V> Vce > 9.0V VBO < 1.2V
Gate Drives off VPFC > 115%
POWER Down Viscs > 0.8V
AUTO RESTART t> 620us:
OTP / CapLoad
t>5.0us:
OVP
Viscs > 1.6V
t>1.0us
Vce < 9.0V

Full Protection

Run

9.0 V <Vce <16.3V
f=frRun

Full Protection

Vem < 0.75V

t> 620us:

OTP / CapLoad
t>5.0us:
OVP
Viscs > 1.6V
t>1.0us
Vce < 9.0V

BM Sleep
0.25<VBm < 2.2V
All Gates OFF

IBM = XXX HA

Vem = 2.2V
IBM = OpA
BM Pulse

VBM < 2.2V
fBm = fRuN (stored)

OVP
Vce < 9.0V

BMEXIT1-4

Vpys < 12.5%
Vaus > 109%

Full Protection

EXIT 1 bis
EXIT 4

V1.0
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Figure 30 ICL5102 operation flow chart
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8 Protection features

AllICL5102 protection features are summarized in the following fault matrix.

Table 19 ICL5102 fault matrix
Description of fault | Characteristics of fault | Operating mode Consequence
Detection is active
(%]
3
= A
o Y— [N — (] o
(@)
S Ec | £ 5 o £ 8| 3| 8 Reaction
p=] cl2 .8 ol &| 5| 8] | 2| =
ES H = ) 1 %] € +— 4+
<= | £l2555 2 5% 5| g ¢
Qg 2=35% =| & & 3| 2| @] @
Supply voltage V
PRy e Vee | Below start-
less than 16.0V W/| lps | X Prevents power-up
up threshold
before power-up
Supply voltage Vec Below UVLO Power-down
less than 9.0V aft Al X | X | X | X|X]|X]|X )
ess than AT threshold Hs Auto-restart
power-up
Brown-out Power-down
detection BO A |50ms X| X | X[ X Auto-restart when Vg,
Vgo less than 1.2V more than 1.4V
Brown-in control
Vg less than 1.4V BI W| 1us | X Prevents power-up
Over-temperature 620
detection Vgrp, less | OTP W < X Prevents power-up
than 703 mV H
Over-temperature 620 Power-down
detection Vgrp, less | OTP A < X| X | X[ X Auto-restart when Ve
than 625 mV H more than 703mV
Bus voltage less Keep all gate drives off,
Open-loop
than 12.5 percent ) W | 1lus X restart when Vg, more
detection
of rated level than 12.5 percent
Bus voltage less Open-loo Stops PFC FET
than 12.5 percent P ) P W | 1lus X X | X | X Restart when Vg s more
detection
of rated level than 12.5 percent
Bus voltage less PEC under- Prevents start-up until Vgys
than 75 percent W | 1lus X more than 75 percent
voltage -
of rated level Keep HB gate drives off
Bus voltage more PEC over Keep all gate drives off
than 105 percent W | 5us X Auto-restart after V¢ less
voltage
of rated level than 105 percent
Bus voltage more PEC over Stops PFC FET
than 109 percent W | 5us X| X | X[ X Restart when Vg less than
voltage
of rated level 105 percent
Bus voltage more Inverter over- Power-down
than 115 percent A | 50 ms X | X | X
voltage Auto-restart
of rated level
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Description of fault | Characteristics of fault | Operating mode Consequence
Detection is active
Output over voltage ovP wl s X P ;
Vo morethan 2.5V Hs revents power-up
Output over voltage Stops ALL FETs
Vowe more than 2.5V | OVP A| 5us X | X | X | X | X |Restart when Vg, less than
2.5V
Capacitive load .
P v Capacitive 620 Power-down
operation below A X | X | X
load us Auto-restart
resonance
Capacitive load Capacitive Half-
pacttiv pacttiv N X | X Increases HB frequency
control load control cycle
N=h i . . e
andled durmg W = Wait while condition is present A= Auto-restart
normal operation
(%]
3
“— a
o Y oo| — [V o
(@)
5 Ec | E| 5 o & § =1 Reaction
= c 209 S I S|+ £ Q| o
= SIERY E| o &2 ¢ Py
& S ZESy §| 2| s| €] 5| 5| £
o8 =5 Y =S| |l B| | €| @] @
Voltage at PFCCS
. & PFC over- .
pin 200 Stops on-time of PFC FET
current N X| X | XX . .
Vprccs more than 1.0 ns immediately
control
V
Voltage at LSCS pin | Over-current Half-
V\ scs more than 0.8V | control N cycle XXX Increases HB frequency
Voltage at LSCS pin | Over-current Power-down
A X | X
Viscs more than 0.8V | shut-down >0 ms Auto-restart
Voltage at LSCS pin | Inverter over- 500 Power-down
A X| X | X
Viscs more than 1.6V | current ns Auto-restart

N =handled during
normal operation

W = Wait while condition is present

A = Auto-restart
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[1] ICL5102 datasheet
[2] ICL5102 130 W reference board engineering report
[3] ICL5102 LLC design tool

[4] Primary-side MOSFET selection for LLC topology, application note, Infineon Technologies
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IMPORTANT NOTICE

The information contained in this application note
is given as a hint for the implementation of the
product only and shall in no event be regarded as a
description or warranty of a certain functionality,
condition or quality of the product. Before
implementation of the product, the recipient of this
application note must verify any function and other
technical information given herein in the real
application.  Infineon  Technologies  hereby
disclaims any and all warranties and liabilities of
any kind (including without limitation warranties of
non-infringement of intellectual property rights of
any third party) with respect to any and all
information given in this application note.

The data contained in this document is exclusively
intended for technically trained staff. It is the
responsibility of customer’s technical departments
to evaluate the suitability of the product for the
intended application and the completeness of the
product information given in this document with
respect to such application.

For further information on the product, technology,
delivery terms and conditions and prices please
contact your nearest Infineon Technologies office
(www.infineon.com).

WARNINGS

Due to technical requirements products may
contain dangerous substances. For information on
the types in question please contact your nearest
Infineon Technologies office.

Except as otherwise explicitly approved by Infineon
Technologies in a written document signed by
authorized representatives of Infineon
Technologies, Infineon Technologies’ products may
not be used in any applications where a failure of
the product or any consequences of the use thereof
can reasonably be expected to result in personal
injury.
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