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Fifth-generation QR design guide

Design guide - ICE5QSxG and ICE5QRXXXXXX

About this document

Scope and purpose

This document is a design guide for a QR Flyback converter using Infineon’s latest fifth-generation QR
controllers, ICE5QSxG and CoolSET™ ICE5QRxxxxxx, which offer high-efficiency, low-standby power with
selectable entry and exit standby power options, wide Vcc operating range with fast start-up, robust line
protection with input Over Voltage Protection (OVP), brown-out and various protection modes for a highly
reliable system.

Intended audience

This document is intended for power-supply design/application engineers, students, etc. who wish to design
power supplies with fifth-generation QR controllers, ICE5QSXG and CoolSET™ ICE5QRXXXXXX.

Table of contents

AboUt this dOCUMENT.....cuiiiiiiiiniiiiiniiieiieiineiiesieiiaeitesiaeisesrestassestescsessestsscsssssssasssssssssssssessassssssnssassne 1
Table Of CONEENES...ciuiiiiiiiiiiiiiiiiiiiiiiiiiieiaitetitietaeiastettetsetassessessecasssssessesssssssssessessssssssssssssssssessesseses 1
1 212 3 4 - T o PN 3
2 [0 T3 od g+ 1 41T 1 JR RN 4
2.1 LiSt OF FEATUIES .ottt ettt e et s e s e e e e et e s se e s e sesseesseeseessesseessessesseassensenseanes 4
2.2 T £ Yo TU N PSSR 4
2.2.1 Feedback and burst entry/eXit CONTIOL........cccueeiiieciieciicieceeeeecee et re e 5
2.2.2 Vin (input line OVP and BroWN-0UL) .......cccueeiireeiieieteeeteesee ettt see s e se e e s e s sesnnenes 5
2.2.3 CUITENT SENSE (CS) evienreereeeteecreeete et eete et e et e eeeeaeesteebeeeseeesseesssenssenseenssesseesseseassenteetsesssesssesssesnns 5
2.2.4 Zer0 CroSSiNg DELECLION (ZCD) ..cveverueirereeierienieniertenteteteeeuesressessestestesteeeseesessessessessensensenseneenessens 5
2.2.5 Gate (gate drive output, CONrOLEr ONLY) co.ceereiririeieieieteeeereee ettt 5
2.2.6 Source (SOUrCe, CONTIOLIET ONLY) c.vicuieiiieieieceeeeeee ettt et et e et s re s e beere e besbeeaaeseeaneneas 5
2.2.7 Drain (drain, COOLSET™ ONLY).cviriiieieieieeetestesteietet et e e et e et a e a s sae e e sbeste b e saeaesaessesaesens 5
2.2.8 Ve (POSItiVe VOILAZE SUPPLY) weverrieririirieieieteeetsesteseste ettt seeste s et et e e ebesbessasae e e aennenesseenas 5
2.2.9 GIND (BIOUN) ittt ettt et st st ettt e et e e besbesbesbebe b et e st eseesesbessessentensensesaeneesessens 5
3 Overview of the QR Flyback CONVErter.........ciiiiiuuiiiiiiiniiiiiinniiiiitniinittaniiieentaniceeenaeeeeessanennes 6
4 Functional description and component design ........ccceerreiinirenincnenreniairesiacsestocisessessascsessossancss 9
4.1 Ve pre-charging and typical Vec voltage during STart-Up .....cocveeeeeeneneesienenceeeeeieneetese e 9
411 VCC CAPACTTON ittt ettt ettt sae e st s b st s b s b e e satesat e s b e sase e b e e seesaeesabesasesasesssaesseesneennes 10
4.2 o) £ - USSR 10
4.3 NOIMAL OPEIALION c.uttiitictecteere ettt st es e s e e s se s sae s sae e beesbeesrnesrsesstassbaessaesssesssesssesssasssnesseesssesssenns 10
4.3.1 Digital frequeNCy redUCTION ...c..ocviiiiiireeere ettt sttt et 11
43.1.1 Minimum ZC count determinatioN ....c.uciveiiienieenierere et ssreese e e e seesnesssessesssasssnesnns 11
43.1.2 U oY e [oX1YT g Wele YU T o N =T TSR 11
43.13 SWiItCh-0N determMiINAtiON....cccui i ettt e b e te e be e beesbeesraesareenseens 12
4.3.2 SWitCh-Off deterMINAtION....ccuieieieeeeeeee et e be s et e re e e 12
Design Guide Please read the Important Notice and Warnings at the end of this document V13

www.infineon.com page 1 of 51 2020-03-23



o _.
Fifth-generation QR design guide In f| neon
Design guide - ICE5QSxG and ICE5QRXXXXXxX

Abstract

4.4 ABM With selectable POWET LEVEL.....cccuiiieiiieciecieciecceecesete et se e sre e s eesteste s be s be e baessnesnns 13
4.4.1 ENtering ABM OPEIatioN .....civiiriiriirieiittertestestesiesste st st esseesseessesseesseessaesseesssesssesssasssasssaesssesnns 13
442 DUFING ABM OPEIAtION ...iiiiiiietieeet ettt ettt ettt et e bt e st st e st e e be e bt e seesmeeeaee 14
443 LEaViNg ABM OPEIatioN ..cccuiieiirciiriirieeritenteneestestesstestessieesssesssessesseesseessaesseesssesssesssesssassssesssessns 14
4.5 CUITENT SENSE c.eeeeieeiirteeree ettt e rte e st e st e sabeesseesssstesneeesaseesasaesensaesasaessssessnsaesnsessnseessseessnseessnnens 16
4.6 B ittt e e e e e e e e e e e ee bt ae e e e e e ee e ettt aaeaeeee e et b e aaaeeeeeeae bbtaaaeeeeeenanrbaaaaeeeesenanren 16
4.7 ZEr0 CroSSING DETECTION ....civiiiiiiieirterte sttt ettt se e ste st e e saeesaeesatesasesssessbasssaesssesnsesssesssesssaenses 17
4.8 Gate drive (ICE5QSXG ONLY) ..icuieieiiieiieieiteeeeete st eteste et e e s e esteste s e e tesreestessa s s essesssessessaensensasssensensesssenes 17
4.9 Line over-voltage, brown-out and lin€ SEleCtioN ........ccueveririieririiienteeetetete et 18
4.10 PrOtECHION fRATUIES ettt et e et e e e e e s b e st et e sneessassesnneseeseensas 19
411 (0 =T =PTSRS 19
5 Typical application CIrCUIt ... cuiiuiiieiiiiiiciiiiiiiiieiiiiieiiiiiiieeciiiaecsesisicsessssssscsessssssessssssscssssssssesses 21
6 PCB layout recommendation ....cccccciieecieiiniieeciniiaccaesiniieecsesioccsesssssscsssssscsessssssssssssssssssssssasssssss 23
7 Output power of fifth-generation QRICS......cccucitriinineniniineciesiaccaesiesisesrestscsesrescsessessascasssessasse 24
8 Fifth-generation QR FLYCAL design eXample ...ccciucieeireiiaecresiacaesresiaccsestescsessesssscsessossassssssassassss 29
8.1 INPUL AIOAE DFIAEE (BRL) c.viviveiiieieieiieiiresiesteste ettt see st st st et et e e ebessesbesbensenaensesaensesessens 29
8.2 [T 01U} der= ] o =L e (G313 TSP 30
8.3 Transformer deSIgN (TR1) co.coecerierierieirereeertesterteste ettt ettt ettt sa e b ssesbe b ense st eeeneeneesenee 31
8.4 SENSE FESISTON (RI4) c.veiveieeeieeeieiecie ettt et eeteeeteeeteeeseeessseebeesseesseeeseesaseeassenssetsenssessseesseenssensseseeses 33
8.5 WINAING AESIZN .ttt ettt ettt b s st b e s bt et et et e e st sb e s b e sbesbe s entententeneeneesenee 34
8.6 Reverse voltage of diode (D21, D22, D12)...ccccvevirerrerieieieerieeeniessessessensesseesessessessessessessessesseseesessens 36
8.7 Clamping NetWOrk (R11, C15, D11) ..ccecerierirerrerienienienteteteneeseseessessessensesseteneesessessessessensensensensenessesses 37
8.8 OULPUL CAPACITONS evviiiiiriririeriieiiieeseestestesstessiesstessseessaesssessseesseesseesseesssesssesssesssessseensaesssessessseessesssees 38
8.8.1 Output CaPACItOrs 1 (€22, C23) ..ciicieeeeiiereeieiteereeite st etestesreetesbessaese e e essessesssesesssensensesssensesseensenns 38
8.8.2 Output capacitors 2 (C28, C29) ....uicieeeciieeeeeiteeeereseeeesresreetestessesses e essessessaessessesssensesssessessesssenns 38
8.9 OUEPUL LI ettt ettt ettt et st e et e e e et e e be e besbe et e besseessesbeessanseessessessaensansesssensenseensenes 39
8.9.1 OULPUL FILEEI 1 (L21, C24) e.nueereeteeeeeieeeecteereeteecte et et e steeeesteste et e sbessaesseesaessaseessensesssensensasssensensaensenes 39
8.9.2 OULPUL fIltEr 2 (L22, C210) ..eecveeeeeieeieereereereeeesteereestessesseessesseessessesssassessesssessessesssessesssessesseessessesssenns 39
8.10 Ve CAPACITONS (CL6, CLT) cuvieieeierieieeitesieeeeetesreetesteeeesseeseessesseessensesssensessesssenseesaessessesssesessesnsensesssensens 40
8.11 LOSSES eeeiteieeitteeeete e e ettt e e ettt e ettt e e s et e e s et e e st e e et e e e e bt e e e e bt e e s e b et e s e st ee e e rate s e nraeesenranesesnrnnenes 40
8.12 HEAT dISSIPALEL c.eveieiiteee ettt et rte et e e ba e s e e s ee s te e be e beesseesstessseessaensaessaesreesstensanns 42
8.13 REGULATION LOOP 1ttt ettt sttt s et et et s et e s ae et e sbe st e besaeensasbesnsensesnsensas 43
8.14 A O oo I o TU 1o 101l 1 TSR 47
8.15 Line OVP, brown-out and [iN@ SELECTION ....ccvviiiieiiiiieeeeeeeeete ettt es b e essarae e e 47
9 3 L =] =T 3 = 3PN 49
REVISION NISTOIY...iuiiiiiiiiiiiieienieniniiteecasiansececentasssssncsscassssssssscssssssssssssssassssssssssssssssssssssssasssssssssssssas 50
Design Guide 2of51 V13

2020-03-23



o _.
Fifth-generation QR design guide In f| neon
Design guide - ICE5QSxG and ICE5QRXXXXXxX

Abstract

1 Abstract

This is a design guide for a QR Flyback converter using ICE5QSxG/ICE5QRxxxxxx, the fifth-generation QR PWM
controller/CoolSET™ developed by Infineon.

The IC is optimized for off-line SMPS applications such as home appliances/white goods, TVs, PCs, servers, Blu-
ray players, set-top boxes and notebook adapters. The improved digital frequency reduction with proprietary
QR operation offers lower EMI and higher efficiency for a wide AC range by reducing the switching frequency
difference between low-line and high-line. The enhanced Active Burst Mode (ABM) power enables flexibility not
only in standby power operation range selection but also QR switching, even in burst mode. The product has a
wide operating range (10 V~25.5 V) of IC power supply and lower power consumption. The numerous protection
functions including robust line protection with input OVP and brown-out give full protection to the power-
supply systemin failure situations. All of these make the ICE5QSxG an outstanding controller on the market for
QR Flyback converters.
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2 Description
2.1 List of features

e Integrated 700 V/800 V avalanche rugged CoolMOS™

e New QR operation and propriety implementation for low EMI

e Enhanced ABM with selectable entry and exit standby power

e ABM to reach the lowest standby power <100 mW

o Faststart-up achieved with cascade configuration

o Digital frequency reduction for better overall system efficiency

e Built-in digital soft-start

e Cycle-by-cycle Peak Current Limitation (PCL)

e Maximum on-/off-time limitation to avoid audible noise during start-up and power-down
e Robust line protection with input OVP and brown-out

e Auto-restart mode protection for Vcc Over Voltage (OV), Vcc Under Voltage (UV), over-load/open-loop, output
OV, over-temperature

e Limited charging current for Vcc short-to-GND
e Pb-free lead plating, halogen-free mold compound, RoHS compliant

2.2 Pin layout
FBI]| 1@ PG-DSO-12 -, [1GND
VIN] | 2 11 [ [ vcce
csC| 3 10 [[EDINC
D] | 4 9 [[CDINC
N4
FB { 1 PG-DIP-7 8 ::] GND
FBL]| 1@ PG-DSO-8 [T GND
VINI{ 2 7 ::]vcc
VINC] | 2 7 |[(vee
CSI{ 3 DRAINLC] | 5 8 |1 DRAIN
cs| 3 6 | [ISOURCE
zcod | 4 5 | [ GATE ZCDI{ 4 5 }IDRAIN DRAINI] | 6 7 | D1 DRAIN
ICE5QSXG ICE5QRXxxxAZ ICESQRxxxxxG
Figure 1 Pin configuration

1 CoolSET™only
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2.2.1 Feedback and burst entry/exit control

The feedback (FB) pin combines the functions of FB loop control, selectable burst entry/exit control and over-
load/open-loop protection.

2.2.2 Vin (input line OVP and brown-out)

The Vi pin is connected to the bus via a resistor divider (see Figure 2) to sense the line voltage. This pin
combines the functions of input-line OVP, brown-out and minimum Zero Crossing (ZC) count setting for low-
line and high-line.

2.2.3 Current Sense (CS)

The CS pin is connected to the shunt resistor for the primary current sensing externally and to the PWM signal
generator block for switch-off determination (together with the FB voltage) internally.

2.2.4 Zero Crossing Detection (ZCD)

The ZCD pin combines the functions of start-up, ZCD and output OVP. During start-up, it is used to provide a
voltage level to the gate of the power-switch CooIMOS™ to charge the Vcc capacitor.

2.2.5 Gate (gate drive output, controller only)

The gate pin is the output of the internal driver stage, which has a rise time of 117 ns and a fall time of 27 ns
when driving a 1 nF capacitive load.

2.2.6 Source (source, controller only)

The source pin is connected to the source of the external power switch Q1 (see Figure 2), which is in series
connection with the internal low-side MOSFET and internal Vcc diode D.

2.2.7 Drain (drain, CoolSET™ only)

The drain pin is connected to the drain of the integrated 700 V/800 V CoolMOS™.

2.2.8 Vcc (positive voltage supply)

The Vcc pin is the positive voltage supply to the IC. The operating range is 10 V~25.5 V.

2.2.9 GND (ground)

The GND pin is the common ground of the controller/CoolSET™.

Design Guide 50f51 V13
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3 Overview of the QR Flyback converter

Figure 2 and Figure 3 show a typical application of ICE5QSXG and ICE5QRxxxxxx in a QR Flyback converter. In
this converter, the mains input voltage is rectified by the diode bridge and then smoothed by the capacitor Cpys
where the bus voltage Vs is available. The transformer has one primary winding W, one or more secondary
windings Ws; and W, and one auxiliary winding W.. When QR control is used for the Flyback converter, the
typical waveforms are shown in Figure 4. The voltage from the auxiliary winding provides information about
demagnetization of the power transformer and the output voltage.

As shown in Figure 4, after switch-on of the power switch the voltage across the shunt resistor Rcs shows a spike
caused by the discharging of the drain-source capacitor. After the spike, the voltage Vcs shows information
about the real current through the main inductance of the transformer L,. Once the measured current signal Vcs
exceeds the maximum value determined by the FB voltage Vs, the power switch is turned off. During this on-
time, a negative voltage proportional to the input bus voltage is generated across the auxiliary winding.

bt b
T [ < 1—_L| Chus i RstarTtup @I@l Wy II\:\/ Doy Cor [ n—i—lcﬂ Vo1
1
85 ~ 300 VAC I c Rvee Dvee : e - +
- vee_ [ ! —r—¢ . 1l
I ] D, R W, I.W oo '_L_'Coz e ‘_—L' Cr Vo2
! —L 'ZC a s
DleDrA = h Ic “ 2 T I
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HRu
VIN Power Management
HRQ PWM controller
Current Mode Control }# Rovsa
Cycle-by-Cycle
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1 Digital Control
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Figure 2 Typical application of controller
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[]Ru PWM controller %: S |
Current Mode Control |«— 1 | Ry Ro2 Rﬂm[] []# Rovsa
Cycle-by-Cycle ] Gate ~ |
GND current limitation Driver |
Digital Control !
Rei
=| 1] Active Burst Mode [« I |
= | [~ Zeo Crossing Control Unit I -
# Optional Detection Ca Co
Rsa (Burst mode level 2) o T ICE5QRXxxxx TL431
Rows (Vo2 feedback) L—] Protections COoISET™ RWSZE
Figure 3 Typical application of CoolSET™

The drain-source voltage of the power switch Vps will rise very fast after the MOSFET is turned off. This is caused
by the energy stored in the leakage inductance of the transformer. A snubber circuit, RCD in most cases, can be
used to limit the maximum drain-source voltage. After oscillation 1, the drain-source voltage goes to its steady

value. Here, the voltage vr is the reflected value of the secondary voltage at the primary side of the transformer,
and is calculated as:
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. Vout + Veout) X Np (Eq. 23)!
o =
Ng
where, Vg : reflected voltage
Vout :output voltage

Veouwr  : forward voltage of the secondary diode
Nep : number of primary turns of the transformer
Ns : number of secondary turns of the transformer

After oscillation 1 is damped, the drain-source voltage of the power switch shows a constant value of Vius + Vi
until the transformer is fully demagnetized. This duration builds up the first portion of the off-time tom.

After the secondary-side current falls to zero, the drain-source voltage of the power switch shows another
oscillation (oscillation 2 in Figure 4; this is also mentioned as the main oscillation in this document). This
oscillation happens in the circuit consisting of the equivalent main inductance of the transformer L, and the
capacitor across the drain-source (or drain-GND) terminal Cps, which includes Cyr) of the MOSFET. The
frequency of this oscillation is calculated as:

1 (Eq. 109)

foscz B 2T X ﬂLP X CDS

where, fosc  :oscillation 2 in Figure 4

Le : primary main inductance of the transformer
Cos : capacitance across drain-to-source/GND of the power switch

The amplitude of this oscillation begins with a value of vk and decreases exponentially with the elapsing time,
which is determined by the losses factor of the resonant circuit. The first minimum of the drain voltage appears
at half of the oscillation period after the time t, and can be approximated as:

Vs min = Vous — Vg (Eq. 110)

In the QR control, the power switch is switched on at the minimum of the drain-source voltage. From this kind
of operation, the switching-on losses are minimized, and switching noise due to dVps/dt is reduced compared to
a normal hard-switching Flyback converter.

L Equation is used in Section 8 (fifth-generation QR FLYCAL design example)
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Figure 4 Typical waveforms of the fifth-generation QR Flyback converter
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4 Functional description and component design

4.1 Vcc pre-charging and typical Vcc voltage during start-up

When AC-line input voltage is applied as shown in Figure 2 and Figure 3, a rectified voltage appears across the
capacitor Cpus. The pull-up resistor Rsrarr-up provides a current to charge the Ciss (input capacitance) of the
power switch and gradually generate one voltage level. If the voltage over Cis is high enough, power switch-on
and the Vcc capacitor will be charged through primary inductance of transformer Lp, the power switch and the
internal diode with two steps of constant current source lvcc_charger’ and lvec_charges™

A very small constant current source (lvcc_charger) is charged to the Ve capacitor until Vec reaches Vec s to
protect the controller from Vcc pin short-to-GND during start-up. After this, the second step of constant current
source (lvec_charges) is provided to charge the Vcc capacitor further, until the Vcc voltage exceeds the turn-on
threshold Vicc_on. As shown in the time phase | in Figure 5, the Vcc voltage increases almost linearly, in two
steps.

Note: Recommended typical value for Rsrarr.ur is 50 MQ (20 MQ~100 MQ), and the Rsrarrue value is directly
proportional to ts...., and inversely proportional to no-load standby power.

V\/CC‘k
O FE N | NN |
Vvee_orr ....,: ............. .E-...i .....................
ta E ts
Vvce scppomeadlacacaacacaann qececfeccccccccccccccccaaas t
(] i ' ;
Ivee A
Ivec_Normal ----E. ..............
) H 1Y
»
|VCC7Chargel """"""""""""""""""""
Ivec_charge2/3| . ..:. ....................
-lvecW t1 t2
Figure 5 Vcc voltage and current at start-up

The time taken for Vcc pre-charging can then be approximately calculated as:

_ _ Weescp " Cyec Wvec.on — Vwee scp) * Cvee (Eq. 56B)?
tStartUp =1a + tg = I + I
VCC_Chargel VCC_Charge3
where, Vycc scp : Ve short-circuit protection voltage
Cuvcc *Vee capacitor
Vvec_ on : Ve turn-on threshold voltage
lvee_charger :Vee charge current 1
Ivec_charges :Vcc charge current 3

L lvee_charge1/2/3 is charging current from the controller to the Vec capacitor during start-up
2 Equation is used in Section 8 (fifth-generation QR FLYCAL design example)
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When the Vcc voltage exceeds the Vcc turn-on threshold Viec_onat time t;, the IC begins to operate with a soft-
start. Due to the power consumption of the IC and the fact that there is still no energy from the auxiliary
winding to charge the Vcc capacitor before the output voltage is built up, the Vcc voltage drops (phase I1). Once
the output voltage is high enough, the Vcc capacitor receives the energy from the auxiliary winding from the
time t;onward and delivering the lvcc_nomat to the controller. The Vcc will then reach a constant value depending
on the output load.

4.1.1 Vcc capacitor

Since there is a Vcc Under Voltage Protection (UVP), the capacitance of the Vcc capacitor should be selected to
be high enough to ensure that enough energy is stored in the Vcc capacitor so that the Vcc voltage will never
touch the Vcc UVP threshold Vivec_ore before the output voltage is built up. Therefore, the minimum capacitance
should fulfill the following requirement:

Iycc_charges X tss (Eq. 56A)>

VVCC_ON - VVCC_OFF

Cyce >

where, lvec_charges :Vcc charge current 3
tss : soft-start time
4.2 Soft-start

After the supply voltage of IC is higher than 16 V, which corresponds to t; of Figure 5, the IC will start with a soft-
start. The soft-start function is digitally built into the IC. During soft-start, the peak current of the power switch
is controlled by an internal voltage reference instead of the voltage on the FB pin. The maximum voltage on the
CS pin for peak current control is increased step by step, as shown in Figure 6. The maximum duration of soft-
start is 12 ms, with 3 ms for each step. During soft-start, the over-load protection function is disabled.

Ves (V) 0

Ves peak

0.75

0.60

0.45

0.30

fon 3 6 9 12 Time(ms)

Figure 6 Maximum CS voltage during soft-start

4.3 Normal operation

During normal operation, the IC consists of a digital signal-processing circuit including an up/down counter, a
ZC counter and a comparator, and an analog circuit including a current measurement unit and a comparator.
The switch-on and switch-off time points are determined by the digital circuit and the analog circuit,

lvee_normatis supply current from the Vec capacitor or auxiliary winding to the controller during normal operation
2 Equation is used in Section 8 (fifth-generation QR FLYCAL design example)
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respectively. As input information for the switch-on determination, the ZC input signal and the value of the
up/down counter are needed, while the FB signal Ves and the current sensing signal Vcs are necessary for the
switch-off determination. Details about the full operation of the controller in normal operation are given in the
following paragraphs.

4.3.1 Digital frequency reduction

As mentioned above, the digital signal processing circuit consists of an up/down counter, a ZC counter and a
comparator. These three parts are the key to implementing digital frequency reduction with decreasing load. In
addition, a ringing suppression time controller is implemented to avoid mis-triggering by the HF oscillation,
when the output voltage is very low under conditions such as the soft-start period or output short-circuit.
Functionality of these parts is described as in the following paragraphs.

4.3.1.1 Minimum ZC count determination

To reduce the switching frequency difference between low-line and high-line, minimum ZC count
determination is implemented. The minimum ZC count is set to 1 if Vivis less than Viy_rer, which represents low-
line. For high-line, the minimum ZC count is set to 3 after Viyis higher than Viy_ger. There is also a hysteresis Vin_ger
with a certain blanking time tu_rer for stable AC-line selection between low-line and high-line.

4.3.1.2 Up/down counter

The up/down counter stores the number of the ZC which determines valley numbers to switch on the main
MOSFET after demagnetization of the transformer. This value is fixed according to the FB voltage Ves, which
contains information about the output power. Indeed, in a typical peak current mode control, a high output
power results in a high FB voltage, and a low output power leads to a low FB voltage. Hence, according to Vs,
the value in the up/down counter is changed to vary the power MOSFET off-time according to the output
power. The variation of the up/down counter value according to the FB voltage is explained below.

The FB voltage Vs is internally compared with three threshold voltages Vrs_tic, Vrs_nic and Vs r at each clock
period of 48 ms. The up/down counter then counts upward, remains unchanged or counts downward, as
shown in Table 1.

Table 1 Operation of up/down counter

Vs Up/down counter action

Always lower than Veg_11c Count upward until n = 8/10*
Once higher than Ve ., but always lower than Veg e Stop counting, no value changing
Once higher than Veg_nic, but always lower than Veg g Count downward untiln=1/32
Once higher than Vs & Set up/down counter to n=1/3?

The number of ZC is limited and therefore, the counter varies from 1 to 8 (for low-line) or 3 to 10 (for high-line),
and any attempt beyond this range is ignored. When V¢ exceeds Ves r voltage, the up/down counter is reset to 1
(low-line) and 3 (high-line) in order to allow the system to react rapidly to a sudden load increase. The up/down
counter value is also reset to 1 (low-line) and 3 (high-line) at the start-up time, to ensure an efficient maximum
load start-up. Figure 7 shows some examples of how the up/down counter is changed over time according to
the FB voltage.

The use of two different thresholds Ves_11c and Ves_nic to count upward or downward is to prevent frequency
jittering when the FB voltage is close to the threshold point.

1 n =8 (for low-line) and n =10 (for high-line)
2n =1 (for low-line) and n = 3 (for high-line)
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Figure 7 Up/down counter operation

4.3.1.3 Switch-on determination

After the gate drive goes to low, it cannot be changed to high during the ring suppression time.

After the ring suppression time, the gate drive can be turned on when the ZC counter value is equal to the
up/down counter value.

However, it is also possible that the oscillation between the primary inductor and the drain-source capacitor
damps very fast and the IC cannot detect ZC events. In this case, a maximum off-time is implemented. After the
gate drive has remained off for the period of Tosmax, the gate drive will be turned on again regardless of the ZC
counter values and Vzep. This function can effectively prevent the switching frequency from going lower than 20
kHz. Otherwise it will cause audible noise.

4.3.2 Switch-off determination

In the converter system, the primary current is sensed by an external shunt resistor, which is connected
between the source terminal of the internal low-side MOSFET and the common GND. The sensed voltage across
the shunt resistor Vcs is applied to an internal current measurement unit, and its output voltage V, is compared
with the FB voltage Vre. Once the voltage V. exceeds the voltage Vs, the output flip-flop is reset. As a result, the
main power switch is switched off. The relationship between the V; and the Vs is described by:

Vi = Gpwm Ves + Vewm (Eq. 111A)
where, V; : output voltage of comparator

Gpwm  : PWM output gain
Ves : voltage across the CS resistor
Vewn  : Offset for voltage ramp

To avoid mis-triggering caused by the voltage spike across the shunt resistor at the turn-on of the main power
switch, a Leading Edge Blanking (LEB) time, ties, is applied to the output of the comparator. In other words,
once the gate drive is turned on, the minimum on-time of the gate drive is the LEB time.

In addition, there is a maximum on-time tonuax limitation implemented in the IC. Once the gate drive has been in
a high state longer than the maximum on-time, it will be turned off to prevent the switching frequency from
going too low because of long on-time.
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4.4 ABM with selectable power level

At light-load condition, the IC enters ABM operation to minimize power consumption. Details about ABM
operation are explained in the following paragraphs.

The burst mode entry level can be selected by changing the different resistor Rse at the FB pin. There are two
levels to be selected with different resistors, which are targeted for the lower range of ABM power (Level 1) and
the higher range of ABM power (Level 2). The following table shows the control logic for the entry and exit level
with the FB voltage.

Table 2 Two levels: entry and exit ABM power

Level |Rse Ves Ves Entry level Exit level
Ves_esLx Ves_1s

1 Open Vg > Vrer s Ves g1 =0.31V 0.90V 2.75V

2 580 kQ~670 kQ Veg < Vrer s Ves s =0.35V 1.05V 275V

During IC start-up, the Refsoop signal is logic low when Vcc <4 V. The low Refgoop signal will reset the burst mode
level detection latch. When the burst mode level detection latch is low and the IC is off, the FB resistor is
isolated from the FB pin and a current source I is turned on instead.

From Vcc =4V to Vcc on-threshold, the FB pin will start to charge to a voltage level associated with the Rse
resistor. When Vcc reaches the Vcc on-threshold, the FB voltage is sensed. The burst mode thresholds are then
chosen according to the FB voltage level. The burst mode level detection latch is then set to high. Once the
detection latch is set to high, any change in the FB level will not change the threshold selection. The current
source lse is turned off 2 us after Vcc reaches the Vcc on-threshold and the Res resistor is re-connected to FB pin
(see Figure 8).

Vad
UVLO S,
O—3 2us
O—[>O— R deloy ] %
REfgood
Burst mode detection FB
latch
Vesth bust O—{  Selection | Compare ‘:_ Vrer s 3
Ves bt O—{ ~ Losic ‘ logic o
Control unit =
Figure 8 Burst mode detect and adjust
4.4.1 Entering ABM operation

In order to enter ABM operation, three conditions must apply:

e the FBvoltage must be lower than the threshold of Ves_gsix

e the up/down counter must be 8 for low-line and 10 for high-line, and

e the above two conditions must remain after a certain blanking time tes_gee (20 ms).
Once all of these conditions are fulfilled, the ABM flip-flop is set and the IC enters ABM operation. This multi-
condition determination for entering ABM operation prevents mis-triggering of ABM, so that the controller
enters ABM operation only when the output power is really low during the preset blanking time.
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4.4.2 During ABM operation

After entering the ABM the FB voltage rises as Vo starts to decrease due to the inactive PWM section. One
comparator observes the FB signal if the voltage level Vis_gon is exceeded. In that case the internal circuit is
powered up to restart with switching.

Turn-on of the power switch is triggered by the ZC counter with a fixed value of 8 ZC for low-line and 10 ZC for
high-line. Turn-off results if the voltage across the shunt resistor at the CS pin hits the threshold Vcs_g11/ Ves_sio.
If the output load is still low, the FB signal decreases as the PWM section is operating. When the FB signal
reaches the low threshold Ves_gox, the internal circuit is reset again and the PWM section is disabled until next
time the Ve signal increases beyond the Veg_gon threshold. In ABM, the FB signal is changing like a sawtooth
between Ves_gorr and Ves_son (see Figure 9).

4.4.3 Leaving ABM operation

The FB voltage immediately increases if there is a high load jump. This is observed by a comparator with a
threshold of Veg 5. As the current limit is Ves_six (31% or 35%) during ABM, a certain load is needed so that FB
voltage can exceed Vis 5. After leaving ABM, normal peak current control through Vs is re-activated. In
addition, the up/down counter will be set to 1 (low-line) or 3 (high-line) immediately after leaving ABM. This is
helpful to minimize the output voltage undershoot.
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4.5 Current Sense

The PWM comparator inside the IC has two inputs: one from the CS pin and the other from the FB voltage.
Before being sent to the PWM comparator, there is an offset and operational gain on the CS voltage. In normal
operation, the relationship between FB voltage and maximum CS voltage is determined by Eq. 10.

Vee = Gpwy * Ves + Vewm (Eq. 111B)
where, Vs : FB voltage
Ves : voltage across the CS resistor

Gewn  : PWM output gain

Vewn  : Offset for voltage ramp
The absolute maximum CS voltage Vcs is 1 V. Therefore, the CS resistor can be chosen according to the maximum
required peak current in the transformer, as shown in equation 11.

_ Vesw (Eq.21)*
RSense - IPM
ax

where, Rsense  : CS resistor

Vesn  :PCLin normal operation (1V)

levax @ peak current of primary inductance
In addition, an LEB is already built inside the CS pin. The typical value of LEB time is 220 ns, which can be
thought of as @ minimum on-time.

Note: In case of higher switch-on noise at the CS pin, the IC may switch offimmediately after LEB time
especially at light-load high-line conditions. To avoid this, noise-filtering ceramic capacitor C112 (e.g., 100
PF~100 nF, see Figure 12) can be added.

4.6 FB

Inside the IC, the FB pin is connected to the Vrer 3.3 V voltage source through a pull-up resistor Res. Outside the
IC, this pin is connected to the collector of the optocoupler. Normally, a ceramic capacitor Ces, 1 nF for example,
can be put between this pin and GND to smooth the signal.

FB voltage will be used for two functions:
e |tdetermines the maximum CS voltage, equivalent to the transformer peak current.
e Itdeterminesthe ZC counter value according to load conditions.

Regulation loop with dual FB calculation is explained in Section 8.13. Voltage divider resistors of TL431 single
FB loop can be calculated as shown below.

Figure 10 Regulation loop with dual FB

L Equation is used in Section 8 (fifth-generation QR FLYCAL design example)
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V
Rys =Ry - -1 (Eq. 81)
REF _TL
1
where, Vou : output voltage
Vrer_1L : TL431 reference voltage
4.7 Zero Crossing Detection

The circuit components connected to the ZCD pin include resistors Rzc and Rzcp and capacitor Czc. The values of
three components shall be chosen so that the three functions combined to this pin will perform as designed.

At first, the ratio between Rzc and Rzep is chosen to set the trigger level of output OVP. Assuming the protection
level of output voltage is Vout ove, the turns of the auxiliary winding is N4 and the turns of the secondary output
winding is Ns, the ratio is calculated as:

Rzep Vzcp_ovp_minXNs (Eq. 113)
Rzc+Rzcp Vout ovpXN4
where, Rz :internal resistor at the ZCD pin
Rzc : external resistor at the ZCD pin
Rzcp_ovp_min : minimum voltage of output OV threshold
Ns : number of secondary turns of the transformer
Na : number of auxiliary turns of the transformer
Vout_ovp : user-defined output OV threshold

Secondly, as shown in Figure 4, there are two delay times for detection of the ZC and turn-on of the power
switch. The delay time tqeiy: is the delay from the drain-source voltage across the bus voltage to the ZCD
voltage and falls below Vzcp_cr 1y (100 mV). This delay time can be adjusted by changing Czc. The second one,
taelay2, IS the delay time from the ZC voltage and falls below 100 mV until the MOSFET is turned on. This second
delay time is determined by the internal circuit and cannot be changed. Therefore, the capacitance Cyc is
chosen to adjust the delay time tqeiays and the power switch is turned on at the valley point of the drain-source
voltage. This is normally done through experimentation.

In addition, as shown in Figure 4, an overshoot is possible on ZCD voltages when the power switch is turned off.
This is because oscillation 1 on drain voltage, shown in Figure 4, may be coupled to the auxiliary winding.
Therefore, the capacitance C;c and the ratio can be adjusted to obtain the trade-off between the output OVP
accuracy and the valley switching performance.

If, however, the amplitude of the ring at the ZCD pin is too small and the ZC cannot be detected, it is advisable
to increase the drain-source capacitor Cps of the power switch. But this capacitor would incur switching loss, so
itis suggested that the value be as small as possible - less than 100 pF.

Furthermore, to avoid mis-triggering of ZCD detection just after the power switch is turned off, a ring
suppression time is provided. The ring suppression time is 2.5 ps typically, if Vzcp is higher than 0.45V, and it is
25 ps typically if Vzcp is lower than 0.45 V. During the ring suppression time, the IC cannot be turned on again.
Therefore, the ring suppression time can also be thought of as a minimum off time.

4.8 Gate drive (ICE5QSxXG only)

Inside the gate pin, a totem-drive circuit is integrated. The gate-drive voltage is 10 V, which is enough for most
of the available MOSFETSs. In case of a 1nF load capacitance, the typical values of rise time and fall time are 117
ns and 27 ns respectively. In practice, a gate resistor can be used to adjust the turn-on speed of the MOSFET. In
addition, to accelerate the turn-off speed, the gate resistor can be anti-paralleled with an ultra-fast diode like

L Equation is used in Section 8 (5th Generation QR FLYCAL design example)
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1N4148. To avoid oscillation during turn-off of the MOSFET, it is suggested that the loop area of the driver,
through the gate resistor and the MOSFET gate, to source and back to IC GND, should be as small as possible.

Note: The gate-to-source discharge resistor of the power switch Q1 (see Figure 2) is not allowed to add in
ICE5QSxG as the gate pin is connected to the ZCD pin internally via R;c,. With a gate-to-source discharge
resistor, the IC cannot start up at all because Q1 GATE is shorted to SOURCE and Vs (the gate threshold
voltage of Q1) cannot rise up during first start-up.

4.9 Line over-voltage, brown-out and line selection

The input-line OV and brown-out protections are detected by sensing the voltage level at the Viy pin through
the resistor divider from the bulk capacitor. Once the voltage level at the Viy pin goes above 2.9V, the IC stops
switching and enters line OVP mode. When the Viy pin voltage goes lower than 2.9 V and the V¢ hits 16 V, the
line OVP mode is released.

If the Viy pin voltage is lower than 0.4V, the IC stops switching and enters brown-out mode, and it only releases
brown-out mode when the Viy pin voltage goes higher than 0.66 V. Note that there is no power switch (see
Figure 2/Figure 3) switching but it always detects the Viy level in every restart cycle during line OVP or brown-
out mode. The input-line sensing resistors (see Figure 2/Figure 3) Rpand R can be calculated as below.

Choose R; =9 MQ.

Case 1: Line OVP is the first priority,

R — Ry1 X Vyin_rove (Eq. 105A)*
2=
Viine_ove_ac X V2) = Vyin_ove
where, Ri : high-side line input sensing resistor (typ. 9 MQ)
Ri : low-side line input sensing resistor
Vuin_Love : line OV threshold (typ. 2.9 V)
VLinNe_ovp_ac : user-defined line OV (V AC) for the system
R,y +R
(VVIN_BI X llR—lZ) + Vbc ripple (Eq.
Verownin_ac = = 106)*
- V2
where, Vyn g : brown-in threshold voltage (typ. 0.66 V)
Vbc_ripple : bus capacitor DC ripple voltage which depends on AC-line frequency and load (0~30 V)
Verownin_ac : brown-in voltage for the system (V AC)
Ry +R Eq. 107)?
(VVIN_BO X MTZIZ) + Vb ripple (Eq )
Vv, =
BrownOut_AC \/E
where, Vuin_go : brown-out threshold voltage (typ. 0.4 V)
VBrown-out_AC : brown-out voltage for the system (V AC)
Ry +R Eqg. 108)?
(VVIN_REF X %) + Ve ripple (Eq. 108)
Vi ; =
LineSelection_AC \/7
where, Vyn_rer : Vin voltage threshold for line selection (typ. 1.52 V)
VBrown-out_AC : brown-out voltage for the system (V AC)
Case 2: Brown-out is the first priority,
! Equation is used in Section 8 (fifth-generation QR FLYCAL design example)
2 Equation is used in Section 8 (fifth-generation QR FLYCAL design example)
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_ Vvin_ 1 X Riy
(Viines1_ac %X \/E) —Win b1
Where, VVIN_BI

Ry,

: brown-in threshold voltage (typ. 0.66 V)

Viinesi_ac : user-defined brown-in voltage (V AC) for the system
Ry +R
( Vvin Bo X M) + Ve ripple
Vg Out_AC = Riz
rownout._. \/E
R;1 X W,
= RI;ZIN'LOVP + Win_Love
Viineovr_ac = 2

where, Vuin_Lovp

VLineOVP?AC

4.10

: line OV threshold (typ. 2.9 V)
:line OV (V AC) for the system

Protection features

(Eq. 105B)*

(Eq. 107)*

(Eq. 114)*

Protection is one of the major factors in determining whether the system is safe and robust. Therefore sufficient
protection is necessary. ICE5QSxG and ICE5QRxxxxxx provide comprehensive protection to ensure the system is
operating safely. These protections include line OV, brown-out, Vcc OV and UV, over-load, output OV, over-
temperature (controller junction) and Vcc short-to-GND. When those faults are found, the system will enter
protection mode until the fault is removed, when the system resumes normal operation. A list of protections
and failure conditions are shown in the table below.

Table 3 Protection functions of ICE5QSxG and ICE5QRXXxxxx

Protection function Failure condition Protection mode
Line OV Vun>2.9V Non-switch auto restart
Brown-out Vun<0.4V Non-switch auto restart
Vec OV Vyee>25.5V Odd-skip auto restart
Vee UV Wyee <10V Auto restart

Over-load Vs >2.75V and lasts for 30 ms Odd-skip auto restart
Output OV Vzeo > 2V and lasts for 10 consecutive Odd-skip auto restart

pulses

Over-temperature (junction
temperature of controller chip only)

T,>140°C with 40°C hysteresis to reset

Non-switch auto restart

Ve short-to-GND
(Vvee =0V, Restartup= 50 MQ, Vpran =90V)

Wvee < 1.1V, lvec_charger ® -0.2 A

Cannot start up

4.11 Others

For a QR Flyback converter, it is possible that the operation frequency will go too low, which normally results in
audible noise. To prevent this in the IC, a maximum on-time and off-time are provided.

The maximum on-time is typically 35 ps. If the gate is maintained on for 35 s, the IC will turn off the gate

regardless of the CS voltage.

When the power switch is off and the IC cannot detect enough ZC to turn on, the IC will wait until the maximum
off-time, typically 42.5 s, is reached, then only turn on the power switch. Please note that even a non-zero ZCD
pin voltage cannot prevent the IC from turning on the power switch. Therefore, during soft-start, Continuous
Conduction Mode (CCM) operation of the converter is expected.
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For the transformer design, minimum switching frequency (at minimum line with maximum load) should be
greater than or equal to 40 kHz. The maximum switching frequency should not be higher than 200 kHz in any
line and load condition, due to LEB time and minimum ringing suppression time.
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5 Typical application circuit

A 60 W demo board with ICE5QSBG and 16 W demo board with ICE5QR4780AZ are shown below.
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6 PCB layout recommendation

In a power-supply system, PCB layout is key to a successful design. Following are some suggestions for this (see
Figure 11 and Figure 12).

1. Minimize the loop with pulse-share current or voltage; examples are the loop formed by the bus voltage
source, primary winding, main power switch (Q11 (see Figure 11) in the controller and CoolSET™ power
switch CoolMOS™ inside the IC) and current sensing resistor or the loop consisting of secondary winding,
output diode and output capacitor, or the loop of the Vcc power supply.

2. Star GND at bulk capacitor C13: all primary GNDs should be connected to the GND of bulk capacitor C13
separately in one point. This can reduce the switching noise going into the sensitive pins of the CoolSET™
device effectively. The primary star GND can be split into four groups as follows:

i. Combine signal (all small-signal GNDs connecting to the CoolSET™ GND pin such as filter
capacitor GND C17,C18,C19,C111,C112 and optocoupler GND) and power GND (CS resistor R14
and R14A).

ii.  Vcc GND includes the Vcc capacitor GND C16 and the auxiliary winding GND, pin 2 of the power
transformer.

iii.  EMIreturn GND includes Y capacitor C12.

iv. DC GND from bridge rectifier BR1.

3. Filter capacitor close to the controller GND: filter capacitors, C17, C18,C19, C111 and C112 should be
placed as close to the controller GND and the controller pin as possible to reduce the switching noise
coupled into the controller.

4. HVtraces clearance: HV traces should maintain enough spacing from the nearby traces. Otherwise, arcing
could occur.

i. 400V traces (positive rail of bulk capacitor C13) to nearby trace: > 2.0 mm.

ii. 700V/800V traces (drain pin of power switch Q11 (see Figure 11) in controller and drain pin of
CoolSET™IC11 (see Figure 12)) to nearby trace: >3 mm.

5. Recommended minimum 232 mm? copper area (2 oz thickness) at the drain pin to add on the PCB for
better thermal performance for the CoolSET™.
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7 Output power of fifth-generation QR ICs

Table 4 Output power of fifth-generation QR controller

Type Package Marking 220V AC £20%* 85-300 V AC!
ICE5QSXG PG-DSO-8 5QSAG 109w 60 W
ICE5QSBG PG-DSO-8 5QSBG 109 W 60 W

Table 5 Output power of fifth-generation QR CoolSET™

Type Package Marking Vbs Roson’ 220V AC +20%3 85-300 VAC?
ICE5SQR47T0AZ PG-DIP-7 5QRA4TT0AZ 700V 4730 2TW 15W
ICE5SQR4780AZ PG-DIP-7 5QR4T80AZ 800V 4130 28 W 15W
ICE5QR2270AZ PG-DIP-7 5QR2270AZ 700V 2130 41W 2W
ICE5QR2280AZ PG-DIP-7 5QR2280AZ 800V 2130 41W 2W
ICE5QR1070AZ PG-DIP-7 5QR1070AZ 700V 1150 58 W 2 W
ICESQRO680AZ PG-DIP-7 5QRO680AZ 800V 0.710Q 74W 41W
ICESQR4T70AG PG-DSO-12 5QR4TT0AG 700V 4730 2TW 15W
ICE5SQR1680AG PG-DSO-12 5QR1680AG 800V 1.530 50 W 2TW
ICE5SQRO680AG PG-DSO-12 5QRO680AG 800V 0.710 TTW W
ICESQRO680BG PG-DSO-12 5QR0680BG 800V 0.710Q TW 42 W
ICESQR1680BG PG-DSO-12 5QR1680BG 800V 1.530Q 50 W 2TW
ICE5QR2280BG PG-DSO-12 5QR2280BG 800V 2130 2w 23W
ICESQR4780BG PG-DSO-12 5QR4780BG 800V 4130 28W 15W

The calculated output power curves giving the typical output power vs ambient temperature are shown below.
The curves are based on a typical discontinuous mode Flyback in an open-frame design at T, =50°C, T, = 125°C
(integrated HV MOSFET), using minimum drain pin copper area in a 2 oz copper single-sided PCB and steady-
state operation only (no design margins for abnormal operation modes are included). The output power figure
is for selection purpose only. The actual power can vary depending on particular designs.

Output Power Curve of ICESQR4770AZ (85~300 VAC) Output Power Curve of ICESQR4770AZ (220VAC £20%)

20 35
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Output Power [W}
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Output Power (W}

0 [+]
[} 10 20 30 40 50 60 70 80 90 100 110 120 130 0 10 20 30 40 50 60 70 80 90 100 110 120 130
Ambient Temperature [°C] Ambient Temperature [°C]

Figure 13 Output power curve of ICESQR4770AZ

! Calculated maximum output power rating in an open-frame design at T. = 50°C, T, = 125°C. The output power figure is for reference
purposes only. The actual power can vary depending on particular designs. Please contact a technical expert from Infineon for more
information.

2Typ. at Ty = 25°C (inclusive of low-side MOSFET)

3 Calculated maximum output power rating in an open-frame design at Ta = 50°C, T, = 125°C (integrated HV MOSFET) and using minimum
drain pin copper area in a 2 0z copper single-sided PCB. The output power figure is for selection purposes only. The actual power can
vary depending on particular designs. Please contact a technical expert from Infineon for more information.
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Qutput Power Curve of ICESQR4780AZ (85~300 VAC)
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Output Power Curve of ICESQR4780AZ (220VAC +20%)
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Figure 14 Output power curve of ICE5QR4780AZ

Output Power Curve of ICESQR2270AZ (85~300 VAC)
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Figure 15 Output power curve of ICESQR2270AZ

Output Power Curve of ICESQR2280AZ (85~300 VAC)
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Figure 16 Output power curve of ICESQR2280AZ
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Output Power Curve of ICESQR1070AZ (85~300 VAC)
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Figure 17 Output power curve of ICESQR1070AZ
Output Power Curve of ICESQRO680AZ (85~300 VAC) Output Power Curve of ICESQRO680AZ (220VAC +20%)
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Figure 18 Output power curve of ICESQR0680AZ
Output Power Curve of ICESQR4770AG (85~300VAC) OQutput Power Curve of ICESQR4770AG (220VAC £20%)
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Figure 19 Output power curve of ICESQR4770AG
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. ICE5SQR1680xG output power curve (85~300 V AC) ICESQR1680xG output power curve (220 V AC £20%)
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Figure 20 Output power curve of ICESQR1680xG
” ICESQRO680XG output power curve (85~300 V AC) ICE5QR0680XG output power curve (220 V AC £20%)
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Figure 21 Output power curve of ICESQR0680xG
ICE5QR2280BG output power curve (85~300 V AC) ICESQR2280BG output power curve (220 V AC £20%)
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Figure 22 Output power curve of ICE5QR2280BG
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ICE5QSxG output power curve (85~300 V AC) ICE5QSxG output power curve (220 V AC £20%)
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Figure 23 Output power curve of ICE5QSxG
ICE5QR4780BG output power curve (85~300 V AC) ICE5QR4780BG output power curve (220 V AC 20%)
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Figure 24 Output power curve of ICE5QR4780BG
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8 Fifth-generation QR FLYCAL design example
A 16 W dual-output (12 Vand 5 V) QR Flyback converter with ICESQR4780AZ design example is as shown below.
Procedure Example
Define input parameters:
Minimum AC input voltage: Vac win 85V
Maximum AC input voltage: Vac Max 320V
Line frequency: fac 60 Hz
Bulk capacitor (C13) DC ripple voltage: Vbcripple 245V
Output voltage 1: Vour 12V
Forward voltage of output diode 1: Vepiode1 0.3V
Output current 1: lout1 1.25A
Output voltage 2: Vour 5V
Forward voltage of output diode 2: Vepiode2 0.3V
Output current 2: lout2 0.2A
Maximum output power: Pout Max 16 W
Minimum output power: Pout min 3.2W
Efficiency: n 85 %
Reflection voltage: Vr 90V
Vcc voltage: Vvee 14V
Forward voltage of Vcc diode (D12): VEpiodevee 0.6V
Fifth-generation QR CoolSET™: CoolSET™ ICE5QR4780AZ
Switching frequency at Vacwinand Poutmax:  fs 55 kHz
Targeted max. drain-source voltage: Vbs max 600 V
Drain-to-source capacitance of MOSFET
(including Co(er of MOSFET): Cos 7 pF
Maximum ambient temperature: T, 50°C
8.1 Input diode bridge (BR1)
There is no special requirement imposed on the input
rectifier and storage capacitor in the Flyback converter.
The components will be chosen to meet the power rating
and hold-up requirements.
Max. input power:
Piomax = Founer (Eq.1) P = W _ 18.82m
n 0.85
Power factor cos® 0.6
Input RMS current:
| ncrus = \% (Eq. 2) | acrus = % =0.369A
Max. DC input voltage:
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Vic mxpk = Vacwax ‘/E (Eq. 3)
8.2 Input capacitor (C13)
Min. peak input voltage at no-load condition:
Voewminek = Y acwin 2 (Eq. 4)
Voewin = Voewinek _VDCRippIe (Eq. 5)
Discharging time at each half-line cycle:
Sinfl VDCMin
1 Voo

T. = . DCMinPk Ed. 6

° T4, 90 (Eq. 6)

Required energy at discharging time of input capacitor:

Win = Piax  To (Eq.7)
Input capacitor (cal.):

2-W
Cn = ﬁ (Eq. 8)

DCMinPk DCMin
Alternatively, a rule of thumb for choosing the input
capacitor may be applied:

Input voltage Factor
115V 2 UF/W
230V 1 uF/W
85V-265V 2-3 uF/W
Cin =P - factor (Eq.9)

Select an input capacitor from the Epcos Databook of
Aluminum Electrolytic Capacitors

The following types are preferred:

For 85°C applications:

Series B43303: 2000 hrs lifetime
B43501: 10000 hrs lifetime

For 105°C applications:

Series B43504: 2000 hrs lifetime
B43505: 5000 hrs lifetime

Choose the rated voltage greater than or equal to the
calculated Voemaxek

Choose the capacitance greater than or equal to the
calculated Ciy from Eq. 8

Input capacitor (C13): Cin

Recalculation after input capacitor chosen:

Design Guide

Viepmer = 320V -+/2 = 452.55V

Ve = 85V /2 =120.2V
Vo =120.2V — 245/ =95.69V

9560V
1 SIn 202
T, = J1+— 1202V 16 61ms
4-60Hz 90
W,, =18.82W -6.61ms = 0.12W -
o 20IWeSs g 0ar

(120.2v " —(95.69V

C,, =18.82-2.5.=47.05.F

Since Vpcmaxek = 452.55 V, choose 500 V

Since Ciy =47 UF, choose 47 uF
47 uF
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2.W
8.2.1.1.1 Vg, =\/b§cmpk——c " (Eq. 10)
IN

Note that special requirements for hold-up time,
including cycle skip/drop-out, or other factors which
affect the resulting minimum DC input voltage and
capacitor time, should be considered at this point as
well.

8.3 Transformer design (TR1)

Max. duty cycle:
VR

2-0.12
47

=095.69vV

VDCMin = \/(120'2)2 -

90

Dy = —— (Eq. 11 D,.,=———=0.48
Max q. ) Max — =Vu.
Ve +Vocuin ™ 90+95.69
Discontinuous Conduction Mode (DCM)
wn A —_— e — e — s —
>Q N P 4_ pap— E
_ 3 vV g
= vV, L Clgmp =
Z A
A Voc >
> | v >
0 o P o t
=A :
£
C
(]
©
x
=
o
0 t
Iy A
Al
0 t
0 t
Figure 25 Typical waveforms of DCM operation
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1
Lp = 1 . Lp= 5
g — e T e G L e i T
=1mH
18.82
P _ —
Ly =g (Eq. 13) v = g5.69x048 A
Vocwin X Dyax
95.69x0.48
Al _ Vocutin X Dy Al = = ; =0.82A
T (Eq. 14) 1x107° x55x10
P s
Maximum current of primary inductance:
Al 0.84
Lovax = av +? (Eg. 15) I opiax :0.41+T=0.82A
IValley = IPMax —Al (Eq. 16) IVaIIey =0.82-0.82=0A
RMS current of primary inductance :
0.82 0.48
Eq. 17 = A + (—2)?]x—— =0.
| prus :\/[3X(|Av)2+(A_I)2]XDmaX (Ea-17) e \/[3X(041) + 2 )l 3 0334
2 3
Select core: E 20/10/6
Select core type and data from Epcos “Ferrite Magnetic Mafenal = N87 o
. Bs=390 mT @ 100°C
Design Tool” or “Datasheet”. )
. . Ae =32 mm
Fix max. flux density: BW =11 mm
Typically, Buax = 0.2 T-0.4 T for ferrite cross dependingon |~ . 5
. An =34 mm
core material. L =412 mm
We choose 300 mT for Material N87. N '
Maximum flux density Bax 300 mT
Number of primary inductance (cal.):
| L -3
N, > P (Eq. 18) o ZMMOG:SG.S?Tums
Buax - A 0.3x32x10"
Number of primary turns: Np 88 turns
Number of secondary 1 turns (cal.):
N, (Vo Ve 88x(12+0.3
NS]_ — P ( OUT1 FDldoel) (Eq. 19) NSl_Cal — ( ) =12.03TUFHS
Ve 90
Number of secondary turns: Ns1 12 turns
Number of secondary 2 turns (cal.):
N, - (Vours +Vepi 88x(5+0.3
Ng, =— ( OUT\; coote) (Eq.19a)  |Ng, o = 88x(5+03) 5.18Turns
R
Number of secondary turns: Nsz 5 turns
Number of V¢ turns (cal.):
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NVcc _ NP '(VVCC\;_VFDiodchc) (Eq. 20)
R
Number of Vcc turns: Nvee

8.4

The sense resistance can be used to individually define
the max. peak current and thus the max. power
transmitted.

Caution:

When calculating the max. peak current, short-term
peaks in output power must also be taken into
consideration.

Sense resistor (R14)

Sense resistor (R14):
V

csth

RSense - I (Eq- 21)
PMax
Power rating of sense resistor:
2
P = lorus X Reense (Eq.22)

Verification of reflection voltage, duty cycle and
maximum flux density:

Reflected voltage:
V. = (VOUTl +VFDiode1)' N P
R =

(Eq. 23)
NSl
Max. turn-on duty cycle:
L,-(l -1 )- f
Dmax — P PMax Valley S (Eq. 24)
VDC min
Max. turn-off duty cycle:
L,-(l —1 ) f
Dlmax — P PMax Valley S (Eq.25)
VR
Max. flux density:
LI
" N P’ Ae
Maximum secondary 1 current and load
factor:
P
Kiw = o0
P, (Eq. 27)
N
Iswax = Kigny % 1 omax x —F- (Eq. 28)

S

[1-D V
lsrms = Torms ¥ D Max XV RV (Eq. 29)
Max Out + FOut

Secondary RMS 1 current:

Design Guide
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N o = 88x(14+06) _1 4 »77ms
14 turns

RSense = i =121.(2
0.82

P =(0.33)x1.21=0.13W

V, = (12+03)-88 _ 90.20V
12
-3 3
D - 1x107 x(0.82A—-0A)x55%10 048
95.69
-3 3
D - 1x107 % (0.82A-0A) x55x10 _051
90.2
-3
o 1x10 xO.E%GZ _ 295mT
88x32x10
15
Koy = . 0.94
88

I qpas = 0.94 % O.SZXE =5.66A

1-048 902
lyuyes = 0.33%| _2.33A
SRS "V 048 12403
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N
I =K, ., xI x —F- 88
s = B e T (B2 1, =0.04x0825 " =5.66A
Maximum secondary 2 current and load factor:
P 1
Ky =—2 Eq. 27 K =— =0.06
L(n) PO ( q ) L(2) 16
N 88
s = Ky % pmax N (Eq. 28) | epr :0.06x0.82x€:0.91A
S
Secondary RMS 2 current:
1-D \Y 1-048 90.2
I =1 X Max. 8 Eq. 29 I =0.33 =0.36A
e e DMax VOut +VFOut ( K ) SRS 2 * 048 * 5+03
8.5 Winding design
Safety standard margin:
M =4 mm for European safety standard
M =3.2 mm for UL1950
M =0 for triple-insulated wire
Safety standard margin: M 0 mm
Copper space factor: feu 0.3 (range 0.2-0.4)
Effective bobbin width:
BW, =BW —(2xM) (Eq. 30) BW, =11-0=11mm
Effective winding cross-section:
BW 34x11
A\ = % (Eq. 31) A = 22— 34mm?
The winding cross-section Ay has to be subdivided
according to the number of windings:
Primary winding 0.5
Secondary winding 0.45
Auxiliary winding 0.05
Wire copper area for primary winding:
0.5x f. xA
AP — Y7 Cu” "Ne (Eq. 32) AP — M = 006mm2
N, 88
Wire copper area for secondary winding;:
0.45- f., - Ay 2. 2
A = cu A (Eq. 33) p - 045:03-34mm* _ o o0 o
Ns 12
Wire copper area for auxiliary winding:
0.05- f, - A NnAa. 2
A, = cu " Fne (Eq. 34) A, - 0.05-0.3-34mm” _ 0.03mm?
N Aux 14
Wire size can be calculated in AWG units:
AWG =9.97-(1.8277—(2-log(d))) (Eq. 35)
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Wire diameter from copper area:
A
d=2. \/: (Eqg. 36)
/4
Wire diameter from AWG units:
1.8277 AWG
Wire size in AWG units, using a combination of Eq. 35 and
Eq. 36:
2
AWG,, = 9.97-{1.8277—[2409[2 /ﬁJD AWG,, :9.97-(1.8277—[2. |og[2- 0.06mm JD
Vs T
AWGe. =30
2
AWG., :9.97-(1.8277—(2- Iog(Z- im AWG,, =9.97.[1.8277{2.|og[z. 0.38mm m
V4 7
AWGs. =21
2
AWG,, =9.97- {1.8277 —(2 : Iog(Z- AﬁD} AWG, ., = 9.97-{1.8277—[2- Iog{Z-JO'Osmm m
v T
AWGVCCC = 32
Itis good practice to use smaller wires in parallel instead
of using one big wire. However, the following conditions
should be satisfied for choosing the wire size and number
of parallel wires:
- EffCuAreay (Eq. 40) < Ax (Eq. 34/35)
- Sx (Eq. 41) <8 A/mm?
-NPx=<10
- 0.18 mm < wire diameter < 0.6 mm
Note: X = P/primary or S/secondary winding
Wire size in AWG unit for primary: AWGp 30
Num. of parallel wires for primary: NP 1
Insulation thickness of primary wire: INSp 0.02 mm
Wire size in AWG units for secondary: AWGs 21
Num. of parallel wires for secondary: NPs 1
Insulation thickness of secondary wire: INSs 0.1 mm
Typically, the auxiliary winding consists of only one wire
and its size is insignificant due to low current.
Recalculate wire diameter using Eq. 37:
(1.8277_AWGPJ (@7iJ
d, =10 2. 299 d, =10 22997 = 0.25mm
[1‘82777AWGSJ [ﬁfiJ
d, =10" * 2% d, =10 * #*9/=0.72mm
Eff. copper area:
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2
EffCuArea= [%) -7r-NP (Eq. 38)

2
EffCuAreapz(d J -7 - NP,

hal:
2
d 2
EffCuArea = (73] -7t - NP,

Current density:

IRMS

B EffCuArea (Eq. 39)

IPRMS

Sp=—70
EffCuArea,

ISRMS

" EffCuArea,

Wire outer diameter including insulation:
Od =d +(2-INS)

Od, =d, +(2-INS;)

Od =d, +(2-INSy)

Max. number of turns per layer:

NL = BW,
Od - NP

N, =| W
Od, - NP,

NL =| —oWe
Od, - NP,

Min. number of layers:

NL
Ln, = Ne
NL,

Lng = N,
NL,

8.6

S

(Eq. 40)

(Eq. 41)

(Eq. 42)

Reverse voltage of diode (D21,
D22, D12)

The output rectifier diodes in Flyback converters are
subjected to large peak and RMS current stress. The
values depend on the load and operating mode. The
voltage requirements depend on the output voltage and
transformer winding ratio.

Design Guide
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2
EffCuArea, = (%) . 77 -88=0.05mm?

0.72mm

2
EffCuArea, :( j -7-12 =0.41mm’

S, = 0.33 _6.35 A2
0.05 mm

S = E =6.01 A2
0.41 mm

Od, =0.25+(2x0.02)=0.29mm
Ods = 0.72 + (2 X 0.1) = 0.92mm

N | 1
0.29x1

5521l
092 x1

J =37Turns/ Layer

NLs = = 12Turns/Layer

88
Ln, =| — |=3Layers
i {37} y

L —[12]—1L
ns = |35 | = Layer
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Max. reverse voltage for output diode 1:

N
Veoiote =Vour + (VDCMaka N_S} (Eq. 43A)
P
Max. reverse voltage for output diode 2:
N S
Veoiote =Vour +| Vocmaxek N (Eq. 43A)
P
Max. reverse voltage for the Vcc diode:
NVCC
Veoiode =Vvee | Voemaxek N, (Eq. 43B)
p

8.7 Clamping network (R11, C15,

D11)

Clamping voltage:

VCIamp =Vosvax —V oemaxrVr (Eq. 44)

To calculate the clamping network, it is necessary to
know the leakage inductance. The most common
approach is to have the leakage inductance value given
as a percentage of the primary inductance.

If it is known that the transformer construction is very
consistent, measuring the primary leakage inductance by
shorting the secondary windings will give an exact
number (assuming the availability of a good LCR
analyzer).

Viepioger =12 +(452.54><EJ =73.7V
88
5

Viesioges = 12+(452.54><—j =30.72V
88
14

Viopioge =14+ (452.54>< %j =86.00V

Vepam, = 600-452.54-90.2 =57.25V

Clamp

Leakage inductance in % of Le: Likoo 1.06%
Leakage inductance:
Lix =Like - Lp (Eq. 45) L, =1.06%x1x10° =10.7 zH
Clamping capacitor:
120 - L 0.82) x10.7x10°°

CClamp = — X (Eq- 46) Clamp — ( ) X X =0.9nF

Ve +Viianp ) Veiamy (90.2+57.25)x57.25
Clamping capacitor: Cclamp 1 nF
Clamping resistor:

2 2

%amp 4V, )2 V7 o = (57.25+ 30.2) —(9(2).2) 682k
Retamp = > (Eq. 47) 0.5x10.7x10° x(0.82A) x55x10

0.5- LLK ’ IPMax ’ fs
Clamping resistor: Reiamp 68 kQ
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8.8

Output capacitors are highly stressed in Flyback
converters. Normally, capacitors are chosen based on
three major parameters: capacitance, low ESR and
ripple current rating.

To calculate output capacitors, the max. voltage
overshoot in case of switching off at max. load condition
must be set.

Output capacitors

8.8.1 Output capacitors 1 (C22, C23)

AVOUTl

After switching off the load, the control loop needs about
10-20 internal clock periods to reduce the duty cycle.

Max. voltage overshoot:

Number of clock periods: Ncp
Ripple current:
2 2 (Eq. 49)
IRippIel = \/(ISRM51) - (IOutl)
Output capacitance (cal.):
I -n
C _ _0ouT1 CP (Eq. 50)

Outl —
AVOUT1 - f

The output capacitor can be selected, as the following
conditions can be summarized as the following:

- Rated voltage of cap. = (1.45 Vou)

- (lacr Nc) close to lripple

- (Cout Nc) close to Cout cal

-ncs5
Output capacitor: Coun
Number of parallel capacitors: nc

8.8.2 Output capacitors 2 (C28, C29)

AVOUTZ

After switching off the load, the control loop needs about
10-20 internal clock periods to reduce the duty cycle.

Max. voltage overshoot:

Number of clock periods: Ncp
Ripple current:
2 ? (Eq. 49)
IRippIeZ = \/(ISRMSZ) - (IOutZ)
Output capacitance (cal.):
I ‘n
C _ _~0uT2 CcP (Eq. 50)

oz AVOUTz - f

Design Guide
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20

| J(2.33) - (1.25) =1.97A

Ripple1 =

1.25x% 20

o L W =
oL T 05 555108

We chose Rubycon ZLH (low impedance)
1000 PF 16 V (Resr: =0.028 Q, Ik = 1.76 A @ 100 kHz
105°C)

1000 uF
1

0.25V

20

J(0.36) - (0.2 =0.30A

I Ripple 2 =

0.2x20

c. = X0 o9 F
o2 = 0 25 55%10°
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The output capacitor can be selected, as the following
conditions can be summarized as the following: We choose Rubycon ZLH (low impedance)
- Rated voltage of cap. = (1.45 Vou) 330 MF 10V (Resr2 = 0.094 Q, I,k = 0.54 A @ 100 kHz
- (lack NC) close to Irippie 105°C)
- (Cout nc) close to Cour_cal
-ncs<5
Output capacitor: Coutz 330 uF
Number of parallel capacitors: nc 1
8.9 Output filter
The output filter consists of one capacitor and one
inductor in a L-C filter topology.
Zero frequency of output capacitors and associated ESR:
8.9.1 Output filter 1 (L21, C24)
f 1 (Eq. 51) f ! 5.68kH
= . = = J. z
zeou 2.7 RESRl : COutl q Zcout 2x 7 x0.028 x1000 x 10_6
This equation is based on the assumption that all output
capacitors have the same capacitance and ESR.
Ripple voltage at first stage:
I ‘R 5.66x0.028
Vieinple1 = —SM""Xln . ESR1 (Eq. 52) Viipper = —————— =0.16V
The inductance is required to compensate the zero
frequency caused by output capacitors:
L-C filter inductance: LouT: 2.2 uH
L-C capacitor (cal.):
Cour*Resen )’ (1000x10°° x 0,028
C — ( Outl ESR1 (Eq. 53) C _ . _ 356 F
LC1 Loutl LC1 22 X10_6 ’Ll
L-C capacitor: Cic 470 uF
Frequency of L-C filter:
1 1
fle; = Eq. 54 flel= = 4.95kHz
“ 2.72Clet  Loum (Eq. 54) 2. 2.4/470x10° x 2.2x10°°
Ripple voltage at second stage:
1 1
2. 'f'CLm ey = 0.16% 2x 7 x55%x10° x 470x10°°
VRipplez :VRipplel ! z (Eq' 55) Y . 040 1 + (2>< 7 x55%10° x 2.2 xlO’s)
7+(2.”.f,|_oun) 2x 7 x55%10° x 470x107°
2-7-1-Cpgy =1.27mv
8.9.2 Output filter 2 (L22, C210)
f 1 (Eq. 51) f L 5.13kH
= .51 = =2. Z
2.7 Reggr - Cou d o0z = % 0,094 330x10°°
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This equation is based on the assumption that all output
capacitors have the same capacitance and ESR.
Ripple voltage at first stage:
I ‘R 0.91x0.094
VRippIel = SMaxan ER2 (Eq. 52) VRippIe1 = =0.0v
The inductance is required to compensate the zero
frequency caused by output capacitors:
L-C filter inductance: Lour2 4.7 uH
L-C capacitor (cal.):
Coutz* Resno )’ 330x10° % 0.094
Cico = (Coue Reses ) (Eq.53)  [C,, = ; - | = 205.F
Louz 4.7x10
L-C capacitor: Ci 330 yF
Frequency of L-C filter:
1 1
flez = (E flei= =4.04kHz
q.54) Lc1 .
2:7yCles Lour 2.7-/330x10° x 4.7 x10°°
Ripple voltage at second stage:
1 1
2.7.F.C Vo, = 0.09% 2x 7 x55%x10°% x330x10°°
Vw2 =Veipier 1 = (Eq. 55) ” ! +(2x 7 x55%10° x4.7x10°°)
+(2-7 - Loyra) 2x 7x55%10° x330x10°°
2-7-f-Cp, =0.46mV
8.10 Vcc capacitors (C16,C17)
The Vcc capacitor needs to ensure the power supply of
the IC until the power can be provided by the Vcc winding.
In addition, it is recommended to use a 100 nF ceramic
capacitor very close between pins 7 and 8 in parallel to
the Vcc capacitor. Alternatively, an HF-type electrolytic
with low ESR and ESL may be used.
Ve capacitor:
lvee_charges from datasheet: Ivce_charges 3 mA
tssfrom datasheet: tss 12 ms
lvee charges X tss 3x10°x12x107°
Cvec > = Eq. 56A > =6uF
vee Vvee_on —Wee ore (Eq ) Cuee 16-10 .
Vcc capacitor: Cvec 22 uF
Start-up time:
Vvee_scp from datasheet: Vvee_scp 1.1V
¢ _ Veeser ™ Cyec N Wecow = Vweescp) * Cvee 11x22%x107% (16—1.1)-22%x107°
e S S— Iycc_charges (Eq. 56B) Estart—up = 0.2%x 1073 * 3x 1073 = 238ms
8.11 Losses
Diode bridge forward voltage: Ve 1V
Input diode bridge loss:
Design Guide 40 0f 51 V13
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Pow =2 acrus - Ve (Eq. 57) Pon =2x0.36 x1=0.74W
Copper resistivity @ 100°C: P10o 0.0172 Q-mm?/m
Copper resistance:
I, -N-
cu = EffTAI\OI’leO; (Eq. 58)
_ I Ne - i 41.2mmx88x 001722 ™M
P EffCuArea, Recy = T M__ _1205.44mQ
e = IE&S“  Pio | 412mm>12x0.0172 Q'gmz i
UAreag Recus = 0.a1m =20.57mQ
Reus = _'Ef'f gsz Pio | 4120m 50,0172 Q'::mz )
UAreag Rscuz = YT =8.57TmQ
Copper resistance loss on the primary side:
Pocy = Liaus - Recy (Eq. 59) P, = (0.33) x1205.44 =130.26mW
Copper resistance loss on the secondary side:
Pecsr = lowst * Recus (Eq. 60) P, = (2.33) x 20.57 =111.68mW
Pecuz = lous2 * Recuz (Eq. 60) P..,, = (0.36)? x8.57 =1.11mW
Total copper resistance loss:
Poy = Pocy + Pecur + Pscuz (Eq. 61) P, =130.26 +111.68+1.11= 243.10mW
Output rectifier diode loss:
Poouts = lsrust *Veous (Eq. 62) Poou = 2.33x0.3=0.70W
Pooutz = Tsrus2 *Veou (Eq. 62) Pyoutz =0.36x0.3=0.11W
Clamping network loss:
Peiamper = 1L IéMaX - £ \M (Eq. 63) Petamper =5 x10.7x107® x (0.82)" x 55 x10° (1249024 5y
V ctamp 57.25
Junction Temperature: T 125°C
On-resistance at junction temperature:
f-zc) 0.8\ %
Rosonar, = Roson@asc -[1+ 100) (Eq. 64) Rosmar, = 4.03 (1+ RJ =859
MOSFET losses in Vacmin SCENArio:
Switching loss in Vacmin SCENArio:
Psoni =4+ (Co(e,) +Cps ) Vocuin —Va)** fs  (Eq. 65) Pyt = 4% (3+4)x10™" x (95.69 —90.2)* x55x10° =5.792 £
Conduction loss in Vacmin SCENArio:
Poy = 1orws *Rosner, (Eq. 66) P, =(0.33) -8.59 = 928.3mW
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Total MOSFET loss in Vacmin SCENArio:
Pyosrers = Psont + Pos (Eq. 67) Pyosrers = 9-792 /W +928.3mW = 928.3mW
MOSFET losses in Vacmax SCENArio:

Switching l0ss in Vacmax SCENArio:

Psonz = % ’ (Co(er) +Cps ) (Vocmaek —Vr )2 - fs (Eq. 68) Poont = 3% (3+4)X10712 X(424-26_90-2)2 x72x10° =32.9mW
Conduction loss in Vacmax SCENArio:
. . -3 3
Pos =% Rosmar, * | ["F’\/'F’Mﬁfo] (Eq. 69) Py, = 1x8.59x(0.82)? x{lxm X‘gfzzg 72x10 j:ZSS.lSmW
DCMaxPk :

Total MOSFET loss in Vacmax SCENArio:

Poseers = Pows + Pog (EQ.70) | Puoseers = 32.86MW + 255.15mW = 288mwW
MOSFET losses:
Puosrer = maX(PMOSFETl’ PMOSFETZ) (Eq. 71) Puosrer = Max(928.3mW ,288mW ) = 928.3mwW

8.12 Heat dissipater

A CoolSET™in a DSO/DIP package cannot use a heatsink,
but the copper area is possible. However, in general
CoolMOS™ can use a heatsink.

Thermal resistance:

In case NO heatsink (for CoolSET™)
Typical thermal resistance [K/W]:
Rina = 96 K/W (DIP-T7)

Rinsa =110 K/W (DS0-12)

Rthia = 185 K/W (DSO-B)

Rin = Ria (Eq. 72) Ry, = 96K /W

WITH heatsink (for controller)

Rin = Ric + Ripr + R (Eq. 73)

where Rinc : TR. junction-case From CoolMOS™/power switch datasheet
Rinut : TR. case-heatsink Typ. 1 K/W
Rinns : TR. heatsink-ambient Depending on heatsink

Delta temperature from MOSFET losses:
AT =Pyosrer - R (Eq. 74) AT =928.3mW - 96K /W =89.1K
Max. junction temperature:
Timx =To +AT (Eq.75)  |Timx =50°C+89.1=139.1°C

Max. junction temperature must not exceed the
limitation stated in the datasheet, typically 150°C.

Controller loss:

Peontrotler =WWee * Ivee Normai (Eq. 76) Peontroter =13.75%0.9x107° =12.4mW
Total loss:
Design Guide 42 of 51 V13

2020-03-23



Fifth-generation QR design guide
Design guide - ICE5QSxG and ICE5QRXXXXXxX
Fifth-generation QR FLYCAL design example

(infineon

P

Losses PDIN + PCU + PDOutl + PDOulZ +

P

Clamp + I:)MOSFET + PC

ontroller

Efficiency consideration after losses:

_ POUIM&X
=

POutMax + PLosses

Please note that the calculated efficiency above is based

(Eq. 77)

(Eq. 78)

on the worst-case scenario where the highest loss is

present.

P =0.74+0.24+0.70+0.11+0.51+0.9283+0.0124

Losses

=3.13W

16

=——=83.62%
16+3.13

uyh

8.13 Regulation loop

Reference: TL431
Optocoupler: SFH617-3

Optocoupler Vour | Vouz

|25=W1X |25 \l/ |25A=W2X |26

R23 R25 []REA

r.

TL431 7K
Vrerm=2.5V

R26
l26=l2s5+ l2sa

Figure 26 Regulation loop

TL431 reference voltage: VRer_TL 25V
Min. current for TL431 diode: I kamin 1 mA
Max. current of SFH617-3 diode: [ 10 mA
Forward voltage of optocoupler diode: Vropto 1.25V
Optocoupler gain Gc(150%) 1.5
CoolSET™ trimmed reference voltage: Vrer 3.3V
PWM-OP gain Gewm 2.05
CoolSET™ VeBmax 275V
Weighted factor of Vouu W, 0.6
Weighted factor of Voue W, 0.4
Current for FB resistor R26 Ir2s 1 mA
Res (FB pull-up resistor) Res 15 kQ
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=1.27kQ

V13

Primary side:
Max. FB current:
Vv 3.3
oo =50 Eq. 79 =22 _-0.22mA
FBma Ry (Eq. 79) FBmex = 12" 103
Min. FB current:
Veer -V 3.3-2.75
lmn = —— : | pmn = = = 0.036MA
FB RFB (Eq 80) FBmin l5><103
Secondary side:
R26 value of voltage divider:
V 2.5
Ry =| —r=Tt Eq. 112 Ry = = 2.5kQ
26 ( I, (Eq ) 25 1x10°
R26 value of voltage divider: R26 2.5 kQ
R25 value of voltage divider:
Vo=V, 12-25
Ry =| & REFTL Eq.112A) |R, =| — - |=15.83kQ
& ( W, x 1, (Ea. 1128) 1R = Qox1x10°
R25 value of voltage divider: R25 16 kQ
R25A value of voltage divider:
Voo =V 5-25
Rygp =| —k2__REFTL EQ.112B) |R,,=| ———— |=6.25kQ
25A ( W, x I, (Eq ) 25A 0.4x1x10°
R25A value of voltage divider: R25A 6.2 kQ
R22 Value to supply opto. diode:
Vi —V +V _
R22 > Lou ( Fopto ™ VReF _TL) (Eq. 82) R22 > 12 (1-25+ 2-5) — 8250
e e 10x10°
R22 Value to supply opto. diode: R22 820 Q
R23 Value to supply TL431 diode:
[ -3
VFOpto + R22 FB min 125+ 820X 0036X10
G, (Eq. 83)
R23< R23< 3
KAmin 1X107
Ry; Value to supply TL431 diode: R23 1.2 kQ
Output voltage from regulation loop:
Vours m = (R25XW, x 1) +Vege 1 (Eq.1128)  |Vour m = (16X10°x0.6x1x107°)+2.5=12.1
Vourz_a = (R25AXW, x L) +Veee 11 (EQ.112B)  [Vour p = (62x10°x 0.4x1x10°)+ 2.5 = 4.98V
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Regulation loop elements:

Vi ——» Feur(p) Fic(p) Vout
T v
Kre Ko
T_ Fr(p)
+
Vref
Figure 27 Block diagram of regulation loop
FB transfer characteristic:
G, Ry 1.5x15x10°
=— (Eq. 85) Kp="——"=2744
B R2 F8 820
Gain of FB transfer characteristic:
Gep = 20-log(K ) (Eq. 86) G = 20xl0g27.44 = 28.77dB
Voltage divider transfer characteristic:
V R26 3
Kip = =1t = (Eq. 87) 2.5x10 ~0.14

" Vour n R25+R26

Gain of voltage divider transfer characteristic:

G,p = 20-log(K,;) (Eq. 88)
Zeros and poles of transfer characteristics:

Resistance at max. load pole:

2
R = Vour _RL
LH

POUtMaX (Eq. 89)
Resistance at min. load pole:

2
R, = \% (Eq. 90)

OutMin
Poles of power stage at max. load pole:
fon = L (Eq. 91)
> 7Ry -(ne-Coyr )
Poles of power stage at min. load pole:
1

for (Eq. 92)

7Ry '(nC'COUT)
In order to have sufficient phase margin at low-load
conditions, we chose the zero frequency of the

compensation network to come in the middle between

the min. and max. load poles of the power stage.
Zero frequency of the compensation network:

Design Guide

K =
YO 16x10% +2.5%10°

G,p = 20x10g(0.14)=-17.38dB

RLH _EZQQ
2

Ru, =1312=459

fou = L = 35.37Hz

M ax9x(1x1000x10°) T
1

fo = = =7.07Hz

7% 45 % (11000 x10° )
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P 10"'5""9( ) (Eq. 93)

fOM

With adjustment of the transfer characteristics of the
regulator, we want to reach equal gain within the
operating range and compensate the pole f, of the power
stage Fpur(W).

Because of the compensation of the output capacitor's
zero (Eq. 53), we neglect it as well as the LC-filter pole
(Eq. 56). Consequently, the transfer characteristic of the
power stage is reduced to a single-pole response.

In order to calculate the gain of the open loop, we have
to choose the crossover frequency.

We calculate the gain of the power stage with max.
output power at the chosen crossover frequency.

Zero dB crossover frequency: fs

Transient impedance calculation:

Transient impedance defines the direct relationship
between the level of the peak current and the FB pin
voltage. Itis required for the calculation of the power
stage amplification.

Transient impedance:

AV R

Zow =2 =Cpypy - (Eq. 94)
Al PK Vcsth

Power stage at crossover frequency:

[Foue (1) (Eq. 95)

1 ) RLH»Lp»f~77P. 1
Zowm 2 f ’
1+ 2

fou

Gain of power stage at crossover frequency:

Grurf,)= 20-10g( Frue (1, ) (Eq. 96)
At the crossover frequency (fg), we calculate the open-
loop gain:

Gy (@) =Gs(w)+Gr(w)=0 (Eq. 97)
With the equations for the transfer characteristics, we
calculate the gain of the regulation loop at f:

(infineon

0.5xlog| ——
fou =35.37x10 (35-37j =15.82Hz

3 kHz

Zoum = 2.05x% =249~

|= (f J7 1 [9x1x10%x55x103x0.85 1
PWR\ g )~ 2.49 2
1

Gy (3kHz) = 20x10g(0.069) = —23.22dB

Gs()=Geg + Gy +Gip (Eq. 98) Gs(w)=28.77 - 23.22-17.38 = ~11.839dB
Separated components of the regulator:
Gr(w)=0-Gs(w) (Eq. 99) Gr(w)=0-(-11.839dB)=11.839dB
R24 value of the compensation network:

er . 1183 3 3
R24 102 . K25 R26 (Eq.100) |R24=10 0 x 2210 x16x10° g 1)

R25+ R26 2.5x10° +16x10

R24 value of the compensation network:  R24 12 kQ
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8.13.1.1.1 C26 value of the compensation network:
c6-_ 1 (Eq. 101) C26= L = 4.4nF
2-7-R24- 1, 2x 7 x12x10° x 3x10°
Using table E12, find the closest higher value:
C26 value of the compensation network:  C26 4.7 nF
C25 value of the compensation network:
Co= R;4. fou c26 (Eq.102)  C25=7"" 1 ><1103 Li5gy 7107 ~833F
C25 value of the compensation network:  C25 820 nF
8.14 ZC and output OVP
Rzc(R1s) value of ZC and output OVP:
User-defined Vout ove Value: Vout_ovp 16V
Rzco value from datasheet: Rzco 3kQ
Ris = Rzep X[[ Nvee XVOU{_OVP +Vrou j_l} (Eq. 103) Ris = 3x10° x {(E X 16+ O.3j —1} =27.03kQ
Nsi  Vzco ovp Min 12 1.9
Ris value of ZC and output OVP: Ris 27 kQ
Cis value of ZC and output OVP:
Measured fosc, (see Figure 4): fosca 820 kHz
Delay time of controller: tdelay 100 ns
19 :tan[Zx;zx(%—tdday « fosczﬂx Ffég:ggg "o leoscz (Eq. 104) Cy= tan{anx[%—looxlo’g x820x103ﬂx Zii’;:s:ig « 2><7r><8120><103 —127pF
Cis value of ZC and output OVP: Cuo 120 pF
8.15 Line OVP, brown-out and line
selection
The voltage divider resistors Ri; (Ris+Riga+Rigs) and Ry, (Rio)
can be used to define the line OVP and brown-out of the
system.
Ris value for line OVP and brown-out:
User-defined Viine_ove_ac value: Viine_ovp_ac 320V
Vuin_Love Value from datasheet: Vuin_Lovp 29V
Vuin_Love Value from datasheet: Vvin_go 0.4V
Vuin_Love Value from datasheet: Vvin_gi 0.66 V
Vuin_rer Value from datasheet: Vvin_Rer 1.52V
Selected Ri; (Ris+R1sa*R1gs) value: Ri 9 MQ
Riy > Riy X Vi 1ove (Eq.1058) |Ris > 9x10°x29 _ 56,0440
(VLine_ovp_ac X V2) - Vvin_Lovp (320 X \/f) -29
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Ri2 (Rw) value for line OVP and brown-out: Ry
Varownin_ac Value with the selected Ry:
( Vvin g X %) + Ve ripple (Eq 106)

VBrownIn_AC = \/E
Verown-out_ac Value with the selected Ris and Vic ripple (for full-
load condition):

( Vvin Bo X %)
V2
Verown-out_ac Value with the selected Ris and neglect
Vocripple (for light-load condition):

+ Ve rippie

(Eq. 107)

Vrownout_ac =

Vliineselection_ac Value with the selected Ris and Voc ripple (fOr
full-load condition):

Rll+RIZ
*R, )

V2

( Vvin_rEF + Vpe rippie

(Eq. 108)

VLineSelection,AC =

Viineselection_ac Value with the selected R;s and neglect Vpc
ripple (for light-load condition):

58.3 kQ
6 3
(0.66)(9 X 10 +58.33>< 10 )
v B 58.3 X 10 e
BrownOut_AC \/E
6 3
(0.4-><9X1O +58.33><10 >+24'5
v B 58.3 X 10 e
BrownOut_AC \/i
6 3
(0.4><9X1O +58.3x10 )
v B 58.3 % 10° —aay
BrownOut_AC \/E
6 3
(1.52 ><9 X 10° + 58.3;( 10 )+24-5
. o 583 x 10 184V
LineSelection_AC \/i
6 3
(1525 2201582210
: =167V

VLineSelectian_AC =

V2
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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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